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Summary 

In a way to improve the production process and to optimize the economics of precast 
concrete elements, it has been investigated to what extent fibres can be used as a 
replacement of traditional steel stirrups. By the use of Steel Fibre Reinforced Concrete 
(SFRC), the production time of prestressed girders can be decreased due to the elimination 
of labour-intensive placing of stirrups. However, current design standards do not provide 
any design equations for the shear capacity of (prestressed) SFRC elements and the 
majority of design engineers are not familiar with SFRC for shear resistance applications. 
During the past decade, a number of design guidelines have been published in Europe by 
RILEM and fib. In these pre-normative documents, different design approaches for the 
shear resistance of SFRC are provided. In this doctoral study the feasibility and accuracy 
of available design equations and a newly proposed engineering model, are investigated in 
view of implementation in the daily practice of a precast concrete company.  

The research strategy adopted in this study can be summarized by the following steps: 

(1) The post-cracking behaviour of SFRC has been studied (experimentally, 
numerically and analytically) at the material level in order to understand how fibres bridge 
a crack for different types of crack opening behaviour (i.e. mode I tensile crack width 
opening or mixed mode cracking combining crack opening and transverse crack dilatation). 

(2) The shear behaviour of full-scale prestressed SFRC girders has been determined by 
means of 23 shear tests conducted on 9 different I-shaped and 2 IV-shaped girders.  

(3) The observations from both the material testing and the full-scale shear tests have 
been combined to develop an analytical model which predicts the shear behaviour of the 
prestressed SFRC girders. In addition to this detailed model capable to describe the 
complete shear stress-crack propagation path, a more simple engineering model is proposed 
for the prediction of the shear capacity for design purpose. 

(4) Shear resistance models have been evaluated by means of an assembled shear test 
database and inherent model uncertainties have been determined. By taking into account 
the model uncertainties, the safety levels of existing shear strength models have been 
reconsidered and suggestions for a practical design engineering model are proposed. 

Research at the micro- and mesoscale level 

For the design of SFRC structures, the most important parameter to be known is the 
post-cracking tensile strength. Currently, it is widely accepted to test the post-cracking 
behaviour of the adopted SFRC mix by means of (standardized) quality control or material 
characterization tests. Hereby, the mode I post-cracking tensile behaviour can be either 
derived directly from axial tensile tests, or indirectly from bending tests. Since the uni-axial 
tensile test is relatively hard to perform, from a practical point of view, the standard three-
point bending test according to EN 14651 is more frequently applied. According to this 
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standard, the residual post-cracking bending tensile strength is evaluated as a function of 
the Crack Mouth Opening Displacement (CMOD). 

Hence, though the best method to derive the post-cracking tensile constitutive law for 
SFRC is the uni-axial tensile test, due to the complexity of such direct test method, indirect 
methods are more often used to determine the flexural toughness of SFRC. Hereby, the 
measured flexural stresses have to be transformed to an equivalent axial stress to obtain the 
mode I post-cracking constitutive law. Furthermore, in order to derive a characteristic value 
of the residual flexural strength, a sufficient number of tests must be performed. 

In this study, different methods have been verified to model the uni-axial and bending 
behaviour of hooked-end SFRC. Taking into account the available (semi-) analytical 
models for the pull-out behaviour of single fibres, an analytical model is developed to 
derive the mode I post-cracking constitutive law taking into account the fibre orientation 
and embedded length distribution, the fibre strength and the concrete strength. Further to 
this analytical model, a new method to implement the fibre pull-out behaviour into a 3D 
finite element model has been proposed. With this FEM model, the multiple cracking of 
SFRC prisms subjected to four-point bending can be modelled successfully. In due 
consideration of the observed mode I behaviour, a tri-linear constitutive law is proposed 
for the flexural toughness of SFRC, which is also able to represent the pseudo-hardening 
behaviour observed for SFRC containing low amounts of high-performance type of fibres. 

Since the propagation of shear cracks will not be similar to a pure mode I crack opening, 
the effect of fibres crossing a shear crack plane has been investigated by means of direct 
shear tests. Hereby, a double notched SFRC prism is symmetrically subjected to two in-
plane shear forces. The adopted test method is based on the push-through test setup initially 
proposed as the JSCE-SF6 test setup. In order to investigate the effect of lateral 
compression on the direct shear behaviour, the traditional unconfined test setup has been 
modified to apply a horizontal confinement perpendicular to the shear plane. 

It is found that the maximum direct shear strength is linearly related to the fibre dosage 
and that the shear stress transfer capacity of SFRC increases further as a function of applied 
confining stress. This latter increase is related to the square root of lateral confining 
pressure. In this study, as an extension of the available direct shear strength models, a direct 
shear behaviour model is developed based on the involved shear friction phenomena such 
as crack propagation behaviour, fibre pull-out influence by the transverse pull-out and 
aggregate interlocking. This analytical model is able to predict the maximum shear friction 
capacity of cracked SFRC, as well as the post-cracking branch of the stress-slip curve. 

Research at the macro-scale level 

In total, 11 precast concrete girders have been manufactured by Megaton, part of the 
Willy Naessens Group, and 27 shear tests have been conducted in the Magnel Laboratory 
for Concrete Research. The main research variables are fibre content and shear span to 
depth ratio. Since the span of the girders is equal to 20 m or more, the shear test is conducted 
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at both ends. Between each testing phase, the supports are moved in order to avoid the 
damaged zone of the previous tests. For four girders, a third test has been conducted to 
study the shear response of the girders when loaded further away from the prestressed 
girder end blocks. All tested girders failed in shear as intended, though some differences in 
the failure aspect details have been observed. 

For all of the tested girders, special attention has been given towards the crack 
propagation of shear cracks in the thin web. This has been monitored by means of a grid of 
extensometers at one hand, and by means of a Digital Image Correlation Technique (DICT) 
at the other hand. Hence, the shear crack displacement behaviour of the shear critical area 
is continuously monitored as a function of the applied shear load. By comparing the applied 
shear load at a crack opening equal to 2.5 mm and at the maximum shear capacity of the 
girders, it has been found that fibres are more effective to limit the crack opening, than to 
increase largely the maximum shear strength. For the tests with a shear span to depth-ratio 
(a/d-ratio) equal to 3.0, the observed relationship between the increase of residual flexural 
stress (increase of nominal fibre dosage) with respect to the increase in shear capacity is 
more distinct, as for this a/d-ratio the influence of direct transfer of shear load to the support 
through an arching effect is less pronounced.  

Based on the observations from the full-scale shear tests and the gained insights into 
the behaviour of SFRC on the material level, a sectional model has been developed taking 
into account the equilibrium and compatibility conditions analogously to the Modified 
Compression Field Theory (MCFT). The existing formulations have been adapted in order 
to introduce the SFRC constituent behaviour in agreement with the experimental 
observations on the macroscale as well as the material meso-scale. 

The developed model is able to describe the post-cracking shear behaviour of full-scale 
prestressed SFRC girders. However, for lower values of residual flexural strength and for 
beams without any shear reinforcement, the difference between the modelled and 
experimentally observed maximum shear capacity is relatively large. For girders containing 
fibre dosages between 40 and 60 kg/m³ and for the girders with traditional reinforcement, 
the sectional model output matches the experimental results relatively accurate. Generally 
speaking, the sectional model was observed to yield conservative results. This can be 
explained by keeping in mind that this model is a beam-like shear model, so that it is unable 
to take into account direct load transfer to the support and inherent arching action. 

Given that the iterative calculation procedure of the MCFT approach is less desirable 
for straightforward design calculations in engineering practice, a new resistance model is 
proposed in this work. This proposed engineering model is based on the iterative MCFT 
shear capacity model given in the Model Code 2010, yet converting it in a closed-form 
solution through observed correlations with physical phenomena influencing the shear 
strength such as dowel action, shear span to depth ratio, size effect and level of prestress. 
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Shear design 

In order to evaluate current design shear resistance models, a shear test database has 
been assembled based on shear test results available in literature. When selecting these test 
results, a sufficient amount of information has to be available on the post-cracking tensile 
stresses (e.g. fR-values, compressive strength, prestress, etc.) to enter the database. After 
collecting shear test results available in literature, a selection of suitable results have been 
made and 99 test results have been retained, covering both reinforced and prestressed 
concrete members. Since the majority of results reported in literature corresponds with tests 
on members with relatively limited dimensions and without the presence of a prestressing 
force, the obtained shear test results from the full-scale prestressed girders are of great value 
to extend the database. 

The considered models that have been verified with respect to the test database are those 
provided by RILEM, the Model Code 2010 (both the empirical model and the model based 
on the simplified MCFT) and a model based on the plasticity theory. Furthermore, the 
newly proposed engineering model has been included as well, in this verification of 
accuracy of the resistance models. The analysis has been done for the whole database and 
for subsets of reinforced and prestressed concrete girders only. It has been found that 
current design provisions will yield an acceptable design in case of reinforced concrete 
beams, but for most models a very conservative design is obtained for the case of 
prestressed girders. Improved model accuracy is obtained with the proposed engineering 
model. 

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

Based on these reconsidered safety factors, two design cases for SFRC roof girders 
have been conducted. Following, these IV-shaped roof girders have been manufactured and 
tested to verify the design procedure. For both roof girders, with an applied fibre dosage of 
20 and 35 kg/m³ respectively, it was found that the maximum obtained shear capacity was 
much higher than the design value of the shear resistance. Regarding the crack opening 
behaviour, a stable crack control has been observed up to shear failure.  

For an economical application of steel fibres as shear reinforcement, high quality SFRC 
mixes should be executed in the precast production environment so that scatter on the post-
cracking tensile response of the SFRC is kept within boundaries and hence more beneficial 
characteristic values of the fracture toughness of the SFRC 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 materiaaltechnologische innovaties 
economisch interessanter te maken, is in deze studie onderzocht in welke mate staalvezels 
kunnen gebruikt worden ter vervanging (deels of volledig) van traditionele 
beugelwapening. Door een bepaald aantal staalvezels tijdens het mix-proces aan het beton 
toe te voegen, wordt een deel van het productieproces van voorgespannen ligger 
gereduceerd door het vermijden van de arbeidsintensieve bewerkingen zoals het knippen, 
plooien en plaatsen van beugels. Echter zijn er tot op heden nog geen ontwerpmethoden 
voor voorgespannen liggers uit staalvezelbeton (SVB) beschikbaar in de 
berekeningsnormen en zijn de ontwerpingenieurs vaak niet vertrouwd met de 
eigenschappen en de werking van het composietmateriaal SVB. Gedurende de afgelopen 
10 jaar zijn er door RILEM en fib een aantal ontwerprichtlijnen gepubliceerd die kunnen 
beschouwd worden als pre-normatief. Naast het experimenteel luik van dit 
onderzoeksproject, wordt ook gekeken naar de mogelijkheden van bestaande 
ontwerpmodellen om de dwarskrachtcapaciteit van voorgespannen SVB liggers te 
voorspellen (inclusief met oog op structurele veiligheid en kosten efficiëntie) en welke 
modellen geschikt zijn om toe te passen voor dagelijks gebruik in studiebureaus van prefab 
betonproducenten. 

De hiertoe ondernomen onderzoeksstappen kunnen als volgt samengevat worden:  

(1) Eerst is op niveau van de composietwerking (cf. micro- en mesoniveau) 

onderzocht hoe vezels bijdragen tot het scheuroverbruggend vermogen van SVB 

wanneer het scheurvlak enerzijds onderworpen wordt aan een uitsluitend axiale 

component en anderzijds waarbij het scheurvlak onderworpen wordt aan een 

hoofzakelijk transversale component.  

(2) Op het macroniveau zijn in totaal 23 dwarskrachtproeven uitgevoerd op 9 liggers 

met ware grootte (20 m overspanning).  

(3) De onderzoeksresultaten die verworven worden op zowel het materiaalniveau als 

op het structureel niveau zijn samengevoegd ter ontwikkeling van een model 

waarmee het gedrag van voorgespannen SVB liggers kan geanalyseerd en 

gesimuleerd worden. 

(4) Verschillende beschikbare rekenmodellen voor de dwarskrachtcapaciteit van SVB 

elementen zijn afgetoetst aan de hand van een database met resultaten van 

relevante dwarskrachtproeven. Op basis van de berekende modelonzekerheden 

zijn de huidige veiligheidsmarges herbekeken en worden voorstellen gedaan voor 

een praktisch dwarskrachtontwerp met SVB. 
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Onderzoek op micro- en macroniveau 

Bij het ontwerp van staalvezelbeton is het van onmisbaar belang de nascheurtreksterkte 
van het SVB te kennen. Tegenwoordig is het algemeen aanvaard dat de eigenschappen die 
in rekening gebracht worden bij ontwerp voor elk type van SVB afzonderlijk dienen 
geverifieerd te worden door proeven. De nascheurtreksterkte kan enerzijds bepaald worden 
door axiale trekproven (directe methode) en anderzijds via indirect wijze door middel van 
buigproeven op standaardprisma’s. Aangezien de correcte uitvoering van axiale 
trekproeven vaak moeilijk uit te voeren valt, wordt er vaak gebruik gemaakt van de 
gestandaardiseerde drie-puntsbuigproef op gekerfde prisma’s. Door middel van deze proef 
wordt het spanning-scheuropening diagram verkregen op basis waarvan door 
transformatieformules een constitutieve materiaalwet voor SVB wordt afgeleid. Verder 
dienen er ook een voldoende aantal proeven uitgevoerd te worden opdat de spreiding van 
de proefresultaten gekend is en een karakteristieke waarde van de ontwerpparameter kan 
bepaald worden. 

In deze studie worden ter bepaling van de constitutieve materiaalwet van SVB na 
scheurvorming verschillende methoden ter modellering voorgesteld en geëvalueerd. 
Vertrekkende van bestaande (semi-)analytische modellen die het uittrekgedrag van 
gehaakte vezels beschrijven, is een analytisch model ontwikkeld om het Mode I 
nascheurgedrag van SVB te simuleren. Hierbij wordt rekening gehouden met het 
orientatieprofiel van de staalvezels, de ingebedde lengte, de sterkte van de vezel en de 
betonkwaliteit. Naast het analytisch model is er ook een manier voorgesteld om het 
nascheurgedrag van een vezel te implementeren in een eindige-elementenmodel. Aldus 
wordt een standaard buigproef driedimensionaal gemodelleerd en kan het buigingsgedrag 
met meervoudige scheurvorming gesimuleerd worden. Ten derde wordt op basis van een 
inverse analyse van buigproefresultaten een vereenvoudigd trilineair model voorgesteld dat 
kan gebruikt worden ter bepaling van het nascheurgedrag waarbij ook onderscheid kan 
gemaakt worden tussen pseudo-hardening gedrag, wat typisch is waargenomen bij SVB 
met lage gehaltes aan hoog-performante vezels in combinatie met een relatief hoge 
betonkwaliteit. 

Aangezien, de scheurvorming bij dwarskracht niet identiek is aan een puur Mode I 
scheurpropagatie, wordt ook het effect onderzocht van staalvezels op het nascheurgedrag 
van SVB wanneer het onderworpen wordt aan directe afschuiving. Daartoe wordt een 
standaardprisma symmetrisch belast met een geconcentreerde afschuifbelasting. De 
aangewende proefmethode is gebaseerd op de door het JSCE ontwikkelde 
doorschuifproefmethode JSCE-SF6. Bovendien is deze proefmethode verder aangepast om 
het effect in acht te nemen van een zijdelingse drukkracht die horizontaal inwerkt loodrecht 
op het afschuifvlak. 

Er is vastgesteld dat de afschuifsterkte lineair toeneemt in functie van het vezelgehalte. 
Verder kan de afschuifsterkte verder verhoogd worden door het toepassen van een 
zijdelings drukspanning, maar deze toename is gecorreleerd met de wortel van de 
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toegepaste zijdelings spanning. In tegenstelling tot de beschikbare modellen voor de 
maximale afschuifsterkte, die voorgesteld zijn op basis van eerder verkregen 
proefresultaten, is er in dit onderzoek getracht een model te ontwikkelen dat kan gebruikt 
worden om het volledige schuifspanning-slip diagram te beschrijven. Daarbij kan in het 
model rekening gehouden worden met de belangrijkste invloedsparameters zoals de relatie 
tussen scheurwijdte en slip, de transversale vezelpull-out, en de haakweerstand van het 
ruwe afschuifvlak (aggregate interlocking). Naast de maximale waarde van de 
afschuifsterkte kan ook de residuele tak van het afschuifspanning-slipdiagram bepaald 
worden. 

Onderzoek op macroniveau 

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

Bij alle uitgevoerde dwarskrachtproeven is voornamelijk gekeken naar de 
scheurontwikkeling in de lijfplaat van de ligger. Dit is voor alle uitgevoerde proeven 
opgemeten door middel van een vast grid van extensometers en voor een groot deel van de 
proeven door middel van een DIC (Digital Image Correlation) techniek. Hierdoor was het 
mogelijk om de ontwikkeling van de dwarskrachtscheuren in functie van de opgelegde 
dwarskracht te monitoren voor de volledig dwarskrachtzone. Voor alle balken is een 
dwarskrachtbreuk waargenomen. Wanneer gekeken wordt naar de dwarskrachtsterkte voor 
een scheuropening gelijk aan 2.5 mm, kan geconcludeerd worden dat de toevoeging van 
vezels aan het beton voornamelijk effect heeft op het belemmeren van de scheurpropagatie, 
eerder dan op het sterk verhogen van de bezwijklast van de liggers. Voor de 
dwarskrachtproeven uitgevoerd met een verhouding a/d = 3 is, in vergelijking met a/d = 
2.5, een meer uitgesproken stijgend verband waargenomen tussen de residuele 
buigtreksterkte en de bezwijklast. 

Op basis van de waargenomen proefresultaten op liggers met ware grootte en de 
verworven inzichten met betrekking tot de scheuroverbruggende werking van vezels voor 
zowel een axiale als een transversale scheuropening, is een sectionaalmodel ontwikkeld dat 
steunt op de principes van de Modified Compression Field Theory (MCFT). Hiertoe zijn 
de bestaande materiaalwetten herbekeken om rekening te houden met de aanwezigheid van 
staalvezels in het beton en de waargenomen scheurpropagatie bij de dwarskrachtproeven 
op liggers. 
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Het ontwikkelde model kan gebruikt worden om het volledig niet-lineaire gedrag van 
de staalvezelbetonbalken te beschrijven. Voor liggers met vezelgehaltes lager dan 20 kg/m³ 
en voor balken zonder dwarskrachtwapening is het verschil tussen de gemodelleerde en 
experimenteel bepaalde dwarskrachtsterkte relatief groot. Bij hogere vezelgehaltes en bij 
liggers met traditionele wapening geeft het model betere benaderingen. Algemeen gezien, 
geeft het sectionaalmodel conservatieve resultaten. Inderdaad, rekening houdend met het 
feit dat het sectionaalmodel een balkmodel benadering is voor de dwarskrachtwerking, kan 
er geen rekening gehouden worden met de effecten van boogwerking. 

Ontwerpmodellen 

Om de bruikbaarheid van bestaande ontwerpmodellen na te gaan is een database van 
dwarskrachtresultaten samengesteld op basis van de beschikbare resultaten in de literatuur. 
Bij de selectie van deze resultaten dient er rekening mee gehouden te worden dat er 
voldoende informatie wordt gegeven met betrekking tot de eigenschappen van het 
staalvezelbeton (residuele buigtreksterkte, betondruksterkte, voorspanning, etc.). Na het 
verzamelen van alle resultaten van dwarskrachtproeven, en het toepassen van de 
selectiecriteria zijn er in totaal 76 testresultaten weerhouden om op te nemen in de database. 
Aangezien het merendeel van deze resultaten afkomstig zijn van proeven op relatief kleine 
balken zonder voorspanning, zijn de proefresultaten uit deze studie van zeer groot belang 
om de verscheidenheid van parameters in de database verder uit te breiden. Uiteindelijk is 
er een dataset bekomen waarbij 30 resultaten afkomstig zijn van proeven op voorgespannen 
liggers en 69 op gewapende balken. 

De beschouwde modellen die afgetoetst zijn aan de samengestelde database zijn deze 
van RILEM, Model Code 2010 (twee verschillende methoden), de plasticiteitstheorie en 
een nieuw voorgesteld ingenieursmodel. De dwarskrachtcapaciteit van deze vijf modellen 
zijn vergeleken met de volledige dataset en verder voor de subsets van enkel voorgespannen 
of gewapende balken. Daarbij is tevens gekeken naar de invloed van de treksterkte van het 
beton (gerelateerd aan de betondruksterkte) en de nascheurtreksterkte in geval van SVB. 
Op basis van deze vergelijking is gevonden dat de traditionele modellen over het algemeen 
voor gewapende balken een goede inschatting maken van de dwarskrachtsterkte maar 
waarbij toch een relatief hoge modelonzekerheid dient in acht genomen te worden. Bij 
voorgespannen elementen wordt de dwarskrachtsterkte vaak sterk onderschat. Meer 
accurate voorspellingen worden bekomen met het voorgestelde ingenieursmodel. 

Na de bepaling van de modelonzekerheden is voor elk rekenmodel de veiligheidsmarge 
herbekeken, op basis waarvan twee rekenvoorbeelden voor het dwarskrachtontwerp zijn 
uitgevoerd voor dakliggers met veranderlijke hoogte. Beide liggers, ontworpen met een 
vezelgehalte van respectievelijk 20 en 35 kg/m², zijn vervolgens onderworpen aan een 
dwarskrachtproef. Hierbij is gevonden dat de maximale dwarskrachtcapaciteit veel hoger 
is dan de ontwerpwaarde en dat na scheurvorming de vezels voor een stabiele 
scheurpropagatie zorgen. Als aandachtspunt dient hierbij opgemerkt te worden dat het 
noodzakelijk is om een goede kwaliteitswaarborging toe te passen in het productieproces, 
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om op die manier het benodigd aantal vezels voor een vooropgestelde karakteristieke 
residuele buigtreksterkte economisch optimaal te houden. 
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1 INTRODUCTION 

1.1 General 

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

However, due to the limited web thickness, slender beams become more sensitive for 
other failure mechanisms such as buckling, torsion and shear. As a result, special attention 
is needed for the resistance of precast members against these actions. 
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1.2 Problem statement 

In the current design codes a distinction is made between the shear resistance of zones 
with or without bending cracks present in the Serviceability Limit State (SLS) [2]. In the 
case of prestressing however, bending cracks are not likely to occur in the SLS and the 
effect of prestress has to be taken into account to evaluate the design shear crack load. 
When the design shear load is lower than the design shear crack load, the shear forces are 
taken by the concrete and the prestress action. However, a minimum amount of transverse 
reinforcement has to be placed in order to provide sufficient ductility when reaching the 
Ultimate Limit State (ULS). If the design shear crack load is lower than the design shear 
load, the concrete contribution shall be neglected and the shear capacity of the girder shall 
be provided by transverse rebars only. As a result, the application of current design 
procedures for shear [2, 3] will automatically lead to the placement of either minimum or 
calculated amounts of transverse reinforcement. 

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

One of the most promising techniques widely investigated, is the use of steel fibres in 
reinforced concrete. Fibres can be easily added to the concrete during the mixing process 
and provide significant increase of toughness and ductility after cracking. If fibres can 
provide sufficient post-cracking strength to the concrete, the use of traditional stirrups can 
be reduced or replaced and the precast production process speed will be increased and 
labour costs can be reduced significantly. Hereby, the decrease of labour costs should 
balance at least the increase in material costs due to the use of high quality materials such 
as fibres and high strength concrete. 

Although the use of fibres as shear reinforcement has been proven to be feasible under 
laboratory conditions by the scientific community [4-9], real life structural applications are 
rather limited. Only one example of the application of steel fibres as shear reinforcement 
in practice is known to the author: for a warehouse built in 2005 in Dortmund, 22 m span 
ceiling girders were manufactured of Steel Fibre Reinforced Concrete (SFRC) to resist 
shear forces [10]. The lack of practical case studies can be attributed to an insufficient 
material knowledge by design engineers and the absence of internationally accepted design 
guidelines. In order to increase the overall acceptance of this new technique within the daily 
practice of design engineers, the transfer of knowledge acquired through research should 
be facilitated. In this respect, the experimental investigation of the shear capacity of full-
scale prestressed girders is fairly unique, when compared to shear test data available in 
literature.  
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A first step in the development of a unified approach to the shear design of SFRC was 
proposed by the RILEM committee TC-TDF 162 in 2002 [11] . More recently, the Model 
Code 2010 [12] provides two design procedures that can be used for the shear design  of 
SFRC elements. Nevertheless, it has not yet been proven or investigated whether these 
procedures yield economical solutions or safe designs in the case of prefabricated 
prestressed concrete girders. 

In short, the following problem statement is addressed in this study: although shear 
design of SFRC members is recently implemented in design guidelines, no evidence is yet 
available on the feasibility of these models towards the 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 experimentally to what extent steel fibres can be used 
to either reduce or replace traditional stirrups as shear reinforcement in full-scale precast 
concrete girders and to evaluate existing or to propose new shear design procedures which 
can be adopted in the daily practice of design engineers. In order to reach this, research will 
be done on different sub-domains or scale levels, and the following research objectives are 
defined: 

At micro- and mesoscale level: 

Since the enhanced post-cracking toughness of SFRC is mainly attributed to the pull-
out behaviour of both straight and deformed fibres, a first research objective is defined on 
the micro- and mesoscale level. To better understand the post-cracking behaviour of SFRC 
in bending and direct shear, it is the objective to establish an analytical relationship between 
the single fibre pull-out behaviour and the composite behaviour at mesoscale level (e.g. 
tests on standard prisms), both for the case of predicting the tensile response and the direct 
shear response. 

At macroscale level: 

On the macro scale level, the shear behaviour of full-scale prestressed SFRC will be 
experimentally investigated. In this part of the research, it is the objective to evaluate the 
effectiveness of steel fibres used as shear reinforcement and to enlarge the existing set of 
experimental data available in literature. Special focus will be given to the shear crack 
opening behaviour as a function of applied shear load. 

At engineering level: 

At engineering level, it is the objective to develop an analytical model for the prediction 
of the shear behaviour and shear resistance of full-scale SFRC girders. This is done by 
making use of the experimental test results and findings at micro-, meso- and macrolevel. 
A second objective at engineering level is the evaluation of resistance models in terms of a 
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safe design (i.e. corresponding with a target reliability index), and their further application 
in a design example of SFRC roof girders, which are finally tested up to failure to confirm 
the design methodology 

1.4 Outline of the thesis 

Following this first chapter, in which the scope and objectives of the doctoral study are 
given, in Chapter 2, a state of the art overview with respect to the mechanical properties of 
SFRC subjected to axial and shear loading is provided at the mesoscale or material level. 

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

Chapter 4 provides all research results obtained on the material level of SFRC in which 
further distinction is made between pull-out behaviour and composite behaviour. Based on 
the experimental observations at meso-scale and available semi-analytical models for the 
pull-out behaviour of hooked-end fibres, different modelling techniques (numerical and 
analytical) are developed and evaluated to analyse the post cracking behaviour in both 
mode I (opening) and mixed mode (shear friction) loading conditions. 

Concerning the experimental work done at the macroscale level, research results are 
described in Chapter 5 for the 23 full-scale shear tests performed on prestressed I-shaped 
girders. In total, 9 girders were manufactured in a precast concrete plant and tested in 
laboratory conditions. Additional to the strain and deflection measurements of the girders 
as a function of the applied shear load, the shear behaviour of the prestressed girders is also 
investigated in terms of the crack propagation behaviour of the critical shear cracks in the 
thin web. This is done by means of a Digital Image Correlation Technique.  

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

A shear test database is assembled in Chapter 7 and used to evaluate the accuracy of 
different shear resistance models. As an extent to the existing state of the art, a simplified 
design model is proposed based on the experimental observations of Chapter 5 and 
behaviour models from Chapter 6. Furthermore in Chapter 7, an evaluation is performed of 
the design safety factors when applying these shear resistance models for design purpose 
and aiming for a target reliability index. 
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As a case study given in Chapter 8, the design procedure is applied on two different 
girders with variable height. These girders are also produced and tested up to failure. 
Hereby, general observations are made towards the implementation of fibres in both the 
production and design stage of prestressed SFRC girders. 

Finally, general conclusions are drawn and suggestions are made for further research in 
Chapter 9.  

1.5 References 

[1]  fib. (2004). "Bulletin No. 29 - Precast Concrete Bridges". Lausanne, Switzerland. 

[2]  CEN. (2004). "EN1992-1-1:2004 - Eurocode 2: Design of concrete structures - Part 1-1: General 
rules and rules for buildings". Brussels, Belgium. 

[3]  Collins, M. P., Kuchma, D. (1999). "How safe are our large, lightly reinforced concrete beams, 
slabs and footings". ACI Structural Journal, Vol. 96(4), pp. 482-490. 

[4]  De Pauw, P., Taerwe, L., Van den Buverie, N., Moerman, W. (2008). "Steel fibre concrete as an 
alternative for traditional shear reinforcement in pretensioned concrete beams". 7th international 
RILEM symposium on fibre reinforced concrete: design and applications (BEFIB 2008), pp. 887-
898. 

[5]  Minelli, F. (2005). "Plain and Fibre Reinforced Concrete Beams under Shear Loading: Structural 
Behaviour and Design Aspects" (PhD-thesis). Brescia, University of Brescia. 

[6]  Narayanan, R., Darwish, I. Y. S. (1987). "Shear in prestressed concrete beams containing steel 
fibres". The International Journal of Cement Composites and Lightweight Concrete, Vol. 9(2), pp. 
81-90. 

[7]  Voo, Y. L., Foster, S. J. (2008). "Shear strength of steel fiber reinforced ultra-high performance 
concrete beams without stirrups". 5th international Specialty Conference on Fibre Reinforced 
Materials, pp. 177-184. 

[8]  Cuenca, E., Serna, P. (2013). "Shear behavior of prestressed precast beams made of self-compacting 
fiber reinforced concrete". Construction and Building Materials, Vol. 45(August 2013), pp. 145–
156. 

[9]  Gustafsson, J., Noghabai, K. (1999). "Steel fibers as shear reinforcement in high strength concrete 
beams". International Journal of Nordic Concrete Research, Vol. 22, pp. 1-18. 

[10]  Krampe Harex. (2015). http://www.krampeharex.com, 09/02/2015. 

[11]  RILEM. (2003). "Final Recommendation of RILEM TC 162-TDF: Test and design methods for 
steel fibre reinforced concrete sigma-epsilon-design method". Materials and Structures, Vol. 
36(262), pp. 560-567. 

[12]  fib. (2010). "Model Code for Concrete Structures 2010". Lausanne, Switzerland, fédération 
internationale du béton. 

 



Chapter 1 

6  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 LITERATURE REVIEW ON SFRC 

2.1 Steel Fibre Reinforced Concrete 

2.1.1 Historical background 

More than 4500 years ago, in the ancient cultures of Mesopotamia and Egypt, natural 
fibres were used to strengthen sun-dried mud or clay bricks. These fibres, e.g. straw or flax 
fibres, were used to prevent the sun-dried bricks from crumbling during transportation or 
manipulation [1]. Other examples of the early use of composites in human history can be 
found in Roman culture around 500-400 BC. The Romans used lime-mortars and concrete 
made of ‘puzzalano trass’ strengthened with horse- and goat hair.  

Although the use of concrete was widespread around that time, together with the fall of 
the Roman Empire, the use of natural cements for concrete construction disappeared 
completely. It was waiting until the discovery and development of the modern Portland 
cement in the early 19th century by Joseph and William Aspdin, for concrete to become 
more popular again and being applied as a construction material [2]. However, engineers 
recognized the major deficiency of the concrete to have low tensile strength capacity and 
its brittle nature.  
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Around that time, the French engineer Joseph-Louis Lambot experimented with wire 
reinforcement which led to the use of ferrocement. Later in 1868, Joseph Monier was 
granted a patent for the invention of a new system of reinforcement which led to the 
development of reinforced concrete as known today. The use of continuous steel bars to 
bridge cracks in a concrete section led evidently to the popularity of reinforced concrete as 
an economical construction material.  

However, instead of placing steel wires or bars into concrete in order to sustain tensile 
stresses after cracking, the idea of using fibres as a homogenous type of reinforcement to 
increase the tensile strength of concrete was challenging many researchers at that time. The 
first inventions which led to the development of modern fibre reinforced concrete were 
made in the late 19th century. The first was made by Ludwig Hatschek, who produced thin 
sheets made of 90 % cement-paste and 10% asbestos fibres. Since then, the use of asbestos 
fibres began to spread worldwide and was used for the production of both internal- and 
external cladding and roofing materials [3]. Another invention was made by A. Berard, 
who filed his patent in 1874 for the production of concrete with dispersed steel grains of 
waste materials [4]. Around 1910, the use of nails, wire segments and metal chips were 
mentioned in experimental test reports and patents [3]. Around 1940, glass fibres were first 
used in construction in Russia. 

Although several attempts were made to improve the tensile capacity of concrete during 
the early 20th century, serious scientific work in the field of fibre reinforced concrete started 
in the 1960’s. Initially, it was believed that fibres could enhance the tensile strength of the 
concrete. First serious attempts to investigate the composite behaviour were done by 
Romualdi & Batson [5] and Romualdi & Mandel [6]. Based on linear fracture mechanics, 
they found that the toughness of Fibre Reinforced Concrete (FRC) is related to the square 
root of fibre spacing. However, no significant benefits could be addressed to the use of fibre 
reinforcement at that time. 

During the 1970’s, due to improved testing equipment and analysis procedures, the 
concepts of energy absorption and fracture toughness were further introduced. The benefits 
of fibres towards the improved post-cracking stress-strain relationship of FRC were first 
reported by Shah and Rangan [7]. They observed that the most significant effect of fibres 
was derived after cracking of the matrix, enhancing the fracture toughness instead of the 
concrete tensile strength (see Fig. 2.1, left). From their experimental work, it was concluded 
that the post-cracking toughness of FRC was mostly influenced by the fibre length, 
orientation and stress-strain relationship. In 1972, Naaman [8, 9] studied the behaviour of 
FRC containing straight smooth steel fibres used in relatively high dosages. This can be 
seen as a key point in history towards the development and analysis of modern types of 
FRC. 
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Fig. 2.1 – Influence of fibres on the increase of tensile strength and post-cracking toughness (from 

Shah and Rangan [7]) and concept of fibre bridging (from RILEM [10]) 

The experimental results of Shah and Rangan (Fig. 2.1, left) evidence the enhancement 
of post-cracking toughness rather than the increase of tensile strength of the concrete 
matrix. In the right graph of Fig. 2.1, the total post-cracking response of SFRC is 
schematically visualised as the summation of a concrete and fibre contribution. This graph 
shows that the fibres are mainly contributing to the tensile behaviour of the composite for 
higher values of the crack opening. A typical view of fibres bridging a crack is shown in 
Fig. 2.2. 

   
Fig. 2.2 – Bending (left) and axial (right) tensile failure planes of SFRC 

2.1.2 Steel fibre types 

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

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

Table 2.1 – Typical range of steel fibre properties 

Property Range  

Tensile strength [N/mm²] 1000-3000 

Ultimate strain [-] 1-5 % 

Fibre length Lf [mm] 10-60 

Fibre diameter df [mm] 0.2-1 

Aspect ratio (Lf/df) 20-100 

 

One of the most popular types of deformed fibres is the hooked-end fibre which 
provides high post-cracking ductility due to plastic deformation of the hook during pull-
out. For fibre types with increased anchorage capacity, a loss of ductility is observed by 
either failure of the concrete matrix or by fibre rupture. The first failing mechanism is more 
likely to occur for a combination of a low-strength matrix and high strength fibre, while the 
second brittle failure mechanism is caused by the combination of high strength concrete 
with a relatively low fibre tensile strength. The anchorage capacity of a single fibre has 
been studied in the past by means of pull-out testing for both aligned and inclined 
configurations. A more detailed description of the pull-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 of concrete with steel fibres can be 
adversely affected, if the effect of addition of fibres to the concrete is not properly taken 
into account. During the mixing of SFRC, fibres are either added and mixed first together 
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with the dry components or added to the fresh concrete afterwards. A too fast addition rate 
of fibres can cause fibres sticking together and forming a fibre ball. Most common is a dry 
fibre ball which is formed by tangling of loose fibres and covering of this tangled fibres 
with a layer of concrete. Inside the ball, only fibres and dry sand is present. In general, 
balling and clustering of fibres, due to a bad dispersion, will cause undesirable cavities and 
an overall loss of performance. To overcome the fibre balling, a suitable fibre integration 
method should be adopted. This can be done by decreasing the fibre addition rate of loose 
fibres or by using glued fibres which will induce the release of fibres in the concrete when 
the glue is dissolved by the mixing water. Wet balling can occur when the mixing time is 
too long, when the grading of the concrete is not optimized and if the aggregate size is too 
large for the used type of fibre. The risk of balling generally increases for higher fibre 
lengths and inherent aspect ratio. 

 When fibres are added to concrete, special attention should be addressed to the concrete 
mix composition. In general, for increasing fibre content, the workability of the SFRC 
decreases [12] and in order to overcome workability issues, the concrete grading has to be 
optimized with respect to the adopted type of fibre and dosage. This can be done by 
increasing the mortar fraction and the use of water reducing agents. In order to avoid 
workability issues for SFRC mixes containing very high volumes of fibres (> 1.5%), self-
compacting concrete types are often used. Since the orientation of fibres can be influenced 
by the concrete flow during filling of the formwork, attention should be paid towards the 
possibility of undesirable orientation of fibres with respect to the main cracking pattern 
expected. The influence of fibre dosage on the slump (flow) and consistency were 
experimentally investigated by Markovich [12]. In Fig. 2.4, the effect of the fibre factor 
(i.e. fibre volume fraction multiplied with the ratio between fibre length and diameter) on 
the slump flow of self-compacting concrete has been shown for a SFRC containing only 
short (13 mm) and both short and long (60 mm) fibres. 

 
Fig. 2.4 – Influence of fibre dosage on the workability of SFRC [12] 
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Further it should be noted that adding fibres can increase the air-content and have a 
negative effect on the porosity of the concrete. Due to the presence of fibres, the packing 
density of the concrete matrix is affected and, if the concrete matrix design is not optimized, 
it can eventually lead to a decrease of overall performance. Moreover, for increasing air-
content, the bond strength of fibres will decrease due to the presence of air-bubbles at the 
fibre/matrix interface. For normal concrete, the air-content will be around 1.5-2.0 of Vol-%. 
However, when fibres are included, the air-content may increase to around 5%. The effect 
of fibres on the packing density is schematically shown in Fig. 2.5. 

 
Fig. 2.5 – Schematic visualisation of the effect of fibre 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 capacity of SFRC is inherent to the anchorage 
of fibres in the matrix, understanding the mechanisms of fibre pull-out of both straight and 
deformed fibres have been thoroughly investigated in the past. For the case of hooked-end 
fibres, the entire pull-out mechanism can be divided in two main parts: a debonding phase 
and a mechanical deformation phase (i.e. the actual pull-out). A schematic of the pull-out 
response of a hooked-end fibre is shown in Fig. 2.6. 

 
Fig. 2.6 – Schematic of the pull-out response of hooked-end fibres [14] 

During the debonding phase, shear stresses along the fibre-matrix interface provide 
pull-out resistance. For the case of aligned straight fibres, the debonding load Pd (Fig. 2.6, 
Zone I) will lead to a completely debonded fibre/matrix interface and will lead to the 
pull-out failure. For the particular case of single or double hooked-end fibres, the existence 
of additional curved segments at the fibre ends provides a mechanical anchorage 
contribution equal to Pm-Pd (Fig. 2.6, Zone II) which is much larger than the resistance 
provided by the bond shear stresses only. When the fibre debonds, an increase of the pull-
out resistance is caused by the coulomb friction effects along the curved length of the fibre 
as well as the plastic deformation due to bending of the deformed hooks [15, 16]. 

When the fibre is completely debonded along its embedded length, the maximum pull-
out force has been reached. From this point, any further slipping of the fibre through the 
pull-out channel will cause a gradual decrease of pull-out resistance. In a first stage of the 
pull-out phase, the hooked-ends are straightened representing the drop in the pull-out curve, 
after reaching the maximum pull-out load Pm. After passing the last inflection point, the 
hook is roughly straightened, providing an almost constant residual pull-out strength (Fig. 
2.6, Zone III), until the embedded length becomes too short and no pull-out forces can be 
transferred anymore and a complete decay of pull-out force is observed (Fig. 2.6, Zone IV).  

For the case of crimped fibres, fibres with conical or paddled ends (cf. Fig. 2.3) and 
fibres with more than two bended segments at the fibre ends, the pull-out forces will 
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become very high due to an almost perfect anchorage of the hook. This implies that there 
is no significant slipping phase when the fibre has no ductility. Hence, the crack bridging 
ability of fibres for higher crack-width has to be provided by a plastic elongation of the 
debonded fibre length. As a result, pull-out failure will occur either by loss of anchorage 
due to failure of the concrete matrix or by excessive plastic 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 behaviour of hooked-end fibres are the 
embedded length, tensile strength and diameter of the fibre and the concrete compressive 
strength. Van Gysel [16] studied the effect of these parameters on the pull-out response of 
hooked-end fibres with a length of 60 mm and different fibre diameters of 0.50 and 0.80 mm 
for both low and high carbon content steel fibres mixed in a low and high strength concrete 
matrix. Typical average pull-out curves are compared in Fig. 2.7. 

 
Fig. 2.7 – Influence of embedded length (a), concrete compressive strength (b), fibre tensile strength 

(c) and diameter (d) on the pull-out response of a hooked-end fibre (from Soetens et al. [17]) 

From Fig. 2.7, it can be seen that the influence of embedded length has a negligible 
effect on the debonding phase of the pull-out process. However, since the fibre can only be 
pulled out over its embedded length, the residual stresses can only be transferred until a 
maximum slip equal to the embedded length. Considering crack widths up to 2 to 3 mm as 
the ultimate limit state of crack opening, the embedded 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 and concrete compressive strength, a 
constant increase of pull-forces over the entire slipping range has been observed. For higher 
concrete strengths, the bonding mechanism between the fibre and the matrix is stronger and 
for a higher steel strength, the deformation of the hooked-end requires more energy. 

A logical increase of pull-out force has been observed for higher fibre diameter since 
the stresses in the fibre will be more or less constant. Further, it was found by Van Gysel 
that the residual pull-out strength is influenced by the fibre diameter, concrete compressive 
strength and fibre yield strength. An empirical formulation for the residual capacity of the 
hook after being rectified by pulling it through the mortar channel, has been proposed as 
follows: 

2
h,res c y f

1
F f f d

325
=  Eq. 2.1 

Whereby, fc is the compressive strength, fy is the yield strength of the fibre and df is the 
fibre diameter. 

2.2.2.2 Fibre inclination 

Since fibres are randomly dispersed in the concrete matrix, all fibres crossing the crack 
plane will be pulled out for a given inclination angle. The influence of fibre inclination on 
the pull-out response has been investigated by several researchers [16-19]. Robins et al. 
[18] performed pull-out tests on hooked-end fibres embedded at different inclination 
angles. The average pull-out curves for each inclination are shown in Fig. 2.8. 

 
Fig. 2.8 – Influence of fibre inclination on the pull-out response [18] 

As can be seen form Fig. 2.8 (left), the inclination of fibres will lead to an increase of 
fibre pull-out resistance. This increase is caused by the additional frictional effects and 
mechanical anchorage due to bending of the fibre at the crack surface. Due to local stress 
concentrations at the fibre exit point, the concrete at the fibre exit point will be damaged 
causing the fibre to be able to undergo an extra rotating displacement. This phenomenon 
will lead to higher crack openings when reaching the maximum pull-out load. For higher 
values of the inclination angle, the coulomb friction at the fibre exit point will become large 
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enough to change between ductile pull-out failure to a 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 relatively small, the occurrence of matrix rupture 
or splitting is possible. Further, when fibres are spaced closely (i.e. for high fibre dosages), 
the chance of fibres damaging the anchorage zone and influencing the embedded conditions 
of nearby positioned fibre is possible. In Fig. 2.9, an idealized situation of three fibres in 
one plane is shown and for which the second fibre is influencing the nearby positioned fibre 
(i.e. fibre 3). 

 
Fig. 2.9 – Fibre interaction due to a splitting failure of the surround matrix (from Markovich [12]) 

From Fig. 2.9, it can be seen that due to the anchorage failure of fibre 2, a concrete cone 
is being removed. Since the volume of this irregular cone also contains a part of fibre 3, the 
embedded length of fibre 3 shall be decreased suddenly and consequently, a lower fibre 
pull-out capacity for fibre 3 will be observed. When the post-cracking tensile capacity is 
analysed as the summation of the pull-out forces of all fibres, the mutual fibre interaction 
will decrease the post-cracking capacity of the SFRC composite. Since the damaging of the 
anchorage zone will be more pronounced for higher fibre dosages, a non-proportional 
increase of the post-cracking tensile strength of SFRC with respect to the total amount of 
fibres crossing the crack plane can be observed. A comparison between the effective 
amount of fibres actually being pull-out and the total amount of fibres crossing the crack is 
shown in Fig. 2.10. 

Lemb,ini 

Lemb,red 
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Fig. 2.10 – Comparison between effective fibres versus total fibres crossing the crack plane (from 

Dupont [20]) 

2.2.3 Pull-out models 

The basis for pull-out models of deformed fibres is the analytical description of the 
debonding of the straight part. Based on pull-out tests on straight fibres, different models 
are proposed by Stang [21, 22], Grey [23-25], Naaman & Namur [26] and Wang et al. [27], 
to predict the pull-out frictional stress decay as a function of pull-out distance. The pull-out 
model of a straight fibre, as proposed by Wang [27] is given in Fig. 2.11. The load on the 
fibre increases linearly, until reaching a maximum bond capacity. After this, the load drops 
to the frictional shear strength of the fibre which further decays with increasing pull-out 
distance. This decreasing pull-out force is modelled as linear, and relates to the increasing 
damage of the fibre-matrix interface. 

  
Fig. 2.11 – Modelling concept of fibre debonding according to Wang [27]. 

With respect to deformed fibres, the most important contribution to the pull-out 
modelling has been done by Chanvillard [15], by proposing a method based on the 
principals of virtual work to calculate the pull-out response. This model was later 
optimized, based on the experimental results from about 120 pull-out tests by Van Gysel 
[16].  
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In the semi-analytical pull-out model developed by Van Gysel [17], the debonding of 
the straight part is taken into account by the implementation of the shear lag model for 
which the mathematical description has been proposed by Stang [21]. Furthermore, the 
model takes into account several parameters such as fibre inclination, fibre shape, tensile 
strength, embedded length and concrete compressive strength. A comparison between 
modelled and experimental pull-out curves is shown in Fig. 2.12. Detailed information 
about the model with a calculation example can be found in [17]. 

 
Fig. 2.12 – Comparison between experimental and modelled pull-out curves by Van Gysel et al. 
[16] for a normal strength concrete: a) complete curve and b) detail for a slip between 0-5 mm 

A simplified empirical approach has been developed by Alwan et al. [28]. The pull-out 
load slip curve is defined by four key-points corresponding to the pull-out load P1-4 and 
inherent slip ∆1-4. Similarly, another model has been proposed by Laranjeira [19]. The 
schematic representations of the pull-out curve of both models are shown in Fig. 2.13.  

 
Fig. 2.13 – Schematic representation of the pull-out process according to Alwan [28] (left) and 

Laranjeira [19] (right) 

Regarding the shape of the modelled pull-out curve shown in Fig. 2.13 (right), the pull-
out behaviour is mainly defined by eight distinct points. According to Laranjeira, these 
points (H1-8) are related to the specific pull-out situations as shown in Fig. 2.14. 
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Fig. 2.14 – Different stages defining the pull-out curve 

The spalling lengths LSP1 and LSP2 are determined iteratively as a function of fibre 
inclination, pull-out force and coulomb friction coefficient between fibre and matrix. The 
first spalling length is denoted as LSP1, while LSP2 is the additional length of spalling due to 
progressive fibre pull-out and related deformation at the fibre exit point. In contrast to the 
spalling criterion adopted by Van Gysel, whereby a compressive failure is assumed (contact 
pressure induced concrete wedge failure), the model as proposed by Laranjeira, takes into 
account the fibre inclination by means of a spalling criterion 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 to internal or external loadings, it will either 
fail in tension or in compression from the moment the principal stresses reach the tensile 
or compressive strength, or a combination of both (i.e. biaxial stress state). For both the 
initiation and propagation of a tensile failure, there are in general three different crack 
propagation modes (see Fig. 2.15), defined as opening (Mode I), sliding (Mode II) and 
tearing (Mode III). 

 
Fig. 2.15 – Different failure modes 

Mode I is one of the most common crack propagation modes, since it occurs in uniaxial, 
splitting and bending tensile failure. For Mode II it should be noted that in plane shear 
stresses will generally not only cause crack sliding but also crack opening. The latter is due 
to the irregularity of the crack plane. This results in crack dilatation and is further referred 
to as a mixed mode crack opening (i.e. Mode I and II). Out of plane shear or tearing (Mode 
III) is rare in reinforced concrete analysis, for which often a plane stress state can be 
assumed. 

A schematic of pure Mode I and a mixed mode opening displacement for a crack in 
SFRC is shown in Fig. 2.16. 

 
Fig. 2.16 – Schematic representation of a pure Mode I crack opening (left) and a mixed mode crack 

opening displacement (right) 

Given the two different types of crack propagation, the crack bridging mechanism will 
be substantially different. For a pure mode I crack opening behaviour the only resistance 
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of further crack opening is provided by the anchorage of fibres in between the two crack 
faces. Hence, by superposition of the individual pull-out response of all fibres crossing the 
crack, the post-cracking stress capacity of SFRC in Mode I can be described.  

For the mixed mode crack propagation, the contribution of fibre pull-out has to be 
decomposed in an axial and transverse component (i.e. dowel action at micro scale level). 
Furthermore, the additional friction between the two rough crack interfaces will lead to an 
increase of shear stresses needed to further enlarge the normal (∆δn) and tangential (∆δt) 
crack displacements. 

2.3.2 Tensile behaviour 

2.3.2.1 General  

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

Most commonly, the Mode I (i.e. pure opening, Fig. 2.16 left) post-cracking 
constitutive law of SFRC is obtained from experimental bending tests. In order to compare 
test results and to derive design strengths parameters, these bending tests are included in 
(inter)national standards. In Sections 2.3.2.2 and 2.3.2.3, the most frequently used tests are 
described and the relationship between the results obtained from different test methods are 
discussed.  

2.3.2.2 Uni-axial tension test 

Although it can be stated that the best way of determining the post-cracking response 
of SFRC is directly done by means of uni-axial testing, no standard method is available yet. 
In general, uni-axial tests are difficult to perform and specialised test equipment and 
experienced personnel is needed. Dog-bone shaped test specimens and notched specimens 
with round or square cross-sections are the most used types of test specimen. Examples of 
the most frequently used test setups are shown in Fig. 2.17. 

The main difficulty of the uni-axial test is the positioning of the specimen in order to 
apply a uniform tensile stress on the crack plane. In reality, the tensile load will be applied 
with a certain eccentricity and undesired bending moments will cause stress concentrations 
at the crack surface.  
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Fig. 2.17 – Different uni-axial tensile test setups: dog-bone [29] (left and middle) and notched 

cylindrical specimens (right) [4] 

From the uni-axial tensile test, the Mode I relationship between tensile stress and crack 
opening is measured directly. A typical example of derived stress-crack opening curves is 
shown in Fig. 2.19. These results are obtained by Laranjeira [30] for a normal strength 
SFRC containing fibres with a length of 60 mm, a diameter of 0.75 mm and fibre dosages 
between 20-60 kg/m³. 

 
Fig. 2.18 – Post-cracking tensile response obtained from uni-axial testing (initial response at 

cracking, range till 0.3 mm) 

 
Fig. 2.19 – Post-cracking tensile response obtained from 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 the direct tensile test methods, the post-
cracking behaviour of SFRC is generally determined by more feasible bending tests. In 
literature, different types of test setups and specimens can be found and a variety of bending 
test standards have been published over the last 30 years. An overview of the most 
frequently used bending tests and their corresponding parameters 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 first adopted for the determination 
of toughness relative to the toughness up to first cracking. This toughness is defined as the 
area up to a specified deflection δ expressed as a multiple of the deflection measured at first 
cracking. By dividing this toughness by the toughness at first cracking, a toughness index 
Ia is determined. After a revision of this standard in 1989, additional residual strength 
factors were defined as the average strength retained at a certain deflection as a percentage 
of the first cracking strength (see Fig. 2.20). 

 
Fig. 2.20 – Toughness indices and residual strength parameters determined by means of 

ASTM C 1018 

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

n
n 2

T L
f

HB n
=  Eq. 2.2 

In which n is equal to 150 or 600 and Tn is the area under the load-deflection curve until 
a deflection of L/n. H and B are the height and width of the cross-section. 
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Fig. 2.21 – Toughness indices and residual strength parameters determined by means of 

ASTM C 1609 

JCI-SF4 (1984) 

Also in 1984, the Japan Concrete Institute proposed to determine toughness of SFRC 
by means of a four point bending test. Similar to the test method described in the ASTM C 
1018 (and ASTM C 1609) the toughness Tb is evaluated as the area under the load 
deflection point up to a deflection of the span length divided by 150. Further, an equivalent 
flexural strength σb is determined by converting the toughness by using elastic bending 
formula. 

b
b 2

T L

HB
σ =

δ
 Eq. 2.3 

with H and B, the height and width of the cross-section. The ratio of L and δ is equal to 
150.  

NBN B15-238 (1992) 

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

 
Fig. 2.22 - Four-point bending test setup 
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n
f ,n 2

B n
f

BH
=  Eq. 2.4 

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

DBV (2003) 

According to the German guidelines for steel fibre reinforced concrete, the flexural 
parameters are obtained by means of four point bending tests conducted on 150 mm x 150 
mm x 700 mm. Based on the load deflection curve, the residual flexural stresses at a 
deflection of 0.5 and 3.5 mm are determined to evaluate the post-cracking performance of 
SFRC and to define the performance classes as defined by the magnitude of both fcfl,L1 and 
fcfl,L2 [31]. 

 
Fig. 2.23 - Four-point bending test setup according to DAfStb Richtlinie Stahlfaserbeton [31] 

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

i
cfl,Li 2

FL
f

BH
=  Eq. 2.5 

In which Fi is the load at a deflection of 0.5 and 3.5 mm. The first value (fcfl,L1) 
represents the post-cracking flexural strength at the Serviceability Limit State (SLS) while 
for a deflection of 3.5 mm  (fcfl,L2) the Ultimate Limit State (ULS) is considered. 

UNI 11039-2 (2003) 

On the basis of the Italian standards UNI 11039-2, the toughness evaluation of SFRC 
is determined by means of four point bending tests performed on 150 mm x 150 mm x 600 
mm specimens. The specimens have a central notch with a height a0 of 45 mm (Fig. 2.24). 
During testing, the applied load is monitored as a function of Crack Tip Opening 
Displacement (CTOD). 
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Fig. 2.24 – Schematic test setup and load-CTOD curve according to UNI 11039-2 

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

1
eq(0 0.6mm) 2

0

U L
f

0.6B(H a )− =
−

 Eq. 2.6 

2
eq(0.6 3mm) 2

0

U L
f

2.4B(H a )− =
−

 Eq. 2.7 

In which U1 and U2 denote the absorbed energies (grey hatched areas under the load-
CTOD curve as shown in Fig. 2.24) within the ranges of 0-0.6 mm and 0.6-3 mm. 

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

The standard test method as given in the European standard EN 14651 is similar to the 
method described in the final recommendations of the RILEM technical committee TC 
162-TDF which was first published in 2003. According to this recommendation, the 
residual flexural strength of SFRC is obtained by means of a three-point bending test on a 
notched prism (a0 = 25 mm) with standard size of 150 mm x 150 mm x 600 mm and with 
a span length L equal to 500 mm. The applied load is monitored as a function of Crack 
Mouth Opening Displacement (CMOD). A schematic of both the test setup and a typical 
load-CMOD curve are shown in Fig. 2.25 and Fig. 2.26. 

 
Fig. 2.25 - Three-point bending test setup with notch 
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Fig. 2.26 – Load-CMOD curve according to EN 14651 

Based on the load-CMOD curve, residual stresses are calculated by using Eq. 2.8 at 
CMOD values equal to 0.5 (i=1), 1.5 (i=2), 2.5 (i=3) and 3.5 mm (i=4), respectively. 

( )
i

R ,i 2

0

3 FL
f

2 B H a
=

−
 Eq. 2.8 

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

 
Fig. 2.27 – Load-deflection curves with the definition of energy absorption capacity (grey-hatched 

zones) for a deflection range of 0.35 mm (left) and 2.35 mm (right) 

The equivalent stresses are given by 

( )

f
BZ,2

eq,2 2

0

D3 L
f

2 0.50 B H a

 
=    − 

 Eq. 2.9 

( )

f
BZ,3

eq,3 2

0

D3 L
f

2 2.50 B H a

 
=    − 

 Eq. 2.10 

Round panel test (ASTM C 1550) 

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

 
Fig. 2.28 – Schematic of the round panel test method according to ASTM C 1550 

Square panel test (EN 14488-5) 

Alternative to the ASTM round panel test, a square panel test method was developed 
by the European Federation of National Associations Representing producers and 
applicators of specialist building products for Concrete (EFNARC) [33] for determining 
the flexural toughness of sprayed SFRC applied for tunnel linings. This test method was 
later transformed into EN 14488-5. The square panel has a side length of 600 mm and a 
thickness of 100 mm. The load is applied centrally on a square of 100 mm x 100 mm and 
the panel is linearly supported on a square with dimensions equal to 500 mm x 500 mm. A 
schematic of the test setup is shown in Fig. 2.29. 

 
Fig. 2.29 – Schematic of the square panel test method according to EN 14488-5 

2.3.2.4 Correlation between test methods 

As discussed in Section 2.3.2.3, for the evaluation of the flexural toughness of SFRC a 
wide range of possible test methods is available. The choice of which test is used will 
depend on the purpose of using the obtained parameters. For example: the EN 14651 will 
be used when the Model Code 2010 design formulations are used to determine the bending 
or shear design capacities. Further, the ease of handling and testing of specimens can be 
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important: casting of specimens and performing panel tests is more elaborate compared to 
the four-point bending test setup. For a standard test on a notched beam, the position and 
dimension of the notch have to be treated with great care.  

Given the number of different test methods, a comparison of performance between 
SFRC mixes is difficult. For SFRC prisms tested according to the Belgian standard NBN 
B15-238 [34], the equivalent flexural strength can be converted into the residual strength 
defined in EN 14651 [35]. In Fig. 2.30, the correlation between residual stresses fR,1 and 
fR,4 and equivalent flexural stresses feq,2 and feq,3 are shown for SFRC mixes containing 
hooked-end fibres with a length of 60 mm and a diameter of 0.75  

 Minelli et al. [36] determined empirical correlations between the flexural parameters 
as derived by means of EN 1465, UNI 11039 and the ASTM round panel test method. The 
adopted SFRC mixes contained 20 and 30 kg/m³ of hooked-end normal strength (1100 
N/mm²) cold drawn wire fibres with a length of 50 mm and a diameter of 1 mm. 

Other correlations have been established between three-point bending, four-point 
bending and different panel tests with varying specimen size, e.g. by Minelli & Plizzari 
[36]. It was concluded that the correlation between different values of toughness and 
ductility performance parameters determined by either large or small round panel tests and 
the standard bending test on small prisms are strongly correlated (see Fig. 2.31)  

  

Fig. 2.30 – Correlation between equivalent and residual flexural stresses obtained from RILEM 
standard prism tests (from Barros et al. [35]) 
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Fig. 2.31 – Correlation between round panel tests and Italian 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 the determination of post-cracking strength 
parameters of SFRC is the obtained scatter of test results [37-39]. This scatter is mainly 
attributed to  

• Variation in mix homogeneity 

• Orientation and embedded length distribution of fibres in a crack plane 

• Magnitude of the crack plane area 

• Concrete strength and fibre dosage variations 

The homogeneity of a SFRC mix is influenced by the mixing procedure and rheological 
properties of the concrete. In order to obtain a good distribution of the fibres within the 
concrete matrix, the stability of the concrete mix in terms of segregation sensitivity is of 
concern. Furthermore, an appropriate mixing time should be respected in order to distribute 
the fibres into the concrete. A bad dispersion of fibres into the concrete mix will directly 
lead to an unequal distribution of the amount of the fibres in specimens cast form the same 
batch. For a discussion on mix design aspects, reference is made to section 2.1.3. 

Even when a SFRC concrete mix is sufficiently homogeneous, the observed scatter of 
test results can be addressed to the localisation of fibres in the crack plane, the fibre 
distribution and embedded length. For the case of self-compacting concrete, the flow of the 
concrete will influence the alignment of the fibres with respect to the casting direction and 
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can influence the magnitude of the post-cracking residual parameters measured on prisms 
and due to the influence on fibre orientation, in some cases a reduction of the scatter of test 
results has been observed [40, 41].  

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

 

 
Fig. 2.32 – Stress crack opening curves obtained from cores, drilled out of a slab for different flow 

directions of fibres (from Abrishambaf [42]) 

From Fig. 2.32, it can be seen that the relative orientation of fibres due to the flow of 
the concrete during pouring is significantly influencing the post-cracking tensile strength 
of SFRC. For the case of flow direction parallel to the notch (Fig. 2.32, left), the average 
post-cracking stresses are about three times as high as for the case of flow direction 
perpendicular to the notch (Fig. 2.32, right).  
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Another parameter influencing the observed scatter of test results, is the adopted 
experimental test used to derive post-cracking bending tensile behaviour. Studies have 
proven the observed scatter of post-cracking strength is reduced significantly by using test 
procedures with higher effective cracking areas. Parmentier et al. [37] proved that for the 
round and square panel tests on SFRC the coefficient of variation (CoV) of the post-
cracking tensile stresses is around 5-10 % instead of typical values of 15-25% for the 
experimental results obtained by means of standard prisms with cross-sectional dimensions 
of 150 mm by 150 mm (Fig. 2.33, left). 

Based on 96 performed standard prism bending tests, Kooiman [39] found that the 
scatter of test results decreases for higher beam widths (Fig. 2.33, right), while for beams 
with constant width and variable height, the magnitude of observed scatter was nearly 
constant. 

  
Fig. 2.33 – Influence of test method (left [37]) and beam width (right [39]) on the dispersion of 

post-cracking strength of SFRC  

Furthermore, in the study performed by Kooiman, it was pointed out that for higher 
fibre dosages and higher concrete compressive strength lower values of CoV for the 
residual tensile strength can be expected. 

 
Fig. 2.34 – Influence of concrete strength and fibre dosage on the scatter of post-cracking stress 

[39] 
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In the left graph of Fig. 2.34, the CoV of the residual flexural stress as a function of 
deflection is shown for a normal (mix 1) and high strength concrete (mix 2). For the higher 
strength concrete, the CoV is about half of the value observed for the normal strength 
concrete. The scatter of test results tends to increase at higher deflections for both concrete 
mixes. For an increase of fibre dosage from 0.51 % (40 kg/m³) to 0.77 % (60 kg/m³), the 
CoV was reduced with about 50%. Between a deflection of 0 and 0.5 mm, the CoV 
increases from 10% to almost 25% for a fibre dosage of 0.51%. 

Since relatively high scattering of test results is inherent to the composite behaviour of 
SFRC, the obtained test results will be used to derive a characteristic value for design 
purpose. Based on the number of tests conducted to obtain the residual flexural parameters 
(cf. EN 14651), the characteristic value of fRi is derived by: 

Rk,i Rm,i Rif f ks= −  Eq. 2.11 

In which fRk,i is the characteristic value of the residual flexural strength obtained from 
a given number of tests on standard prisms from the same SFRC batch , fRm,i is the average 
value of obtained residual strength and sRi is the batch standard deviation. 

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

Table 2.2 – Values of k as a function of number of tests 

n 3 4 5 6 10 20 30 ∞ 

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 that the amount of scatter of the post-
cracking tensile strength is directly influenced by the scatter of mechanical properties of 
the concrete matrix itself. In order to reduce the scatter, 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 adopted to model the constitutive tensile stress-
crack width relationship of SFRC. Thereby, a distinction can be made between three main 
methods:  

1) Direct approach based on fibre pull-out,  

2) Indirect approach based on predefined correlations  

3) Indirect approach based on inverse analysis.  

The direct modelling approach considers the single fibre pull-out mechanism as the 
basis for a Mode I post-cracking law, while the indirect approaches start from bending test 



Chapter 2 

34  

results from which the post-cracking stress-crack opening law is obtained by either 
predefined formulations to convert the residual flexural stress to a post-cracking tensile 
stress or by a more complex, but more accurate, inverse analysis.  

The tensile constitutive law can be formulated as a stress-crack opening (σ-w) or a 
stress-strain (σ-ε) constitutive law. The advantage of using a σ-w relation offers 
straightforward compatibility with respect to uni-axial tensile test results. On the other 
hand, for conventional reinforced concrete calculations, it is more convenient to use a 
stress-strain relationship similar to the adopted stress-strain relationships for concrete in 
compression and conventional steel reinforcement in tension. When a σ-w constitutive law 
is transformed into a σ-ε, the concept of characteristic length needs to be considered, 
relating a crack width to the corresponding strain by means of a length lcs (Eq. 2.12):  

cs

w

l
ε =  Eq. 2.12 

For the analysis of RC-structures, the characteristic length is often taken as the average 
distance between cracks. Hence, the stress-strain post-cracking constitutive law is size 
dependent and should be treated carefully [44]. In finite element modelling, the magnitude 
of lcs is related to the finite element size (i.e. the area in one element covered by an 
integration point). Hence, by taking into account a fixed stress-crack opening law, the 
stress-strain constitutive law for SFRC is a function of 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 I constitutive law of SFRC is determined 
by taking into account the stress transfer mechanisms between crack surfaces. Considering 
the experimental results or semi-analytical models which describe the pull-out response of 
single fibres, the σ-w relationship is obtained by superposition of the individual 
contribution of all fibres as a function of embedded length and fibre inclination. For a 
detailed description of the models available in literature reference is made to [30, 45-51]. 
A summary is given in the next paragraphs. 

One of the simplest forms of the post-cracking σ-w law has been proposed in 1987 by 
Lim [45], by assuming a constant post-cracking stress up to an ultimate strain. This is called 
a rigid-plastic model (see Fig. 2.35). The rigid plastic models are characterised by a sudden 
drop of stresses just after reaching the tensile strength of the concrete matrix, after which a 
stress plateau is maintained up to the ultimate strain. In the model suggested by Lim, the 
magnitude of post-cracking tensile stress is related to the amount of fibres crossing the 
crack plane combined with the average bond stress for each fibre. Lim [45] used a bi-linear 
bond stress-slip law for the pull-out response of both straight and hooked-end single fibres 
and proposed a resulting post-cracking σ-w response based on the average maximum 
tensile stress in the fibres. A similar model taking into account the average fibre stress based 
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on the bond stress slip relationship for straight fibres has been developed by Li [49] and the 
post-cracking stress-crack opening relationship of high strength concrete with fibre dosages 
ranging from 0.5 to 2 % were modelled successfully. The considered pull-out stress-slip 
behaviour of the straight fibres was modelled by taking into account the analytical 
formulations developed by Stang et al. [22]. 

 

 
Fig. 2.35 – Load-CMOD curve according to Lim et al [45]. 

With respect to the modelling techniques developed by Lim [45] and Li [49], an 
improved direct approach has been suggested by Armelin [46]. By means of the pull-out 
response of inclined pull-out tests on hooked-end fibres with a length of 30 mm and a 
diameter of 0.5 mm, the pull-out behaviour was modelled by adopting a regression analysis. 
A lumping of fibre contributions up to a crack opening of 3 mm provided satisfactory 
simulation accuracy. 

Further improvement for the direct approach modelling of SFRC has been done by Voo 
& Foster by the development of the Variable Engagement Model (VEM [47]). By the 
analysis of the pull-out response of inclined fibres it was observed that the engagement of 
fibres to provide tensile stress to the SFRC is influenced by the fibre inclination angle. The 
model is able to deal with varying fibre inclination, embedded length, concrete compressive 
strength, straight and hooked-end fibres with different length and diameter. Similar 
techniques have been adopted by Prudencio, Laranjeira and Luccioni [48]. 

Next to the available analytical or semi-analytical models available in literature, a direct 
approach by means of finite element analysis has been developed by Cunha et al. [51]. By 
introducing a two phase method, the matrix volume is modelled as a plain concrete and the 
fibres are modelled as straight embedded reinforcement elements, randomly distributed in 
the matrix volume (Fig. 2.36). 
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Fig. 2.36 – Two phase model components: concrete matrix 3D-mesh (left) and discrete fibre 

elements (right) (from Cunha et al. [51]) 

As a concluding remark it should be noted that although the direct modelling 
approaches are quite accurate for the prediction and simulation of the σ-w constitutive law, 
the methods require the input of a large number of both mechanical and geometrical 
properties and are very difficult to be implemented in a day by day engineering practice. 
However, from a scientific point of view, these modelling techniques are the most rational 
and deal with the majority of physical crack-bridging mechanisms involved. Furthermore, 
these models can only be used to estimate the post-cracking tensile response. In order to 
derive the real composite behaviour, experimental test results have to be considered.  

2.3.4.3 Indirect approach based on predefined correlations 

Since the uni-axial tensile test is difficult to perform and given the complexity of a 
direct modelling approach by the assumption of different parameters such as fibre spacing 
and inclination and inherent pull-out behaviour, more simple methods to derive a 
sufficiently accurate constitutive law have been proposed in literature. Many of these 
methods take into account the experimental results of different bending tests available in 
standards or (inter)national guidelines (see also section 2.3.2.2). 

The most relevant design guidelines providing constitutive laws for the tensile stress-
crack opening or stress-strain behaviour are proposed by the RILEM TC 162-TDF [43] and 
by the fib in the latest Mode Code 2010 [52]. In the RILEM recommendations, a stress-
strain relationship for SFRC is considered by assuming a constant stress along the cracked 
section. The height of this cracked part is taken equal to 2/3 of the section height for the 
case of CMOD = 0.5 mm and 0.9 times the section height for the case CMOD = 3.5 mm 
(Fig. 2.37). When the bending moment calculated by means of the assumption of a rigid 
plastic post-cracking tensile law is equated to bending moment based on the residual 
flexural stresses at corresponding CMOD, the relationship between residual stresses fR1 an 
fR4 and σ2 and σ3 can be obtained (Eq. 2.13 and Eq. 2.14). 
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Fig. 2.37 – Stress-strain laws for SFRC in tension and compression according to RILEM TC 
162-TDF 

2
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2
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= ⋅ ⋅ ⋅ σ  Eq. 2.14 

For the stress-strain relationhsip as shown in Fig. 2.37, the following values defining 
the post-cracking bilinear constitutive law are obtained: 

( )1 ctm,fl0.7 1600 d fσ = −  Eq. 2.15 

2 R,1 h0.45fσ = κ  Eq. 2.16 

3 R,4 h0.37fσ = κ  Eq. 2.17 

1 3
c cmE 9500f=  Eq. 2.18 

1
1

1E

σε =  Eq. 2.19 

2 1 0.01%ε = ε +  Eq. 2.20 

3 2.5%ε =  Eq. 2.21 

h

h 125
1 0.6

475

− κ = −  
 

, 125 h 600≤ ≤  Eq. 2.22 

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

In MC2010, the constitutive stress crack-opening law of SFRC is based on the values 
of fR1 and fR3. Two different models can be adopted for design purposes: a) rigid plastic or 
b) softening/hardening (Fig. 2.38).  

CMOD = 0.5 mm 
CMOD = 3.5 mm 

σ2 σ3 
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Fig. 2.38 – Load-CMOD curve according to MC2010 

According to the rigid plastic model, the mode I crack-bridging stress is taken equal to 
fR3/3 up to a critical crack opening wu. The second model allows to calculate a linear 
softening or hardening branch after cracking. The tensile stress as a function of crack 
opening w is given by Eq. 2.23 and Eq. 2.24.  

( )F Fts Fts R3 R1

w
(w) f f 0.5f 0.2f

2.5
σ = − − + , 0≥  Eq. 2.23 

Fts R1f 0.45f=  Eq. 2.24 

Alternatively, Model Code 2010 provides also a stress-strain curve for SFRC. Thereby, 
a distinction is made between strain-softening (Case I, Fig. 2.39) and strain-hardening 
behaviour (Case II and III, Fig. 2.40). The stress levels fFts an fFtu are calculated by means 
of Eq. 2.23 and Eq. 2.24. The corresponding SLS and ULS strains are determined by Eq. 
2.25 and Eq. 2.26. 

 
Fig. 2.39 – Stress strain curve laws according to MC2010 (case I) 

hardening 
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Fig. 2.40 – Stress strain curve laws according to MC2010 (Cases II and III) 
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2.5
min ,

l

 
ε = ε 

 
 Eq. 2.26 

in which εSLS is the strain considered in the SLS, εULS is the strain considered in the ULS, 
lcs is the crack spacing length and εFu is the ultimate strain taken as 2% for bending and 1% 
for uni-axial tension. 

As a modification to the rigid-plastic model, a two steps rigid plastic model has been 
proposed by Dupont [20] (Fig. 2.41) for which the stress levels are related to the residual 
flexural stresses as derived by a standardised three-point bending tests according to EN 
14651. 

 
Fig. 2.41 – Load-CMOD curve according to Dupont [20] 

In addition to rigid plastic models, bilinear softening models have been propsed by Di 
Prisco [53]. Their schematic representations are shown and Fig. 2.42.  
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Fig. 2.42 – Load-CMOD curve according to Di Prisco [53] 

Di Prisco et al. related the values of σ1 and σ2 to the post-cracking equivelant stresses 
feq,0-0.6 (i.e. σa) and feq,0.6-3 (i.e. σb) (see Section 2.3.2.3). The crack opening at which the 
second branch starts is kept constant at 0.3 mm. 

 
Fig. 2.43 – Load-CMOD curve according to Barragan [54] 

The tri-linear model suggested by Barragan [54] is merely an adaptation of the rigid 
plastic model to deal with the drop op residual stresses at small crack openings and an 
increase of fibre engagement (see also VEM [47]) for larger crack openings. 

2.3.4.4 Indirect approach based on inverse analysis 

By means of an inverse analysis, experimentally obtained bending test results can be 
simulated by taking into account an assumed post-cracking stress-crack opening or stress-
strain Mode I constitutive law. In general, the inverse analysis starts with the estimation of 
a first post-cracking law and simulating the bending test. Then, the difference between the 
simulated and experimentally obtained bending response is evaluated and the parameters 
of the assumed law are adopted. Iteratively, a solution is found when the error between the 
modelled and experimental bending response is sufficiently low. 
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Based on the obtained load-CMOD curves by means of the standard three point bending 
tests, an effective way to estimate the Mode I uni-axial tensile crack opening law is done 
by applying inverse analysis (IA) procedures as described in the Model Code 2010 (section 
5.6) [52]. The solution procedure consists of the following five steps:  

1. Divide the beam in a sufficient amount of n layers with a defined height ∆h 

2. Assume, for a specific value of CMOD, a certain deformation in terms of strain 

(compression), or crack opening (tension) according to the assumed post-cracking 

constitutive law for SFRC in tension. 

3. Apply stresses for SFRC in tension and compression in accordance with the 

chosen constitutive law (see Fig. 2.44). 

4. Solve iteratively by changing deformations assumed in step 2, by solving the 

horizontal equilibrium using Eq. 2.27 

5. Calculate the corresponding moment-CMOD relationship with Eq. 2.28 

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

n

i
i 1

N h b 0
=

= σ ⋅ ∆ ⋅ =∑  Eq. 2.27 

n

i i
i 1

M h y b
=

= σ ⋅ ∆ ⋅ ⋅∑  Eq. 2.28 

with yi the distance of the centroid of the layer to the neutral axis of the cross-section, 
∆h the height of the layers, b the width of the layers and σi the tensile or compressive 
stresses as a function of the considered displacement (see Fig. 2.44). 

             
Fig. 2.44 - Schematic of used constitutive laws for tension and compression of SFRC 

In order to obtain a complete moment-CMOD curve, the incremental deformation of 
the standard prism can be done in terms of curvature (strain distribution) or directly in terms 
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of crack width. The difference between both approaches will lead to the use of a 
characteristic length as defined by Eq. 2.12 or by means of a fictitious length, which concept 
was introduced by Kooiman [39]. 

The bilinear softenig model proposed by Kooiman is based on the curve fitting of 
obtained post-cracking bending behaviour by means of inverse analysis. For the 
experimental data obtained from SFRC mixes containing 60 kg/m³ of hooked-end steel 
fibres Kooiman defined the bi-linear softening curve as follows:  

• The ratio of fctm,eq,bil to fctm,ax is equal to 0.2 – 0.3 for 30 mm and 60 mm long fibres 
respectively.  

• The ratio of wc/w0 is in the range of 0.20 

• The ratio of w0/Lf is in the range of 0.33-0.425. 

 

Fig. 2.45 – Load-CMOD curve according to 
Kooiman [39] 

 

 

Fig. 2.46 – Load-CMOD curve according to 
Barros et al.[35] 

 
In order to improve the simulation or prediction accuracy of the constitutive laws, the 

bi-linear approaches have been extended to multi-linear approaches (Fig. 2.46 and Fig. 
2.43). However, increasing the number of ascending and descending branches of the post-
cracking law, the degrees of freedom increases as well and will lead to an increased 
possibility of a non-unique solution when an inverse analysis method is applied. 

In order to implement the post-cracking behaviour of SFRC into finite element 
calculations, Barros et al. proposed a tri-linear σ-w law for tension based on the total 
fracture energy Gf,n. A solution is found by means of inverse analysis of the test results 
obtained from standard bending tests, the values of σ and ε can be obtained [55]. The tri-
linear model as shown in Fig. 2.46 consists of three softening branches. However, in order 
to derive a good fit of flexural test data, the second branch 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 stresses, a brittle failure is likely to occur. 
Therefore a suitable type of tensile reinforcement has to be provided, in order to guarantee 
sufficient post-cracking strength for concrete members subjected to tensile stresses. It has 
been proven [56-58] that for members subjected to shear, traditional reinforcement can be 
partially or completely replaced by the use of steel fibre reinforced concrete (SFRC). 
However, under these loading conditions, the crack propagation behaviour will differ 
largely from that of a pure mode I crack opening (i.e. tensile stress normal to the plane of 
the crack). As a result, the material properties of SFRC derived by standard bending tests 
[59] will not necessarily be representative to be used as design parameters for shear.  

2.3.5.2 Direct shear tests 

In order to gain more insight into the crack bridging ability of steel fibres when 
subjected to a combination of both mode I (opening) and mode II (sliding) crack 
propagation, i.e. mixed mode behaviour of SFRC, different types of direct shear tests have 
been adopted [60] to investigate the direct shear or shear friction capacity of steel fibre 
reinforced concrete. Commonly, the following types of specimens are used to investigate 
the direct shear response of plain and reinforced concrete (Fig. 2.47): 

a) Z-type push-off specimen 

b) Double notched push-through specimen 

c) Single notched FIP-type specimen 

 
Fig. 2.47 - Different test setups used to investigate the direct shear behaviour op plain and 

reinforced concrete: (a) Z-type, (b) JSCE-type and (c) FIP-type. 

All of the three test setups shown in Fig. 2.47 are designed in order to reduce the effect 
of bending and hence to achieve a pure state of shear. However, in practice, bending can 
occur due to irregularities of the test setup. Z-type specimens (Fig. 2.47a) were used by 
Walraven [61] and Mattock [62] to investigate the fundamentals of aggregate interlock and 

(a) (b) (c) 
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the shear friction response of pre-cracked concrete with reinforcement passing through the 
cracking plane under certain inclination angles. Lee [63] used this type of tests to 
investigate the effects of fibres on the direct shear behaviour of SFRC. Due to the additional 
reinforcement required in the two L-shaped concrete blocks, the production of this test 
specimen is elaborate. As a solution, a simple double notched prism (Fig. 2.47b) is used. 
This test setup is based on the push through configuration of the Japanese standard JSCE-
SF6 and was adapted by Mirsayah [64] with a double notch to induce a more controlled 
crack plane. A third specimen type [65] is a single notched prism used for a direct shear 
test according to [66] (Fig. 2.47c).  

Experimental research has proven that steel fibres can increase the direct shear 
toughness significantly [65, 67-71]. Valle et al. [69] and Khaloo et al. [70] studied the effect 
of fibres on the direct shear strength of SFRC by means of the Z-type specimen. The main 
investigated parameters were concrete compressive strength, fibre aspect ratio and fibre 
dosage. Valle concluded that the beneficial effect of fibres towards the direct shear capacity 
is higher for high strength concrete than for normal strength concrete. 

Khaloo found similar results based on the experimental results of an extensive test 
program varying concrete compressive strength (25-75 N/mm²), fibre dosage (0.5-1.5 
Vol-%). In this study, hooked-end fibres with two different lengths of 16 and 32 mm, a 
triangular cross-section and slightly twisted around the longitudinal axis, were adopted. 
The main influence of all parameters in the toughness is shown in Fig. 2.48. The 
abbreviations LC, NC, MC and HC denotes low, normal, medium and high strength 
concrete.  

 
Fig. 2.48 – Influence of concrete compressive strength, fibre dosage and fibre length on the direct 

shear toughness increase of SFRC. 

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

Mirsayah and Banthia [64] adopted the JSCE-SF6 test setup with and without a notch 
and concluded that for unnotched specimens, the failure plane deviated from the narrow 
shear plane. Therefore, additional trials were performed adding notches with varying depth. 
It was found that for a 15 mm deep all-around sawed notch, the direct shear tests (see Fig. 
2.47b) were providing reliable and reproducible test results. With respect to the toughness 
enhancement similar conclusions as Valle and Khaloo were obtained. Additional 
experimental evidence was later provided by similar direct shear tests performed by 
Appa Rao [68] and Boulekbache [67].  

Khanlou [65] adopted an alternative test setup (see Fig. 2.47c) to evaluate the influence 
of fibre dosage and concrete strength on the direct shear test. The used fibres were type 
DRAMIX RC-80/60-BN In contrast to the experimental results obtained by means of the 
modified JSCE-SF6 test setup, the increase of direct shear strength as a function of fibre 
content is rather limited.  

2.3.5.3 Direct shear strength models 

Based on experimental observations, several empirical formulations have been 
proposed to predict the maximum shear stress transmitted across cracked SFRC [64, 65, 
67, 70]. The first reports on the direct shear strength modelling of SFRC focused mainly 
on the shear strength of plain concrete and the shear strength that can be obtained when 
adding a certain amount of fibres of different type (crimped, straight, hooked …).  

Based on experimental results, empirical equations for τmax are proposed as a function 
of concrete compressive strength fc, fibre dosage Vf and the ratio of fibre length Lf to 
diameter df. Thereby, the direct shear strength capacity of SFRC (τSFRC) is calculated as the 
superposition of the contribution of plain concrete τc and fibres τf: 

SFRC c fτ = τ + τ  Eq. 2.29 

In which the expressions for τc and τf are summarized in Table 2.3.  

Table 2.3 - Overview of direct shear capacity formulas for SFRC 

Shear capacity model Test type Fibre type τc [N/mm²] τf [N/mm²] 

Boulekbache [67] JSCE-SF6 Hooked ends 0.80
c0.72f  f

f
f

L
0.08V

d
 

Mirsayah & Banthia [64] JSCE-SF6 Flat ends 7.5 f4.23V  

Khanlou [65] FIP Hooked ends 0.50
c0.75f  0.90

f4V  

Khaloo & Kim [70] Z-type 
Twisted / 

hooked ends 
0.50

c0.65f  2 3
1 f 2 f 3 fC V C V C V+ +  

Mansur [72] Z-type No fibres 0.62
c0.56f  - 
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For all the equations of τf given in Table 2.3, the dimension of fibre content Vf is 
Vol.-%. The constants C1-3 used in the equations from Khaloo & Kim are a function of fibre 
aspect ratio and concrete compressive strength [70].  

2.3.6 Compressive behaviour 

For lower strength concrete, the compressive stress-strain curve has a quasi-parabolic 
shape up to the ultimate strain and a softening branch can clearly be observed. However, 
for higher concrete strengths, after reaching the concrete compressive strength, a more 
brittle compressive failure occurs and a steep drop of the stress-strain curve occurs. Similar 
to the enhanced post-cracking ductility for SFRC when subjected to tensile forces, the 
residual compressive stresses can be increased as a function of higher fibre dosage. For 
regular types of fibres and for SFRC with relatively low fibre dosages (i.e. < 1%), the 
compressive strength of concrete itself cannot be improved. 

The influence of fibre dosage on the toughness of both low and high strength concrete 
has been studied by Glavind [73] and Taerwe [74]. Adding fibres to normal strength 
concrete, causes the softening branch to become more pronounced, while for brittle high 
strength concrete the addition of fibres is even more effective by providing a significant 
increase of the post-crushing ductility. The main beneficial effect of fibres on an increase 
of compression-ductility, has been attributed to the enhanced resistance of the SFRC to the 
growth of longitudinal splitting cracks after reaching the compressive strength. A schematic 
description of the effect of fibres to the stress-strain curves for low and high-strength plain 
and SFRC mixes has been given by Lofgren [4] (Fig. 2.49). 

 
Fig. 2.49 – Schematic compressive stress-strain curves for plain and FRC (from Lofgren [4]) 
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2.4 Conclusions 

Regarding the historical evolution towards the experimental and analytical 
investigations done in the field of SFRC, it can be concluded that a consensus has been 
found on how the post-cracking behaviour should be quantified. It is now generally 
acknowledged that the mechanical performance of SFRC has to be determined based on 
standard flexural tests and to use the results to deduct the post-cracking constitutive laws. 
However, the main drawback inherent to this concept is that different standard tests have 
been developed and moreover, several approaches are suggested in order to derive 
parameters which describe the post-cracking tensile law. More recently, further 
harmonization towards the mechanical performance characterisation of SFRC has been 
suggested in the Model Code 2010.  

On the other hand, the suggested simplified methods, such as the rigid-plastic or the 
fixed softening/hardening behaviour, do not provide sufficient information when a more 
detailed structural analysis has to be made (e. g. numerical analysis). And the models are 
too simplistic to reflect the fibre bridging mechanisms. Hence, from a more scientifically 
point of view, it is desirable to know the complete stress-crack opening relationship in 
relation to the physical and mechanical phenomena involved.  

In contrast to the available scientific literature concerning the Mode I crack propagation 
behaviour of SFRC, less information is available about the post-cracking behaviour of 
SFRC when subjected to a mixed mode crack propagation (i.e. a simultaneous crack 
opening and sliding) which is the case for SFRC subjected to shear. Moreover, for the 
limited amount of available scientific knowledge, research has been focussing on 
quantifying the increase of ultimate shear strength rather than to understand how fibres 
bridge a mixed mode crack propagation and how fibres add a significant post-peak shear 
stress-slip capacity. 

Existing empirical formulations for the maximum shear stress capacity at the cracked 
interface only take into account the fibre dosage and concrete compressive strength. Hence, 
the general applicability of the suggested models for other types of SFRC is doubtful. A 
more useful strength model should be made available which takes into account both the 
shear crack propagation behaviour and residual tensile strength 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 concrete beams has been the subject of 
interest by many researchers. Based on the derived research results in the past, several shear 
strength formulations have been proposed, further evaluated and updated in order to 
improve their accuracy. In the following, an overview is given of the development of 
current approaches to evaluate the shear strength of concrete beams. 

3.1.1 Historical background 

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

cr
ct cr

w

V S y
f

Ib y
= τ =  Eq. 3.1 

With S(y), the static moment at a height y in the cross-section, I is the moment of inertia 
and bw, the width of the cross-section at the considered height. 

However, modelling the shear strength of reinforced concrete is much more complex 
and cannot be treated as a simple linear elastic problem. The first attempts to model shear 
critical beams were done by Ritter [1] and Morsch [2], by independently suggesting the 
concept of truss analogy for a reinforced concrete beam (Fig. 3.1). After the occurrence of 
shear cracking, the transverse reinforcement acts as tension ties, while the concrete in 
between these cracks are the compressive struts. At the bottom of the beam, a tensile tie is 
formed by the longitudinal reinforcement and in the upper region, the compressive zone of 
the beam is acting as a compressive chord. One of the first methods used as shear 
reinforcement is known as the Hennebique system as shown in Fig. 3.2, which consisted of 
flat steel strip bent around the longitudinal reinforcement and anchored in the compression 
region. 

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

s,t y
u s,t y

w

A f
f

b s
τ = = ρ  Eq. 3.2 

 

        
Fig. 3.1 –Truss analogy for reinforced concrete beams subjected to shear [3]. 

 
Fig. 3.2 –Hennebique system for shear reinforcement of RC beams [4] 

After introducing Ritters truss model in American literature, research by Whitey and 
Talbot revealed that Eq. 3.2 yields conservative shear strength predictions. In addition, 
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Talbot evidenced the influence of both a/d ratio and the longitudinal reinforcement ratio on 
the ultimate shear strength of 106 concrete beams without web reinforcement. Despite this 
early knowledge, the influence of these parameters was not introduced in national design 
codes at that time. A safe shear design was obtained by limiting the shear stresses to a 
sufficiently low level [5]. 

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

 
Fig. 3.3 – Localisation of shear failure girder in the Wilkin Air Force Depot (from Shepherd and 

Frost [6]) 

 
Fig. 3.4 – Failed roof girders of the Wilkins Air Force Depot (from Lubell [7]) 

The shear stresses in the beam at failure were equal to 0.5 MPa, which was only half of 
the allowable design shear stress [8]. At the time of collapse, the girders were only loaded 
with the self-weight of the roof. The sudden collapse was caused by the combined effect of 
loading and shrinkage, which caused the girder to fail in shear even for a lower magnitude 
of shear stresses. Moreover, the steeper crack inclination caused the shear crack not 
crossing any of the stirrups [9]. 
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This incident triggred the importance of shear and the effect of parameters such as 
reinforcement ratio and shear span to depth ratio became a point of interest for many 
investigations. As such, the Wilkins Air Force Depot shear failure landmarked the 
development of current shear design rules. 

3.1.2 Types of shear failure 

When subjecting concrete beams to a shear force, often, the flexural moment will first 
cause vertical bending cracks to occur in the maximum bending moment region. When 
increasing the shear load, the bending cracks located near the support, tend to rotate with 
an inclination angle around 45°. However, when the cross-section has a relatively thin web, 
diagonal tension cracks can be formed before reaching the flexural cracking moment and 
shear-tension failure will occur.  

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

For the case of bending-shear failure, it is also possible that the height of the 
compression region becomes too small and reaching the compressive strength of the 
concrete at the top fibre will lead to bending–shear failure (Fig. 3.5c).  

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

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

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

1) Shear strength of compression zone 

2) Friction in the crack interface (i.e. aggregate interlock) 

3) Dowel action of longitudinal reinforcement 

4) Tensile force in stirrups 

Taylor [10] determined experimentally the shear strength components of reinforced 
beams without shear reinforcement. It was found that the aggregate interlock mechanism 
is relatively important, contributing for about 33-50% to the total shear strength capacity. 
The contribution of dowel action is found to be much lower (15-25%) and for the 
contribution of the compressive zone, values of 20-40% are reported [10-12]. The 
experimentally determined shear strength components are shown in Fig. 3.6. 

 
Fig. 3.6 – Shear strength components for beams without shear reinforcement (from Taylor [11, 12]). 

Based on shear tests on beams with a compressive strength between 40 and 110 N/mm², 
Sarkar [13] found values different from Taylor. Sarkar concluded that the most important 
shear strength mechanism is the dowel action with about 40-50% of the total shear capacity. 
Aggregate interlock provides an additional 30-40% and the compressive zone represents 
10-20% of the ultimate shear strength. 
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Fig. 3.7 – Distribution of internal shear resistance (from ASCE [14]) 

3.1.3.1 Shear strength of compressive zone 

In a cracked section of a reinforced concrete beam, the compressive zone is subjected 
to both shear and axial compressive stresses. Considering a plane stress approach for linear 
elements, the compressive zone will fail when reaching a combination of both compression 
and shear stresses according to a so called shear failure envelope (see Fig. 3.8). 

 
Fig. 3.8 – Geometrical construction of a shear-compression failure.  

Based on the principal stress combinations as derived by biaxial failure tests done by 
Kupfer [15], a Mohr’s failure envelope can be constructed. Assuming that the stress σx’ can 
be taken equal to 0 at failure, the shear-compression failure envelope can be constructed 
geometrically by the points diametrically positioned form the points with coordinates 
(0, τx’y’ ). 

Hence, considering a plane stress approach, for which a critical combination of shear 
stresses and local compressive stress is reached, a compressive shear failure will occur. 
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3.1.3.2 Aggregate interlock & shear friction 

The effect of aggregate interlock is related to the shear friction mechanisms. During the 
1980’s, different physical and empirical models have been developed. An overview of the 
most important models and their simplifications are described hereafter. 

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

The two-phase model developed by Walraven is a rational approach to the problem of 
aggregate interlock. In this model, the crack structure is statistically analysed and the 
stresses acting on the crack faces are described as a function of crack opening and dilatation. 
The concrete crack and inherent roughness due to the existence of uncracked aggregates is 
shown schematically in Fig. 3.9. In his theory, the cracks are straight lines and aggregates 
have an idealized spherical shape. 

 
Fig. 3.9 – Shear crack interface model 

The contact stresses σpu and τpu acting between the matrix and spherical particles is 
shown more in detail in Fig. 3.10. the tangential stress τpu is related to the normal stress σpu 
by means of a friction parameter:  

pu puτ = µσ  Eq. 3.3 

Horizontal and vertical equilibrium at the crack face with unity width and length, leads 
to the following general expressions for the shear (τ) and normal stresses (σ): 

( )pu n ta aτ = σ Σ + µΣ  Eq. 3.4 

( )pu t na aσ = −σ Σ − µΣ  Eq. 3.5 

For a given distribution of spherical particles crossing the crack plane, Walraven 
[16]provided analytical expressions taking into account the total projected areas Ax and Ay 
in order to be able to calculate the concrete normal and shear stress at the interface. 

 
Fig. 3.10 –Normal and tangential component of frictional forces at the crack interface (from 

Walraven [16]). 
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In order to derive a more simplified approach, linear relationships were proposed by 
Walraven & Reinhardt [17] based on regression analysis of test results. Given the crack 
width w and the shear slip ∆ (Fig. 3.10), the best fit of test results is given by: 

c,cyl 0.80 0.707
c,cyl

f
(1.8w (0.234w 0.20)f )

30
− −−

τ = + + − ∆  Eq. 3.6 

c,cyl 0.63 0.552
c,cyl

f
(1.35w (0.191w 0.15)f )

20
− −σ = − + − ∆  Eq. 3.7 

With, fc,cyl the compressive cylinder strength of concrete in N/mm². 

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

The rough crack model has been introduced by Bazant & Gambarova in 1980 
considering regular arrays of trapezoidal teeth representing the roughness of the crack 
surface (Fig. 3.11). 

 
Fig. 3.11 – Rough crack interface model by Bazant and Gambarova 

The model is developed taking into account the relative displacement ratio r of the crack 
surface ∆δt/∆δn. For high values of r, it is assumed that the shear stress will be limited 
asymptotic by the crushing failure of asperities and for very low values of r, the interface 
shear stress will decrease due to loss of contact when ∆δt is equal to the half of the average 
particle size. 

Based on the experimental shear friction test results obtained by Paulay & Loeber, a 
first model was proposed in 1980 by Bazant and Gambarova which was later improved by 
Gambarova & Karakoç by taking into account the influence of particle size. The transverse 
and normal components of the shear friction model are given by: 

3

3 4c n
nt 0 4
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a a r2
1 r

D 1 a r
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 Eq. 3.8 
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 Eq. 3.13 

0 c,cyl0.2fτ =  Eq. 3.14 

And in which fc,cyl is the compressive cylinder strength of concrete in N/mm² and Dmax 
is the maximum particle size in mm. 

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

Similar to the two-phase model as proposed by Walraven, the contact density model 
developed by Maekawa, Okamura & Li consists of two main components: the crack surface 
geometry (Fig. 3.12a) and the interface contact stress as a function of contact displacement 
and the orientation of the crack surface normal to the crack plane θ (Fig. 3.12c). The crack 
surface geometry is represented by a probabilistic contact density function Ω(θ) describing 
the orientation normal to the contact plane (Fig. 3.12b). The density function is independent 
from strength, size and grading of aggregate particles. 

 
Fig. 3.12 – Contact density model (from Maekawa et al. [20]) 

The total stress that can be transmitted through the contact areas is calculated by 
integration of the contact density function over the complete contact area: 

( ) ( ) ( )
2

con t

2

K A sin d

π

−π

τ = σ θ ω Ω θ θ θ∫  Eq. 3.15 
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( ) ( ) ( )
2

con t

2

K A cos d

π

−π

σ = σ θ ω Ω θ θ θ∫  Eq. 3.16 

In which K(ω) is the effective ratio of contact area expressing the loss of contact for 
increasing crack dilatation and At is the surface area of the crack equal to 1.27 times the 
sectional area of the considered crack plane [19, 20]. 

Simplified expressions providing the relationship between both shear and normal 
stresses as a function of crack dilatation were proposed by Li et al. [19] with similarity to 
the rough crack model by introducing the ratio of transverse to normal displacement of the 
crack surface. 

 

Eq. 3.17 

 

Eq. 3.18 

Aggregate fracture 

Although these aggregate interlock models are very popular and commonly used in e.g. 
finite element analysis procedures, it should be noted that the main drawback of these 
models is the assumption that aggregates are stronger than the surrounding matrix. In case 
of high strengh concrete, cracks are propagating through the aggregates rather than around 
them which will lead to a decrease of interface roughness. Taking this into consideration, 
the use of these models in such cases can be doubted. In order to overcome this problem, it 
is suggested [21] to reduce the particle size artificially as a function of concrete compressive 
strength. 

3.1.3.3 Dowel action 

The importance of dowel action to the shear strength contribution is highly influenced 
by the presence of transverse reinforcement. For members without transverse 
reinforcement, dowel action shall not be very significant because the development of dowel 
forces is restricted by failure of the concrete cover due to splitting. The maximum dowel 
forces are a function of concrete tensile strength and thickness of the concrete cover [22]. 
Fenwick and Paulay [23] and Taylor [10] found that the contribution of dowel action for 
beams without shear reinforcement, is not higher than 25 % of the ultimate shear capacity. 

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

 
Fig. 3.13 – Dowel shear mechanism as a function of dowel displacement and the presence of 

stirrups (from Park & Paulay [24]) 

3.1.4 Important parameters influencing shear strength 

For members without transverse reinforcement, the shear strength is mainly influenced 
by four parameters: 1) the shear span to depth ratio, 2) the depth of the member and 3) the 
presence of an axial force and 4) the longitudinal reinforcement ratio. In this section, an 
overview is given of these influencing parameters and additionally, the development of 
different empirical and rational models for the strength 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) was first documented by Kani [25] 
which later on has also be referred to as the “riddle of Kani”. In his “comb with concrete 
teeth” theory (see also Section 3.1.5.1), a distinction is made between the shear strength 
corresponding to the strength of the concrete teeth in between flexural cracks and the 
strength of the remaining arch of the uncracked concrete section, directly transferring shear 
load to the support. As can be seen on Fig. 3.14, for a/d values between 1 and 5.6 a shear 
failure is likely to occur. When a/d is lower than 2.5, the shear strength is governed by arch 
action, rather than beam action. 
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Fig. 3.14 – Arch contribution and concrete tooth strength as a function of shear span to depth ratio, 

with MCR the bending moment at shear failure and MFL the moment at flexural failure (from Kani 
[25]) 

Further explanation of the difference between arch and beam action can be done starting 
from the main principals of shear resistance. Given the internal bending moment capacity 
of a given reinforced concrete section with internal lever arm z and tensile strength resultant 
in the reinforcment Ns , the relationship between the flexural moment M and the 
corresponding shear force V can be written in the following form: 

( ) ( ) ( )s s
s

d N z d N d zdM
V z N

dx dx dx dx
= = = +  Eq. 3.19 

In which the first term represents the beam action and the second term the arch action 
contribution. The variation rate of longitudinal tensile force Ns along the beam length is the 
bond force applied to the flexural reinforcement per unit length of the beam. Anchorage 
failure of longitudinal reinforcement or failure of the concrete teeth acting as a cantilever 
(cf. Kani [25]) can cause inability of the cross section to provide this force component. 
When this force cannot be provided (either partially or completely), the magnitude of the 
first term will decrease and Ns has to be replaced by an internal compression force (i.e. 
compressive force in the inclined struts). 

Since the second term of Eq. 3.19 implies that the shear is sustained by the inclined 
compression, a horizontal tension force, mainly provided by the longitudinal 
reinforcement, is needed to obtain horizontal equilibrium of forces. Fig. 3.15 shows an 
idealized situation of a beam with fully anchored tensile reinforcement.  
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Fig. 3.15 – Variation of internal lever arm and corresponding line of thrust along the shear span 

(Park and Paulay [24]) 

From Fig. 3.15 it is clear that when considering a fixed beam height, the distance 
between the load and the supports will determine the ratio of beam to arch action 
contribution. For reducing length between load and support the inclination, i.e. the line of 
thrust becomes steeper and higher parts of the load can be directly transmitted to the 
support. 

 
Fig. 3.16 –Arch and beam action as a function of a/d ratio (from Collins & Mitchell [3]) 

For relatively low values of a/d (< 2), deep beam shear failure will occur due to diagonal 
compression crushing or splitting. According to Collins & Mitchell  [3], the modelling of 
shear resistance for very low a/d ratios is typically done by using strut and tie models to 
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represent the arch action. Shear failure due to beam action 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 reinforcement ratio, width, concrete 
strength and loading conditions, Kani found that increasing the beam height from 0.15 to 
1.20 m (for a constant ratio of a/d) caused a relative decrease of shear strength for about 
40% and pointed out that a size reduction factor should be incorporated in order to obtain 
safe shear designs [8]. Further experimental evidence for this phenomenon was found by 
Shioya et al. [26], Collins & Kuchma [8], Frosch [27], Lubell et al. [7].  

Shioya tested beams with depths ranging from 102 mm to 3.0 m and found that the 
shear stress at failure for the largest beam was reduced by one third with respect to the 
smallest beams. Collins and Kuchma drew similar conclusions from their experimental 
work. It was found that lightly reinforced high strength concrete beams are more sensitive 
to shear strength reduction due to the size effect. The same conclusions are drawn based on 
the experiments on large wide beams by Lubell et al.  

 
Fig. 3.17 –Shioya’s test result for the size effect on the shear strength of concrete beams without 

transverse reinforcement (from Collins & Mitchell [3]) 

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

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

a

0

1
k

d
1

d

=
+

λ

 
Eq. 3.20 

with da the aggregate size, d the depth of member and λ0 an empirical constant. 

 
Fig. 3.18 – Size effect as a transition between the strength criterion and linear elastic fracture 

mechanics (Bazant & Kim [28]). 

Other well-known empirical based size effect factors were implemented in the shear 
strength equations as proposed in RILEM [29] (Eq. 3.21) and EC2 [30] (Eq. 3.22). 
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3.1.4.3 Axial force 

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

cp2
cr ct ct cp ct

ct

f f f 1
f

σ
τ = + σ = +  Eq. 3.23 

In which τcr is the cracking shear stress, fct is the tensile strength of concrete and σcp is 
the compressive stress due to prestress forces. 

Secondly the shear crack inclination angle is influenced by the presence of an axial 
force. Even for non-prestressed members when considering flexural shear cracking, the 
shear crack inclination tends to be flatter in the concrete compressive zone than for the 
bottom shear cracks. In case of a prestress force, the shear crack inclination angle will be 
lower than 45° and for elements subjected to an axial tensile force, the shear crack 
inclination will be higher than 45°. 

3.1.4.4 Longitudinal reinforcement ratio 

The effect of increasing longitudinal reinforcement ratio on the shear strength of 
members without transverse reinforcement is attributed to the reduction of crack widths 
and inherent increase of aggregate interlock (see Section 3.1.3). Further, the contribution 
of dowel action is directly related to the amount of longitudinal reinforcement. 
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Fig. 3.19 – Influence of longitudinal reinforcement according to Kordina et al[31]. 

 
Fig. 3.20 – Influence of longitudinal reinforcement on the shear capacity of RC beams without 

stirrups (from MacGregor [32]) 

As can be seen on Fig. 3.19 and Fig. 3.20, the shear capacity is increasing for higher 
longitudinal reinforcement ratios. However, the observed increase is less than proportional 
and often related to the cube root of ρl . Further, it can be noticed that the simplified shear 
strength equation according to ACI 318 (see also section 3.1.5) is only valid for longitudinal 
shear reinforcement ratio values higher than 1%. On the other hand, current shear strength 
equations as adopted in EC2 limit the increase of concrete shear strength contribution for 
values of ρl higher than 2%.  

3.1.5 Shear strength models 

Based on literature survey, the available shear strength models can be divided in two 
main groups: models based on rational approaches and pure empirically determined shear 
strength models. The first group of rational approaches 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 as a concrete comb, with the 
compressive zone as a backbone and the concrete in between flexural cracks as concrete 
teeth (Fig. 3.21). In his theory, two possible types of failure are considered. The beam-like 
behaviour occurs when the bending capacity of a concrete tooth is exceeded. When the 
concrete teeth resistance vanishes, the remaining arch is providing shear resistance, which 
can be significantly higher.  

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

In Fig. 3.14 in Section 3.1.4, Kani distinguished two shear governing regions. In the 
first region (0 < a/d < 2.5), the arch contribution is higher than the strength of concrete 
teeth. Hence, the shear failure is governed by the arch-action and shear failure is obtained 
when the compressive strength of the arch has been reached. For a/d-values in between 2.5 
and 5.6, the shear failure is governed by the strength of the concrete teeth and beam-failure 
will occur. 

3.1.5.2 Plasticity theory 

The most important work in the field of the plasticity theory for the analysis of shear in 
reinforced beams has been done by Nielsen [33]. For a detailed description background 
description of the theory reference is made to [33]. In the following, a short description of 
the main principals behind the theory are discussed. 
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Fig. 3.22 – Geometrical definitions for the plasticity theory (from Nielsen [33]) 

Considering the vertical shear reinforcement being placed at a constant distance c and 
b the width of the beam, the transverse reinforcement ratio is defined as 

s
w

A

cb
ρ =  Eq. 3.24 

From the shear stress, which is assumed to be constant along the cross-sectional height, 
the compressive stress in the inclined struts can be obtained from: 

( )c tan cotσ = τ θ + θ  Eq. 3.25 

Further, it is assumed that the vertical stress is equal to zero and the stress in the shear 
reinforcement can be obtained by 

s
w

tanτ θσ =
ρ

 Eq. 3.26 

The basic assumptions of the plasticity theory is that a safe stress field for an RC beam  
is obtained when the concrete compressive stress is lower than the compressive strength 
and that the tensile stress in the reinforcement is lower than the yield strength. Hence, the 
best lower bound solution is found for the following value of the shear stress: 

( )cf 1τ = ψ − ψ  Eq. 3.27 

In which  

w yw

c

f

f

ρ
ψ =  Eq. 3.28 
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From the work equations considered for finding the upper bound solution [33], an 
identical formulation as for the lower bound solution can be found (cf. Eq. 3.27). 
Considering the geometrical boundary conditions for the development of the shear crack, 
the ratio between projected crack length and beam height is taken into account, yielding the 
following relationship: 

2
1 a a a

1
2 h h h

   τ = + − + ψ 
   

 Eq. 3.29 

Both the curves defined by Eq. 3.27 and Eq. 3.29 are shown in Fig. 3.23. 

 
Fig. 3.23 – Geometrical definitions for the plasticity theory (from Nielsen [33]) 

As can be seen from Fig. 3.23, the shear strength cannot be further increased for values 
of ψ higher than 0.5. 

Although the theory presented herein has an analytical basis, empirical factors have 
been introduced in order to take into account the effects of element size, longitudinal 
reinforcement ratio and prestress in order to reduce or to enhance the effectiveness of the 
compressive strength fc. For a more detailed description of these reduction parameters, 
reference is made to Chapter 7, Section 7.2.4, in which the application of the plasticity 
model for the evaluation of the shear strength of SFRC is discussed. 

3.1.5.3 Modified Compression Field Theory 

The compression field theories applied for the analysis of the shear resistance of both 
prestressed and reinforced concrete beams, originates from the tension field theory as 
proposed by Wagner in 1929 in order to evaluate the residual shear resistance of thin 
webbed metal girders [34]. In his theory, Wagner assumed that the angle of inclination of 
the diagonal tensile stresses coincide with the angle of inclination of the principal tensile 
strains. Applying the theory for reinforced concrete, the shear resistance of the concrete 
web will be provided by the diagonal compression of the struts.  

Eq. 3.27 

Eq. 3.29 
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By using the appropriate equilibrium and compatibility equations from the compression 
field theory, the complete load-deformation of a member subjected to shear can be 
obtained. However, the compression field theory neglects the residual tensile stresses in the 
compression struts and as a result, deformations are overestimated and conservative shear 
strength capacities are obtained. 

To incorporate the effect of residual tensile stresses, caused by tension stiffening of the 
concrete in between the inclined shear cracks, the modified compression field theory 
(MCFT) was developed by Collins and Mitchell in 1986 [35]. Fig. 3.24 shows the complete 
set of equilibrium and compatibility equations that has to be solved for a given state of 
deformation, expressed in terms of principal strains. 

 
Fig. 3.24 – Set of 15 equations of the MCFT (Bentz [21]) 

Assuming that in a cracked concrete section of a beam subjected to both shear, axial 
forces and bending moments, there are no vertical stresses and the stress in the web 
reinforcement equals the yield stress at maximum shear strength, Eq. 5 from Fig. 3.24 can 
be rewritten as: 

ci yv v f cot= + ρ θ  Eq. 3.30 

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

1 yv f cot f cot= θ + ρ θ  Eq. 3.31 
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In Eq. 3.30 and Eq. 3.31, v is the average shear stress, vci is the local shear stress due to 
friction at the crack surface and f1 is the principal tensile stress. 

Based on the MCFT, both the value of vci and f1 are related to the concrete compression 
strength and hence, Eq. 3.30 and Eq. 3.31 can be rewritten in a general form of a concrete 
contribution vc and a contribution of stirrups vs: 

c s cm yv v v f f cot= + = β + ρ θ  Eq. 3.32 

with 

( )1,res 1

ci

~ f
min

~ v

 ε
β = 


 Eq. 3.33 

The first term in Eq. 3.33 represents the residual tensile stress of the concrete between 
cracks due to the existence of tension softening. The second term is accounting for the 
maximum frictional stresses that can be transmitted as a function of crack width. It should 
be noted that in the modified compression field theory, the aggregate interlock and tensile 
strength of the concrete is related to the square root of the concrete compressive strength. 
According to the MCFT, the tension softening curve of concrete after cracking is expressed 
as follows: 

1
1,res 1 cm

2 1

C
f ( ) f

1 C

 
ε =  

 + ε 
 Eq. 3.34 

In which C1 is equal to 0.33 and C2, determined by curve fitting of test results equals 
200, 500 and 1500 according to experimental work of Vecchio, Collins and Mitchell, and 
Tamai respectively [36]. 

The second term in Eq. 3.33 represents the shear stress capacity between cracks due to 
the existence of aggregate interlocking. Based on the experimental work conducted by 
Walraven [16], Vecchio [35] proposed the following simplified relationship: 

2

ci ci
ci ci,max

ci,max ci,max

f f
v v 0.18 1.64 0.82

v v

  
 = + −      

 Eq. 3.35 

with 

cm
ci,max

g

f
v

24w
0.31

a 16

=
+

+

 
Eq. 3.36 

According to Adebar & Collins [37], the shear strength of members without shear 
reinforcement, is found for a deformation situation representing intersection values for β 
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taking into account Eq. 3.33 - Eq. 3.36. A number of different possibilities are summarized 
in Fig. 3.25. 

 
Fig. 3.25 – Concrete contribution factors β for different combinations size and strain deformation of 

a member (Bentz [21]) 

The longitudinal strain of a cross section is determined by taking into account both the 
bending moment and axial forces acting on a cross section, which are transformed in a 
principal tensile strain (ε1). The crack width at which vci has to be evaluated is calculated 
as the product of the principal tensile strain and the average crack spacing sxe/sinθ. 

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

• The influence of aggregate interlock has been introduced in the MCFT by the 
term vci, which is a function of crack opening and aggregate size. It should be 
noted that the shear slip displacement is not taking into account. However, based 
on the available aggregate interlock models, it is the relative increase of opening 
and sliding which will determine the magnitude of shear friction stresses. 
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• The concrete contribution term related to the residual tensile stresses has been 
evaluated from shear panel tests containing reinforcement. Hence, it is doubtful 
whether the suggested relationships are still valid for members without shear 
reinforcement. 

• The MCFT, is a sectional analysis method which neglects the arch action 
contribution and for lower values of shear span to depth ratios, the shear strength 
will be underestimated. 

• The deformation at mid-depth of the section is taken as half of the strain at the 
bottom of the cross-section. However, for prestressed sections with I- or T-shape 
this relationship can be different. 

3.1.5.4 Empirical models 

In order to provide an explanation for the shear strength capacity of reinforced concrete 
beams without transverse reinforcement, it is suggested by Morsch to take into account the 
tensile strength of the concrete in the truss model. The additional shear strength term 
attributed to the plain concrete is implemented in the most common shear strength formulas 
by the root of the concrete compressive strength. The simplest formulation is suggested by 
ACI as a lower bound for the shear capacity (Table 3.1, Eq. 3.37). However, this equation 
is only valid for longitudinal reinforcement ratios higher than 1%.  

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

In 1971, an empirical equation has been proposed by Zsutty  [38] which takes into 
account all of the main influencing parameters except the size effect ratio. Hence, the use 
of Zsutty’s equation will lead to an overestimation of the ultimate shear strength for beams 
with large depths. Other improvements were suggested in both the Model Codes 1978 and 
1990 and later in the European Standard EN 1992 (EC2). The empirical formulation 
proposed in the MC78 resulted from a statistical analysis by Hedman and Losberg [39]. 
Later, the equations have been revised by Remmel [40] to the formulations now 
implemented in EC2. 

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

ACI  
(lower bound solution)  

cmf
v

6
=  Eq. 3.37 

ACI [1962] cm

1 d
v f 120

7 a
 = + ρ 
 

 Eq. 3.38 

Zsutty [1971] 
1
3

cm l

d
v 2.138 f

a
 = ρ 
 

 Eq. 3.39 

MC78 [1978] ( )l cmv 0.092k 1 50 f= + ρ , with k 1.6 d= − ( 1≤ ) Eq. 3.40 

EN 1992 (EC2) [1994] ( ) 1
3

R l cmv C k 100 f= ρ , with 
200

k 1
d

= + and with CR an 

empirical constant equal to 0.18 

Eq. 3.41 

 

When concrete members are subjected to a prestressing force (it is further assumed that 
prestress cables are straight and consequently, no vertical shear strength component has to 
be taken into account), both the approaches suggested by the ACI and EC2 differentiate 
between zones with and without the occurrence of flexural cracks. Due to the presence of 
a prestress force, it is possible that web shear cracks occur when the lower flange is still 
under compression. A schematic of a crack pattern with these different zones is shown in 
Fig. 3.26.  

 
Fig. 3.26 – Difference between zones with web shear crack and flexural shear cracks 

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

According to ACI 318-11 [41], the concrete shear capacity shall be taken as the lowest 
value of Vc determined by means of the following equations: 
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( )

i cr
ci w d

uc

cw cp w

fcm VM
V b d V

20 MV min

V 0.3 fcm b d


= + += 

 = + σ

 

Eq. 3.42 

 

Eq. 3.43 

The equation for Vci yields the shear capacity considered in zone C, taking into account 
the shear force needed to induce a flexural crack and an increment to change the flexural 
crack to a flexural shear crack. For zone B, the shear capacity of the web Vcw is evaluated 
by means of Eq. 3.43 

According to the EC2 [30], the location of zones B and C shall be determined by the 
verification of tensile stresses at the bottom fibre of the cross-section. The zone C starts 
where the tensile stress exceeds the tensile strength of concrete in the serviceability limit 
state. For zones uncracked in bending, a linear elastic calculation of the principal tensile 
stress is conducted (Eq. 3.44).  

2w
c ctm cp ctm

Ib
V f f

S
= + σ  Eq. 3.44 

In case of a load situation for which the concrete tensile strength is not reached due to 
the effect of shear stresses and no shear cracks are formed in the ultimate limit state, a 
minimum amount of web shear reinforcement has to be provided in order to meet ductility 
requirements.  

When a cross-section is cracked in bending, the flexural shear capacity is determined 
by means of Eq. 3.45. 

 
Eq. 3.45 

Similar to the equation for sections in zone C, the beneficial effect of a prestress force 
is taken into account by an additional term which represents the increase of external loading 
to induce flexural cracking. In its original form [42], the value of Cp has been assumed to 
be equal to 

c
p cp

w

A
C 0.096

b d
= σ  Eq. 3.46 

Typically, for T- or I-shaped prestressed girders, the ratio of gross concrete section to 
the product of effective depth and web width is equal to 2 and the value of Cp has been 
taken as 0.2 which was later reduced to 0.15 

( ) 1
3100c R l cm p cp wV C k f C b dρ σ = +
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3.2 Shear strength models for SFRC 

3.2.1 Historical development 

One of the first reports in literature regarding the shear strength of fibre reinforced 
concrete beams has been done by Batson et al. in 1972 [43]. At that time, it was still 
believed that the concrete tensile strength could be increased by adding high percentages 
of short fibres. Based on their experimental investigation, it was concluded that adding 
fibres to concrete altered the failure mode for FRC beams from bending to shear. 

From then, research efforts in the field of shear strength of FRC elements have evolved 
together with the development of other types of fibres and concrete. During the past 
decades, the most relevant investigations towards the shear capacity of reinforced SFRC 
beams were done by Swamy (1985) [44], Mansur (1986) [45], Al Ta’an & Al Feel (1990) 
[46], Ashour (1992) [47], Imam (1995) [48, 49], Casanova (1997) , Khuntia (1999) [50], 
Gustaffson (1999) [51], Kwak (2002) [52]; Nogabai (2000) [53], Rosenbusch & Teutsch 
(2003) [54],Cucchiara (2004) [55], Greenough, (2008) [56], Cho (2009) [57], Dinh (2010) 
[58], Aoude (2012) [59], Parmentier (2012) [60], Ding (2012) [61], Conforti (2014) [62]. 

One of the main drawbacks of all of these studies is that the size of test specimen is 
relatively small with respect to real practical situations. Furthermore, the majority of these 
investigations and inherent shear strength models for SFRC are not dealing with the 
presence of a prestressing force. One of the first experimental investigations for the shear 
strength of prestressed SFRC elements has been conducted by Narayanan & Darwish in 
1987 [63]. More recently, a significant step in research towards the influence of fibre 
reinforcement on the shear strength of full-scale precast girders has been undertaken by 
Minelli (2005) [64], Voo (2006) [65], De Pauw (2008) [66] and Cuenca (2012) [67]. 

Given the current approaches to characterise the post-cracking tensile strength of 
SFRC, several of these models can be considered as outdated. One of the first shear strength 
models taking into account the residual flexural parameters as derived by the standard 
bending test according to EN 14651, has been proposed by Minelli [64]. Based on the shear 
tests of both reinforced and prestressed SFRC beams, the existing shear strength equation 
for concrete cracked in bending was modified. Eventually, this model has been included in 
the Model Code 2010 [68] chapter 7 dealing with the design of SFRC. 

As a general remark regarding the available shear strength models it should be 
mentioned that the majority of them are not taking into account the effect of prestress on 
the shear capacity. 

With respect to the way in which the beneficial effect of fibres is considered into the 
shear strength equations, the developed models can be divided in basically two groups:  
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(1) A first group takes into account the effect of fibres by means of a fibre factor (i.e. 

direct method). One of the first design guidelines concerning the shear strength 

based on a direct approach has been suggested in: 

o DRAMIX guideline (1995) 

(2) The second group explicitly takes into account the post-cracking behaviour as 

derived from material testing (i.e. the indirect method). The latter is now 

recognized to be the best approach to design the shear strength since the post-

cracking flexural parameters reflect the scatter of SFRC mix and as a consequence 

will yield a safe design. Based on the experimental work conducted over the past 

five decades, recent international codes have implemented design equations for the 

shear design of FRC beams. The most relevant design guidelines for the shear 

strength of SFRC elements are chronologically ordered and discussed below: 

o 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 based on experimental calibration, in 
which the shear strength component due to the presence of fibres is superposed to the shear 
strength of the plain concrete. The total shear capacity is then expressed as: 

u c fibresV V V= +  Eq. 3.47 

In which Vc and VF are the concrete and fibre contribution respectively. The concrete 
contribution term has been explained in more detail in Section 3.1. For the additional shear 
strength due to the presence of fibres, VF is calculated by taking into account the post-
cracking residual stress. This has been proposed first by Mansur [45] in 1986 and was 
further improved for other combinations of concrete and fibres, fibre type and dosage by 
the investigations of Narayanan [69], Al Ta’an & Al Feel [46], Ashour [47], Imam [48, 49], 
Khuntia [50], Kwak [52], Choi [70] and Greenough [56]. 
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Fig. 3.27 – Determination of post-cracking tensile strength and the shear strength model as 

proposed by Mansur [45]. 

Taking into account the model of Fig. 3.27 in which a crack plane inclination angle is 
assumed equal to 45°, the general expression Eq. 3.47 can be rewritten as: 

u c tuV V bd= + σ  Eq. 3.48 

In order to adopt a correct value of σtu, tensile tests have to be performed or values can 
be estimated by means of indirect methods as described in Section 2.3.4. Alternatively, and 
as often applied in the available literature, the post-cracking tensile strength of SFRC is 
calculated taking into account the sum of single fibre contributions σf, and the general 
formulation adopted to evaluate the additional strength can be written as  

f
tu f

cr

N

A
σ = σ  Eq. 3.49 

The number of fibres crossing a unit crack plane is given by 

f f
e 2

cr f

N V

A r
= α

π
 Eq. 3.50 

In which αθ is the effectiveness factor due to the oriention of fibres. Assuming all fibres 
being randomly distributed [71], the effectiveness factor αe is calculated as follows: for N 
fibres with a length Lf, the average fibre length projected on the x-axis (Fig. 3.28) is given 
by: 

2 2

0 0
f2

N cos cos d d

0.4053L

N
2

π π

φ ϑ φ ϑ
=

π 
 
 

∫ ∫
 Eq. 3.51 

Eq. 3.51 shows that only 41 percent of the fibre volume is effectively contributing to 
the post-cracking tensile capacity of the FRC. 
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Fig. 3.28 – Projection of fibre length on the x-axis 

Assuming a constant bond stress τb along a fibre and an averaged embedded length of 
Lf/4, the average pull-out force of a fibre σf is given by 

f f
f b

d L

4

πσ = τ  Eq. 3.52 

Combining Eq. 3.49 and Eq. 3.50, the post-cracking tensile strength can be estimated 
by 

tu e bFσ = α τ  Eq. 3.53 

In which F is the fibre factor given by 

f
f

f

L
F V

d
=  Eq. 3.54 

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

In literature, different values for τb and αe are suggested based on experimental 
observations. Hence, the method is inherent to a specific combination of concrete and fibre 
type and is not generally applicable. In order to overcome this issue, a bond efficiency 
factor η has been introduced to take into account the fibre anchorage capactiy as a function 
of fibre shape. As a result, the general equation for the estimation of post-cracking tensile 
strength of SFRC is given by 

tu b e bFσ = η α τ  Eq. 3.55 

Al Ta’an [72] suggested a bond efficiency factor for hooked and crimped fibres equal 
to 1.2 and 1.3 respectively. According to Khuntia [50], a bond efficiency factor of 1 was 
taken into account for the case of hooked-end steel fibres. It is suggested to apply a 
reduction factor of 0.67 for plain round fibres in combination with normal strength concrete 
and 0.75 for hooked and crimped fibres in a light-weight concrete matrix. 

Regarding the value of the anchorage bond stress (Eq. 3.55), different values have been 
proposed in literature. The most important references are listed in Table 3.2. 
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Table 3.2 – Expression for the average anchorage bond stress according to several researchers 

Researcher Bond stress [N/mm²] 

Narayanan & Darwish [69] 4.15 

Swamy[44] 5.12 

Lim [73] 6.80 

Khuntia [50] cm0.68 f  

Marti [74] 
2

3
cm0.60f  

Voo & Foster [75]  
Hooked cmf  

Straight cm0.60 f  

 

All of the proposed expressions for the anchorage bond stress of fibres are also 
visualised as a function of concrete compressive strength in Fig. 3.29. 

 
Fig. 3.29 – Comparison of different equations for the anchorage bond stress 

It is clear form Table 3.2 and Fig. 3.29 that the assumption of a correct value of the 
bond stress is difficult and has been determined for specific fibre and concrete types which 
leads inevitable to an increase of model uncertainty for the considered shear strength 
models. Furthermore, a huge drawback of these methods is that the real pull-out behaviour 
of fibres is ignored and the composite behaviour is not 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 and equilibrium conditions as described 
in the modified compression field theory, are developed by Kim et al. [76] and by Ding et 
al. [61]. Both of the models take into account the beneficial effect of fibres by relating the 
principal tensile stress of concrete after cracking to the fibre dosage (see Fig. 3.30).  

 
Fig. 3.30 – Concept of fibres providing post-cracking strength to a cracked thin web subjected to 

shear (from [76]) 

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

 
Fig. 3.31 – Comparison between idealised and experimentally obtained bond strength capacity 

(from [76]) 

In the model proposed by Ding, the principal tensile stresses in between the concrete 
compressive struts are taken as the sum of both the residual tensile stress due to tension 
softening and the post-cracking tensile strength related to the fibre pull-out mechanism. 
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However, when only fibres are used as shear reinforcement, the tension stiffening effect 
will be vanished. It can be concluded that the new concept of taking into account fibres into 
the calculation procedures of the MCFT is an improvement 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 manufacturing company Bekaert to provide 
a guideline for the shear design of SFRC with or without traditional reinforcement based 
on a survey of the state-of-the-art research. In order to fulfil this task, a scientific committee 
was assembled in 1993 whose efforts resulted into the DRAMIX guideline [77] which was 
aimed to serve as a possible draft to be implemented in the new version of the Eurocode 2 
about that time. 

In general, the design shear strength of steel fibre concrete beams is calculated as the 
sum of a concrete contribution Vc and a fibre contribution VF: 

Rd cd FdV V V= +  Eq. 3.56 

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

[ ]1
3

cd l ck cp w
c

0.18
V k 100 f 0.15 b d

 
= ⋅ ⋅ ⋅ρ ⋅ + ⋅ σ ⋅ ⋅ γ 

 Eq. 3.57 

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

200
k 1

d
= +  Eq. 3.58 

The average compressive stress σcp acting in the member caused by a prestressing force 
is calculated by means of Eq. 3.59. 

( )p0 p,sup p,bot

cp
c

f A A

A

η +
σ =  Eq. 3.59 

In which fp0 is the initial prestress in the strands and Ac is the total area of the concrete 
section. The section of prestressing strands in the lower region and the upper region are 
denoted as Ap,bot and Ap,top respectively. When the prestress losses are not explicitly 
mentioned in literature, a loss coefficient factor η is chosen equal to 0.8. 

The longitudinal reinforcement ratio ρl is given by 

( )s p,bot

l
w

A A

b d

+
ρ =  Eq. 3.60 
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For design, the values of k, the longitudinal reinforcement ratio ρl and the compressive 
stress are limited to 2, 0.02 and 0.2 fcd respectively, in order to cut off the beneficial effect 
of these parameters. However, for evaluation of the shear strength formulation and 
comparison with test results, these limitations are not applied when calculating the ultimate 
shear strength of steel fibre concrete beams. 

For the fibre contribution VF, the suggested approach is similar to the shear strength 
equations developed based on the fibre factor. It should also be noted that the DRAMIX 
guideline only applies for uncoated fibres with hooked ends. The shear strength provided 
by the addition of fibres is calculated as follows: 

fd f fd wV k b d= τ  Eq. 3.61 

In which kf is a factor taking into account the beneficial effect of flanges to the shear 
strength of I and T-shape cross-sections given by: 

f f
f

w

h h
k 1 n 1.5

b d

  = + ≤  
  

 Eq. 3.62 

with 

( )f w
w

f
f

3
b b

n b
3h

h


− = ≤  ×



 Eq. 3.63 

The shear strength supplement due to steel fibres τfd is calculated by: 

ctk,ax t
fd

c

f R
0.54τ =

γ
 Eq. 3.64 

with fctk,ax, the characteristic value of the axial tensile strength of concrete and Rt, a 
factor used to calculate the post-cracking stress of the SFRC as a fraction of the axial tensile 
strength. For uncoated hooked-end steel fibres, the DRAMIX guideline suggests to derive 
Rt as follows: 

t

F
R 1.1

0.459 F
 =  + 

 Eq. 3.65 

3.2.3 Models based on indirect methods 

3.2.3.1 Plasticity model 

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

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

2
*

u c

1 x x
V f bh 1

2 h h

   = + −    

 Eq. 3.66 

in which f*c is the effective concrete compressive strength in N/mm² given by 

*
c c cmf f= ν  Eq. 3.67 

At the ultimate state of shear failure, the concrete struts are subjected to both 
compressive strains and tensile strains perpendicular to the strut inclination. As a result of 
this biaxial strain state, the compressive strength of the concrete will be significantly 
reduced with respect to a uniaxial compressive behaviour. This compression softening 
phenomena is implemented in the plasticity theory by means of empirical factors based on 
both material and geometrical properties. The reduction factor is given by Eq. 3.68. 

( )c l
cmcm

3.5 1 10
1.2 15 0.58 0.27 1 1 0.2

ff h

     ν = ρ + + +           
 Eq. 3.68 

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

 
Fig. 3.32 – Geometrical parameters considered for the plasticity theory. 

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

2 2
e pi*

cr t

P d1 h x
V f b

2 a a

+= + ∑  Eq. 3.69 

In which Pe is the resulting compressive force due to prestress, dpi is the effective depth 
of the ith prestressing strand and ft

* is the effective post-cracking tensile capacity of SFRC. 
For the use of the plasticity theory in the current study it is assumed that the crack width of 
the shear critical crack is constant along the depth of the cross-section of the beam and is 
equal to 2.5 mm at failure. Furthermore, a rigid plastic model is considered in accordance 
to the MC2010 provisions for fibre reinforced concrete and as a result, the value of ft

* is 
taken as 

* R3
t Ftu

f
f f

3
= =  Eq. 3.70 

In order to find a closed solution for Vu and Vcr, an appropriate value of the projected 
crack length x is found by intersecting Eq. 3.69 and Eq. 3.66 (Fig. 3.33). Hence, the shear 
capacity is found by solving iteratively for a value of x. The corresponding values of both 
the upper bound solution Vu and the cracking load Vcr are taken as the shear strength of the 
SFRC beam. 

 
Fig. 3.33 – Equilibrium between Vu and Vcr as a function of x 

As can be seen from Fig. 3.33, the application of a prestressing force causes the Vcr 
curve to shift upwards with a constant term. As a result, the value of x’ (i.e. equal to a-x, 
Fig. 3.29) at which equilibrium is found decreases and 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 Committee TC 162-TDF, a more 
comprehensive approach is suggested to calculate a design shear strength for FRC. Based 
on the work of RILEM TC 162 TDF (Technical Committee 162 ‘Test and design methods 
for fibre reinforced concrete’), final recommendations [29] were formulated in 2003 
concerning the design of FRC members. This document can be considered as a first step 
towards code integration of structural design of FRC.  

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

fd f 1 fd wV k k b d= τ ⋅ ⋅  Eq. 3.71 

In which an extra term k1 has been added equal to:  

1

1600 h
k

1600

−=  Eq. 3.72 

In contrast to the DRAMIX guideline, in the RILEM final recommendations it is 
emphasised that the material properties of the FRC composite used for design, have to be 
measured by standardised bending tests on small prims (see Section 2.3). Similar to the 
DRAMIX guideline model, the effect of cross-section shape is taken into account. 

3.2.3.3 CNR-DT 204/2006 (2006) 

The shear strength equation implemented in the Italian guidelines of the National 
Research Council, was first published in the thesis of Minelli [64]. Based on his study, it 
was assumed that the fibres act as a distributed longitudinal reinforcement enhancing the 
effect of aggregate interlock caused by smaller crack width. Hence, the shear strength 
equation for plain concrete from EC2 has been adapted by a factor increasing the 
longitudinal reinforcement ratio as a function of the residual stress of the FRC.  

1
3

Ftuk
Rd l ck cp w

c ctk

0.18 f
V k 100 1 7.5 f 0.15 b d

f

    = ⋅ ⋅ ⋅ρ + ⋅ ⋅ + ⋅ σ ⋅ ⋅   γ     

 Eq. 3.73 

3.2.3.4 ACI (2008) 

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

Two main drawbacks are inherent to the ACI 318 code provisions: first, when reaching 
the flexural strength for fibre dosages lower than 0.75%, the use of fibres is not economic 
and second, for prestressed concrete elements, the concrete compressive stress will be 
traditionally higher than 41 MPa. As a result, current ACI design guideline is holding back 
the use of fibres as shear reinforcement for daily practice.  

3.2.3.5 Model Code 2010 (2012) 

A more recent model has been implemented in Model Code 2010 (chapter 7.7, section 
7.7.3). This approach is in line with the recent adaptations to the shear design provisions in 
the latest version of EC2. The shear strength of fibre reinforced section can be obtained as 
follows: 

[ ]Rd v cm f Ftuk w
F

1
V k f k f cot b z= + θ

γ
 Eq. 3.74 

Where fFtuk is the characteristic post-cracking tensile strength of SFRC determined from 
axial tensile tests or indirectly from standard three-point bending test results. The crack 
width at which the post-cracking strength is considered shall be taken as: 

u xw 0.2 1000 0.125mm= + ε ≥  Eq. 3.75 

In which the strain at mid-depth for prestressed members is obtained by 
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 Eq. 3.76 

In which MEd, VEd are taken as positive quantities and NEd is negative for compression. 
The considered cross-section for design is shown in Fig. 3.34. In case εx is negative, it shall 
be taken as zero. 
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Fig. 3.34 – Definition of cross-sectional parameters, internal loads and strain profile according to 

MC2010. 

kf is a reduction factor taking into account the variation of fibre dispersion and inherent 
post-cracking performance between three-point bending test specimen and the actual 
elements for which the shear design is conducted. This value is proposed to be equal to 0.8, 
without further comments provided in MC2010. 

The factor kv takes into account both the strain and size effect. As a result, this factor is 
computed as follows: 

v
x dg

0.4 1300
k

1 1500 1000 k z
=

+ ε +
 Eq. 3.77 

with the aggregate size parameter given by 

dg
g

32
k 0.75

16 d
= ≥

+
 Eq. 3.78 

If the particle size is less than 16 mm, it is suggested to take the value of kdg equal to 1. 

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

 

Eq. 3.79 

More detailed background information has been provided in Section 3.2.2.2. 

3.3 Conclusions 

Regarding the investigations on the shear capacity of SFRC elements, the majority of 
all tests have been conducted on non-prestressed and relatively small elements. Over the 

29 7000 45xε θ° + ≤ ≤ °
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past three decades, the experimental work has led to the development of different semi-
analytical shear strength equations or design methods. Despite the large number of 
investigations, only a few models deal inherently with the presence of a prestressing force 
and apply the currently widely established residual flexural parameters, determined by 
standardised three-point bending tests. 
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4 POST-CRACKING BEHAVIOUR OF 

SFRC 

4.1 General 

In this chapter, research results are reported concerning the post-cracking behaviour of 
SFRC. The post-cracking behaviour of SFRC is investigated on both the micro-scale (fibre 
level) and the meso-scale level (composite level) to evaluate the crack bridging ability of 
fibres when subjected to a pure Mode I (opening) and a combined Mode I and Mode II 
(mixed mode) crack propagation. 

In a way to understand the mechanisms influencing the post-cracking tensile strength 
capacity of SFRC, research has been carried out to investigate the crack-bridging ability 
for SFRC subjected to bending. Based on the experimental observations from the bending 
tests, different modelling techniques are proposed. All of the models provide rational 
approaches to analyse and to evaluate the constitute law of SFRC in tension by taking into 
account the pull-out behaviour of fibres. Therefore, existing pull-out models of a single 
fibre [1-4] have been revised and further optimized.  
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In order to investigate the response of a single fibre subjected to pull-out conditions 
inherent to a transverse displacement of the crack plane, a micro scale test method has been 
developed and used to investigate the transverse pull-out response of hooked-end steel 
fibres. The experimental observations were then used in combination with the revised 
analytical pull-out models to be implemented into an analytical model to simulate the 
experimentally obtained direct shear behaviour of SFRC. 

In this doctoral study, short (30 mm) and long (60 mm) hooked-end fibres are used. The 
used fibres are manufactured by Bekaert and commercially known 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 SFRC are focused on the replacement of 
conventional reinforcement by hooked-end steel fibres in concrete members where 
minimum reinforcement is required, and so to provide a concrete element the necessary 
post-cracking strength [5-7]. In this case it is important to know how many fibres have to 
be added to the concrete mix in order to meet specific design criteria such as maximum 
deflection and crack width when subjecting the concrete member to the desired design load.  

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

Although the current approach is widely accepted, some drawbacks are inherent to the 
procedure that has to be followed before a design can be performed. First, a minimum 
amount of bending tests have to be performed to get an insight into the scatter of the flexural 
load-deflection response and to deduct characteristic values of residual flexural parameters. 
It is assumed that the observed scatter from bending tests is mainly a consequence of 
variability of the total amount of fibres crossing the crack plane, the orientation profile of 
fibres, the difference in fibre embedded length, concrete strength and fibre shape [10-12]. 
Moreover, it is a time consuming job to cast and to prepare specimens and to conduct 
laboratory tests. 

Secondly, the obtained load-CMOD (Crack Mouth Opening Displacement) curves for 
SFRC are, according to MC2010 turned into pure strain-hardening or -softening 
constitutive laws which have two discontinuities (Fig. 4.1 - Rigid plastic or Bi-linear): (1) 
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just after cracking, when the concrete stress drops from the tensile strength to a lower 
residual stress and (2) at the assumed ultimate crack opening wu where stresses drop from 
a residual stress to zero. In reality however, stresses are more continuous as a function of 
crack opening and related to the pull-out conditions of fibres.   

  

 
Fig. 4.1 - Example of different post-cracking constitutive laws for SFRC with fct=4.1 N/mm², 

fR1 = 6 N/mm² and fR3 = 9 N/mm² 

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

A standard three-point bending test according to the European standard NBN EN 14651 
[9] is used to determine the residual flexural parameters of SFRC mixes and by means of 
inverse analysis [13-15] (see Section 2.3.4) an estimation of the Mode I constitutive law is 
obtained. However, since any found solution is considered to be non-unique, a certain 
model error has to be dealt with. In this chapter, a tri-linear crack opening law is adopted 
in order to catch both the softening and hardening (and combination of both) behaviour of 
SFRC (Fig. 4.1).  

In addition to the discussion about the uniqueness of solutions found through inverse 
analysis, another model is developed to calculate the axial crack bridging ability of SFRC 
based on the single fibre pull-out response of hooked-end steel fibres. The fibre pull-out 
response of a steel fibre, both straight and deformed, embedded in a concrete matrix has 
been widely investigated in the past [1, 3, 4, 16-21] (see section 2.2.3). Thereby, attention 
is given to the influence of the type of fibre, the concrete strength and the inclination of the 
pull-out force. The developed analytical tool implements an accurate axial pull-out model 
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developed by Van Gysel [1, 2] and takes into account the matrix compressive strength, 
fibre tensile strength, geometry, orientation, spatial distribution and embedded length of a 
fibre.  

In addition, a third modelling technique is presented which can be used to characterize 
the non-linear behaviour of steel fibre reinforced concrete subjected to bending and to 
estimate the scatter of flexural response by means of finite element modelling (FEM). The 
composite material is considered to be a two-phased model where the concrete matrix and 
the individual fibres are modelled separately. Thereby, the fibres are considered as 
frictionless cable elements [22, 23]. In order to verify the FEM-analysis, four-point bending 
tests have been performed and compared with the simulated curves.  

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

 
 Fig. 4.2 - Schematic overview of proposed modelling techniques  

4.2.2 Experimental investigation 

A total of 42 bending tests have been conducted on SFRC prisms with nominal 
dimensions 150 x 150 x 600 mm. The test matrix is given in Table 4.1 and comprised both 
three- and four-point bending tests. Test parameters include fibre dosage, fibre type and 
concrete type. For each of the test series, three specimens (six specimens for series LH20, 
LH40) are casted and cured in a room with a constant RH of 90% and temperature of 20°C. 
Specimens are tested in a displacement controlled way at 28 days. For the three-point 
bending tests (3P), concrete mix SFRC-1 (mean compressive strength fcm,cub = 68.7 N/mm²) 
is used in combination with high strength fibres with a length equal to 30 mm (SH) or 
60 mm (LH). For the four-point bending test series (4P), concrete mix SFRC-2 (fcm,cub = 
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57.4 N/mm²) is used in combination with 60 mm long fibres with a high (LH) and normal 
strength (LN). All fibre properties such as wire strength (ft), diameter (df), length (Lf) and 
fibre weight (Mf) are summarized in Table 4.2. The applied fibre dosages (Vf) for all SFRC 
batches ranged between 20 and 60 kg/m³. The concrete composition and average cube (side 
length 150 mm) compressive strength is shown in Table 4.3. In general, the workability 
varied in between an acceptable range for both mixes. The observed air-content for series 
3P-SH-60 and SP-LH-60 is significantly higher with respect to the average air-content of 
about 2.0 % for the other specimens.  

All of the fibres are made of bare steel, except for fibre type SH, which is a zinc-coated 
fibre. To eliminate the negative effects on the concrete quality by the hydrogen gas formed 
by a chemical reaction between the zinc coating and the alkalis in the fresh concrete [24], 
these fibres are manufactured with a protective reaction inhibitor. The zinc-coated steel 
fibres are passivated by means of a chromium based compound which guarantees the good 
bond between fibre and surrounding concrete in the hardened state. 

Table 4.1 - Test matrix for all bending tests 

Designation Concrete Mix Fibre type Vf [kg/m³] fcm,cub [N/mm²] # tests 

3P-SH-20 

SFRC-1 

SH 

20 71.8 3 

3P-SH-40 40 68.4 3 

3P-SH-60 60 65.1 3 

3P-LH-20 

LH 

20 68.8 6 

3P-LH-40 40 73.2 6 

3P-LH-60 60 64.7 3 

4P-LN-20 

SFRC-2 

LN 

20 51.4 3 

4P-LN-40 40 58.8 3 

4P-LN-60 60 56.5 3 

4P-LH-20 

LH 

20 59.7 3 

4P-LH-40 40 61.0 3 

4P-LH-60 60 56.8 3 

Table 4.2 - Overview of used fibres 

Fibre type Fibre name ft [N/mm²] Lf [mm] df [-] M f [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 mixes [kg/m³] 

Mix SFRC-1 SFRC-2 

Cement CEM I 52,5 N - 390 
Cement CEM I 52,5 R 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 
W/C 0.46 0.48 
W/P 0.42 0.48 

fcm,cub [N/mm²] 68.7 57.4 
CoV [%] 5.0 5.9 

 

4.2.2.1 Three-point bending tests 

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

Due to the overall dispersion and different orientation of fibres within a concrete matrix, 
it should be noted that fibre dosage as such cannot only be used as a parameter to quantify 
the performance of a fibre reinforced concrete. As defined in MC2010 [25], a classification 
of FRC performance shall be done based on the residual flexural stresses, obtained from 
three-point bending tests on notched prisms (EN 14651 [9]), at defined crack mouth 
opening displacement (CMOD) values:  

Ri
Ri 2

sp

3F L
f

2bh
=  Eq. 4.1 

With i=1..4, respectively for CMOD values 0.5, 1.5, 2.5 and 3.5 mm and in which FRi 
is the applied load at CMOD = i, L the span length (i. e. 500 mm), b the width of the prism 
and hsp the height of the prism above the notch in mm. The experimentally obtained average 
values of fR1 and fR3 are summarized in Table 4.4. As expected, the residual stresses 
increased for higher fibre dosages. Regarding the values for fR3, short fibres provided lower 
stresses than long fibres. All residual stresses are between 2.81 and 10.70 N/mm². The 
coefficient of variation for all tested series ranged between 10 and 33 %. No clear 
relationship between coefficient of variation and fibre type and dosage is found. 
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Fig. 4.3 - Three-point bending test results for series 3P-SH (left) and 3P-LH (right) 

Table 4.4 - Average values and CoV of fR1 and fR3. 

 fR1 [N/mm²] fR3 [N/mm²] 

Series Average COV Average COV 

3P-SH-20 2.81 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 dosages of fibres, due to the density of 
fibres, interaction will occur and lead to less effectiveness [26, 27] (see Section 2.2.2). As 
a consequence, the increase of residual stresses fR3 is less than proportional with respect to 
the increase of added fibre content. This trend can also 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 out to derive discrete crack-opening stress 
relationships, another series of bending tests has been performed in order to investigate the 
bending behaviour of SFRC for prisms without a notch and hence with the possibility of 
multiple cracking. Therefore, four-point bending tests based on the Belgian Standard NBN-
B15-238 [28], are conducted (see Section 2.3.2). The span length is equal to 450 mm and 
the distance between the two loads and the loads and both supports is equal to 150 mm. 
During testing, the deflection is measured by means of a linear variable displacement 
transducer (LVDT), attached to a brace which is fixed to the prism by a hinge at one support 
and free to slide at the other support. Testing is performed displacement-controlled at a 
deflection rate of 0.05 mm/min until reaching a midspan deflection of at least 4 mm. The 
obtained flexural stress-deflection curves for series 4P-LN and 4P-LH are shown in Fig. 
4.4. 

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

n
f ,n 2

B n
f

bh
=  Eq. 4.2 

In which Bn is the area under the load-deflection curve up to a deflection equal to the 
span length divided by n. Typically, these conventional flexural stresses are calculated at a 
deflection of 1.5 mm (n = 300) and 3 mm (n = 150). An overview of all obtained values for 
f f,300 and ff,150 is given in Table 4.5. and Table 4.6. 
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Fig. 4.4 - Four-point bending test results for series 4P-LN (left) and 4P-LH (right) 

 

Table 4.5 - Average values and CoV of ff,300 and ff,150 (series LN) 

n Series Average ff,n [N/mm²] COV [%] 

300 
4P-LN-20 3.09 19% 
4P-LN-40 5.65 23% 
4P-LN-60 6.91 5% 

150 
4P-LN-20 2.96 18% 
4P-LN-40 5.46 22% 
4P-LN-60 6.32 5% 
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Table 4.6 - Average values and CoV of ff,300 and ff,150 (series LH). 

n Series Average ff,n [N/mm²] COV [%] 

300 
4P-LH-20 4.42 25% 
4P-LH-40 6.63 15% 
4P-LH-60 8.00 6% 

150 
4P-LH-20 4.70 24% 
4P-LH-40 6.72 12% 
4P-LH-60 8.24 7% 

4.2.3 Inverse analysis 

Since the described approach herein is used to find the relationship between a given 
crack opening and corresponding tensile stress, a fictitious length method [13] (see also 
section 2.3.4.4) is used in order to transform a given crack opening to an equivalent tensile 
strain for the tensile linear elastic phase and an equivalent strain at the top of the cross 
section (see Fig. 2.44, section 2.3.4.4). The fictitious length Lf only affects the stiffness of 
the linear behaviour (initial part of the curve), the proper fictitious length is found by fitting 
the linear slope of the reference three-point bending test without fibres and assuming a 
bilinear softening cohesive crack mode according to MC2010. A comparison for different 
values of Lf is given in Fig. 4.5. 

 
Fig. 4.5 - Influence of fictitious length on the simulated linear stiffness and bending tensile strength 

Based on the described procedure, a fictitious length equal to 125 mm is chosen to 
perform the inverse analysis for all of the tested SFRC prisms. 

In order to be able to catch the complete load-CMOD shape of the bending tests, the 
MC2010 bi-linear tension-softening law is changed to a tri-linear one. The overall benefit 
of a tri-linear stress-crack opening law (Fig. 4.1) has been proven to be successful in the 
past by several researchers for both numerical and analytical purposes [29, 30]. However, 
by introducing more parameters than can be derived from the inverse analysis in order to 
fit the flexural response, the uniqueness of the fitted solutions may be doubtful. Therefore, 
some restrictions are defined with respect to the first and last point of the post-cracking 
law: a) the tensile strength of concrete (at a crack opening equal to zero) is a fixed parameter 
since it is calculated by using the compressive strength of the concrete and b) the ultimate 
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crack opening wu (σf = 0 N/mm²) shall be taken equal to Lf/4 since it is the theoretical 
average of fibre embedded length. 

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

EXP IA

EXP

A A
R 1%

A

−
= <  Eq. 4.3 

In which AEXP is the area under the experimental curve and AIA the area under the load-
deflection curve obtained by inverse analysis. To assure a good fit between the complete 
experimental and theoretical load-deflection curve, two intervals are considered: from 0.1 
to 0.5 mm and from 0.5 mm to 4 mm. The assumed mode I crack opening law is accepted 
when the relative error is lower than 1% for both intervals at the same time. The obtained 
constitutive stress-crack opening laws for series 3P-SH and 3P-LH are shown in Fig. 4.6 
for a crack opening range from 0 to 4.5 mm (per specimen in grey, average in black). 

   

  

  
Fig. 4.6 - Tri-linear stress-crack opening curves by means of inverse analysis 
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Based on the obtained post-cracking residual stresses by means of three-point bending 
tests and the values of σf,1 and σf,2, which define the shape of the tri-linear post-cracking 
tensile curve, a strong correlation is found between the values of fR1 and σf,1 and fR3 and σf,2 
(Fig. 4.7). 

  
Fig. 4.7 - Relationship between stresses σf,1 and σf,2 and the residual stresses fR1 and fR3. 

Further, the crack-widths for corresponding values of both σf,1 and σf,2 should be 
defined. The crack width w1 corresponding to the value of σf,1 will depend mainly on the 
fracture energy release rate of plain concrete and hence, being fixed as the average value 
obtained from the IA, which equals 0.015 mm. For the second point (w2, σf,2), it can be seen 
in Fig. 4.6 that the crack-width opening related to the maximum post-cracking stress 
decreases for higher fibre residual stress levels. Furthermore, for increasing fibre dosages, 
the difference between point 1 and 2 will become smaller and the first branch of the tri-
linear model will be ascending (fct < σf,1 < σf,2), resulting in a transition between pseudo-
hardening and pure hardening post-cracking composite behaviour. Fig. 4.8 shows the 
relation between the values of w2 and fR1.  

 
Fig. 4.8 – Relation between w2 and fR1. 

Based on the observations from three-point bending tests and the inverse analysis 
results, the complete Mode I post-cracking curve for hooked steel fibre reinforced concrete 
used in this study can be defined as follows: 
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When the proposed equations (Eq. 4.4 - Eq. 4.11) are applied to predict the three-point 
bending response based on average values of fR1 and fR3, the expected relative error R (Eq. 
4.3) is expected to increase, compared to the 1% assumed during the inverse analysis of 
individual specimens. Table 6 summarizes the values of R between the modelled and 
average experimental curve for each series in the intervals CMOD = 0.1-0.5 mm and 
CMOD = 0.5-4.0 mm. It can be seen that the error increases up to 7.4% for series 3P-SH-
40. All of the values are in an acceptable range of accuracy and it can be concluded that for 
the considered series of three-point bending tests the predictive capacity of the proposed 
model is acceptable. 

Table 4.7 - Relative error (R) in % between average experimental and predicted stress-CMOD 
curves. 

Series 0.1 - 0.5 mm 0.5 - 4.0 mm 

3P-SH-20 4.0 1.7 

3P-SH-40 7.4 1.1 

3P-SH-60 2.5 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 I crack opening behaviour is developed based on the 
pull-out of a single fibre. The stress crack-opening law can then be obtained by lumping all 
fibre pull-out forces at a certain crack opening displacement and divide the force by the 
surface of the considered crack plane. The main influencing parameters for the fibre pull-
out are implemented automatically by means of the semi-analytical 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 strength and steel fibre strength variation 
is assumed to be described with a normal distribution function. The adopted values for all 
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different types of fibre and for concrete in general are 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 on the pull-out behaviour of a single fibre 
[1, 2, 4, 21], bridging a crack, the fibre pull-out direction is not perpendicular to the crack 
surface. Moreover, the pull-out direction changes in function of crack opening w and 
spalling length Lsp of the concrete at the fibre exit point. From Fig. 4.9, it is clear that the 
acting pull-out direction differs from the initial fibre orientation angle θ. 

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

Due to the inclined pull-out and related spalling, a deviatoric force will occur at the 
fibre exit point, because the fibre deviates from its initial orientation with an angle α. The 
deviatoric force D is given by:  

POD 2F sin
2

α=  Eq. 4.12 

To account for the additional frictional force at the fibre exit point, the deviatoric force 
is multiplied with a friction parameter µ in order to take into account the frictional effects 
between fibre and concrete. For simplicity, this parameter is taken equal to 0.6 [3, 4]. The 
total pull-out load FPO,tot is then calculated by Eq. 4.13.  

PO,tot POF F D= + µ  Eq. 4.13 

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

( )sp

wsin
arcsin

2 f L

 θ
 α =
 ∆ + 

 Eq. 4.14 



Post-cracking behaviour of SFRC 

111 

PO,tot sp
a

f f

F L
f L u

A E
∆ = ∆ + ∆ +  Eq. 4.15 

2 2 2
w sp sp spw f L cos 2L f L cos = η ∆ + θ + ∆ − θ
 

 Eq. 4.16 

In which ∆f is the relative elongation of the fibre at the exit point with respect to the 
initial position before cracking occurs and is the sum of the debonding length ∆La, a pull-
out distance ∆u (i.e. slip) and the elastic elongation of the free fibre end. In the fibre 
debonding stage, both embedded fibre parts are contributing to the crack width and η is 
taken equal to 2 while the pull-out distance ∆u is zero. When the maximum pull-out load 
is reached, the fibre starts to slip and only one embedded fibre part can contribute to the 
increased crack opening. As a result, ηf becomes equal to 1 and ∆f is increased with the 
value of ∆u. The spalling length Lsp is a function of the total pull-out load and hence the 
equilibrium state will be found iteratively. For a detailed 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 cannot exceed half of the fibre length Lf. 
As a consequence, the embedded length is assumed to be uniformly distributed within the 
boundaries 0 and Lf/2. The pull-out capacity of a single fibre can only be fully reached 
when the tensile pull-out forces are sustained by a concrete pull-out cone. By assuming 
this, no fibre pull-out forces are considered when the embedded length is smaller than the 
minimum required embedded length to avoid a tensile failure of the concrete matrix. 

Given the influence of an inclined pull-out force on the pull-out behaviour of a single 
fibre, it is obvious that the overall orientation of fibres in a cracked section is of great 
importance. Gettu [31] determined the uniaxial tensile behaviour on cylinders, drilled in 
standard bending prisms. Related to the place where a cylinder is drilled and the drilling 
direction, large differences in residual tensile strength for the same fibre content were 
found. The research conducted by Grunewald [32] revealed the influence of the fluidity of 
SFRC. When fibres were added to self-compacting concrete, fibres were more aligned to 
the flow direction of the concrete when pouring SFRC into the mould. Due to the presence 
of a large amount of aligned fibres, the flexural capacity is higher than a conventional SFRC 
with the same fibre content and the scatter on residual strength decreased.  

Also the method of placing SFRC into the mould is affecting the overall orientation of 
fibres. Kang [33] found that when the material is placed in small layers which are separately 
compacted, the load capacity is about 50 % higher than in the case were the mould is filled 
transversely to the longitudinal direction of the prism. Another important aspect in the 
production process of SFRC elements is the applied vibration technique. External vibration 
applied to the formwork may induce fibre segregation and a preferential orientation of 
fibres to the planes of the formwork. With all these orientation-influencing aspects in mind, 
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adding fibres to the numerical simulation model needs to be done in such a way that the 
real orientation of fibres is approached. Kang and Laranjeira proposed mathematical 
models to describe the variability of inclination of fibres with respect to the longitudinal 
axis of a beam. The mathematical formulation of fibre orientation, proposed by Laranjeira 
[34], is based on an orientation number ηθ, which is a base parameter that defines the mean 
value and standard deviation of all orientation angles of the individual fibres. A truncated 
Gaussian distribution was found to be in good agreement with the experimentally 
determined orientation. Furthermore, Laranjeira et al. proved that the average orientation 
angle itself is correlated with the spread of all orientation angles and hence, one parameter 
(a dimensionless value between 0 and 1 and denoted as the orientation number ηθ) can be 
used to determine the orientation profile of a SFRC-batch. When assuming the value of ηθ 
correctly, the average orientation angle θm and standard deviation σθ (both in radians) are 
calculated by Eq. 4.17 and Eq. 4.18.  

( )m arccos θθ = η  Eq. 4.17 

( )90 1θ θ θσ = × η − η  Eq. 4.18 

Fig. 4.10 shows the difference between the orientation distribution of fibres for ηθ equal 
to 0.87 (θm = 30°), 0.71 (θm =45°) and 0.50 (θm = 60°). 

 

 
Fig. 4.10 - Orientation distributions for different values of ηθ. 



Post-cracking behaviour of SFRC 

113 

 
Fig. 4.11 - Overview of sampled distributions of fibre inclination and embedded length 

In the applied method, a two sided truncated normal distribution is used to sample the 
inclination angle between the limits of 0° and 90°, with 0° being a fibre aligned with the 
crack opening direction and 90° being a fibre parallel to the crack, and hence without any 
crack-bridging ability. The cumulative distribution function is then used to perform Monte 
Carlo sampling [35]. 

Aiming for a balance between accuracy and calculation speed, the orientation angle and 
embedded length of fibres is divided into 15 equal intervals, ranging from 3° to 87° and 
from 0.033 to 0.966 times Lf respectively. Hence, 225 different fibre pull-out curves are 
computed and attributed consequently to a fibre with corresponding orientation. An 
example of a sampled distribution of 1125 fibres with orientation profile θm = 50° and a 
fibre length equal to 60 mm is given in Fig. 4.11. 

4.2.4.4 Mode I composite behaviour 

Based on the single fibre pull-out response, the Mode I composite behaviour is obtained 
analytically by lumping all individual fibre pull-out (FPO) curves while assuming 
appropriate distribution of both fibre and concrete properties as well as the dispersion of 
fibres. The total pull-out force of all fibres is then divided by a crack surface area Acr. In 
order to get the combined behaviour of plain concrete and fibres, a bi-linear softening law 
[25] for plain concrete (σct) is also taken into account (Fig. 4.12). Hence, as a function of 
crack opening w, fibre orientation distribution and embedded length, concrete compressive 
strength fcm and fibre strength fFy, the tensile response of SFRC can be expressed as: 
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( )
( )

fN

PO c fy
i 0

f ct
cr

F w, ,f ,f
(w) w

A
=

θ
σ = + σ

∑
 

Eq. 4.19 

 
Fig. 4.12 – Bi-linear softening law adopted for plain concrete. 

A typical axial stress-crack opening result obtained by means of the analytical 
procedure based on single-fibre pull-out behaviour is shown in Fig. 4.13. 

 
Fig. 4.13 – Modelled post-cracking tensile stress-crack 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 analysis model 

Fig. 4.14 shows a comparison of the Mode I composite behaviour, for the pull-out based 
model and the inverse analysis (IA) procedure. On overall, a good agreement is found 
between the detailed response of the analytical model based on single-fibre behaviour, and 
the more simple predefined tri-linear model to be calibrated through inverse analysis or 
through correlation with EN 14651 SFRC performance tests. Further, it can be seen (Fig. 
4.15) that the post-cracking peak stress is estimated quite well by the model.  
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Fig. 4.14 - Comparison between modelled Mode I crack opening versus inverse analysis results 

 
Fig. 4.15 - Comparison between modelled Mode I crack opening versus inverse analysis results 

The integration of post-cracking stresses of the Mode I crack opening behaviour from 
zero until the ultimate crack width at which no stresses can be transmitted anymore (i.e. wu 
= Lf/2), is herein defined as the total fracture energy (Eq. 4.20). 
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uw
I
f F

0

G σ (w)= ∫  Eq. 4.20 

Fig. 4.16 shows good agreement between the total fracture energy as derived by the 
inverse analysis procedure and based on the fibre pull-out mechanism. A quantitative 
comparison (in terms of relative error) between the two methods is done for the Mode I 
fracture energy between crack width intervals 0.1 - 0.5 mm and 0.5-4.0 mm, as given in 
Table 4.8. 

 
Fig. 4.16 - Mode I fracture energy based on IA and fibre pull-out. 

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

Series 0.1 - 0.5 mm 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 15.4 

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 proposed by Soetens [22] as well as by 
Cunha [29] are quite similar: firstly, a plain concrete volume is defined and fibre elements 
are added afterwards. The two phased model (Fig. 4.17) is then used to perform a non-
linear finite element analysis. Once a concrete element is cracked, all fibres crossing that 
element volume will be activated and start to provide crack bridging stresses. Fibre forces 
are calculated by taking into account the axial post-cracking strains (converted to a 
fictitious pull-out displacement) and fibre inclination with respect to the longitudinal 
bending-axis of the analysed prism. 
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Fig. 4.17- Finite element two-phase modelling concept (a) concrete prism (b) fibres 

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

f
1 m

L
x x cos

2
= + α  Eq. 4.21 

f
1 m

L
y y sin cos

2
= + α β  Eq. 4.22 

f
1 m

L
z z sin sin

2
= + α β  Eq. 4.23 

2 m 1x 2x x= +  Eq. 4.24 

2 m 1y 2y y= +  Eq. 4.25 

2 m 1z 2z z= +  Eq. 4.26 

in which xm, ym and zm are the coordinates of the midsection of the fibre and the 
orientation angles α and β (see Fig. 4.18) are given by the following equations: 

-1
θ mF (x)σ θα = +             [ ]x 0,1∈  Eq. 4.27 

-12πF (x)β =                     [ ]x 0,1∈  Eq. 4.28 

with σθ and θm given by Eq. 4.17 and Eq. 4.18. 

(a) (b) 
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Fig. 4.18- Definition of fibre inclination angles α and β 

4.2.6.2 Implementation into finite element analysis 

As mentioned before, the pull-out model developed by Van Gysel [2] can provide the 
needed relationship between pull-out load and slip values for every different pull-out 
configuration (i.e. the combination of embedded length and pull-out direction). However, 
these load-slip curves cannot be implemented into the finite element approach directly and 
therefore, both pull-out load and slip values have to be converted to an equivalent stress-
strain material behaviour. 

When a concrete element is cracked, the crack strains are induced to all fibre elements 
crossing this crack. These fibres are now activated and will be able to provide the crack to 
sustain post-cracking tensile stresses. In case of a completely bonded cable element, strains 
along the cable element will only increase locally where the mother element is cracked 
(Fig. 4.19a), which is not representative for the fibre pull-out slip behaviour. This is solved 
by assuming a constant equivalent strain along the reinforcement element (Fig. 4.19b), 
whereby fibres are modelled as cable elements with fixed ends (i.e. the cable element is 
only fixed to the concrete mother elements at both ends). In this way, the fibre element is 
insensitive to the localisation of the cracked mother element along its length. With the 
equivalent material model assigned to the cable element, inherently, an embedded length is 
assumed and the fixed ends geometrical configuration is neglected (see also [23]). 
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Fig. 4.19- Strain distribution over fibre length with a completely (a) and partially embedded (b) 

cable element 

 
Fig. 4.20 - Original and deformed cable element geometry. 

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

eq
f

w
cos (w)

L
ε = θ  Eq. 4.29 

PO
eq

f

F 1

A cos (w)

 
σ =  θ 

 Eq. 4.30 

In which the variable pull-out direction θ(∆) due to geometrical effects (see Fig. 4.20) 
is given by 

f 0

f 0

L sin
(w) arctan

L cos w

 θθ =  θ + 
 Eq. 4.31 

in which θ0 is the initial fibre inclination angle; Lf is the length of the fibre element; FPO 
is the pull-out load; w is the crack opening and Af is the cross-section of the fibre. 
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4.2.6.3 Concrete properties 

To implement the non-linear behaviour of the concrete matrix, a fixed smeared crack 
model is adopted assuming an exponential crack opening law for the post-tensile cracking 
behaviour of the plain concrete [37]. Linear cubic elements are used to model the concrete 
prism. The average values of the modulus of elasticity and tensile strength of the concrete 
are calculated based on the compressive strength Table 4.3 by the equations given in Model 
Code 2010. For the usage of the bi-linear softening law after cracking Fig. 4.12, a fracture 
energy GF

I for plain concrete is calculated by the provisions given in MC90. 

4.2.6.4 Fibre properties 

As mentioned before, the pull-out model developed by Van Gysel [2] can provide the 
needed relationship between pull-out load and slip values for every different pull-out 
configuration. However, these load-slip curves can’t be implemented into the finite element 
approach directly and therefore, both pull-out load and slip values have to be converted to 
an equivalent stress-strain material behaviour as explained in Section 4.2.6.2). 

4.2.7 Model verification 

For each conducted series of experimental four-point bending test, six three-
dimensional finite element models are sampled and analysed. All six numerical models 
were parallel calculated on a personal computer. It took about one complete day to finish 
one series. A typical post-processing result, including the occurrence of multiple cracking, 
is shown in Fig. 4.21. 

 
Fig. 4.21 – Activation of fibres in case of multiple cracking 
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Since all finite element models are unique through different fibre distribution, 
orientation, fibre tensile strength and concrete compression strength, scatter on the flexural 
response is obtained. The experimental envelope of the four-point bending tests are shown 
together with the envelope of modelled flexural stress-deflection curves in Fig. 4.22. 

 

 

 

 
Fig. 4.22 - Comparison between the numerically and experimentally obtained flexural response of 

SFRC 

From Fig. 4.22, it can be seen that the developed model is quite accurate in predicting 
both the first cracking stress as well as the overall cracking behaviour. Only for SFRC with 
fibre dosage equal to 60 kg/m³ at higher deflections (>1.5 mm), an overestimation of the 
post-cracking flexural stresses is made. This difference between the model and the 
experiments can be attributed to the fact that in reality fibres at higher dosages are 
interacting with each other in damaging the concrete matrix, resulting in a reduced post-
cracking ability of the composite at higher deflections. Nevertheless, both the numerical 
and experimental curves have no significant increase of flexural stresses for deflections 

Envelope of experimental results FEM analysis for 6 different fibre samples
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higher than 1.5-2.0 mm and the numerical curves slightly start to drop for a deflection of 
about 2.0 mm. The relative error between the average experimental and average modelled 
curves are shown in Fig. 4.23 for series 4P-LH and 4P-LN respectively. From this 
comparison, it can be concluded that the average error is in the range of 10-15 % for 
deflections between 0 and 1.5 mm. For series 4P-LH-40, 4P-LH-60 and 4P-LN-60, the 
model overestimates the flexural stresses for about 25-30 % when the deflections are higher 
than 1.5 mm. 

  
Fig. 4.23 – Relative error between modelled and experimental 4P-bending response 

In Fig. 4.24, a comparison is made between the modelled and experimental 
conventional flexural stresses ff,n (Eq. 4.2), in terms of minimum, maximum and mean 
values for both ff,300 and ff,150. The values shown in Fig. 4.24 reveal a good correlation 
between the model and the experiments and it indicates the feasibility of the model to 
predict the flexural behaviour of SFRC. Moreover, the model proved to be able to predict 
the multiple cracking behaviour (Fig. 4.24) as experimentally observed during the four-
point bending tests. Regarding the overall similarity between finite element simulations 
and experimental tests, the proposed method can be useful to gain a quick insight into the 
flexural behaviour of SFRC prior to testing. 

  
Fig. 4.24 - Comparison between the numerically and experimentally obtained values for ff,300 and 

ff,150 
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4.3 Transverse pull-out behaviour 

4.3.1 Introduction  

In contrast to the high number of investigations that link the pull-out behaviour of a 
single fibre to the tensile or bending behaviour of SFRC, only one study is known to the 
author that applies the same approach for examining the fracture of SFRC under Mode II 
[38]. In this study, Lee conducted a large number of push-off tests on Z-type specimens 
with a total of eight fibres crossing the vertical shear plane with each of them fixed in a 
known position and orientation. Based on the experimental results, a Variable Engagement 
Model (VEM) was developed to predict the direct shear capacity of SFRC. For the testing 
of the transversal pull-out, different test configurations can be adopted as discussed in 
Section 2.3.5. In this work, the modified (small-scale) JSCE SF4 push-through test [39, 40] 
is used.  

4.3.2 Materials and methods 

Based on the push-through tests on standardized prisms (150 mm x 150 mm x 500 mm), 
which was firstly developed by the JSCE [40] and modified by Banthia [39] afterwards, a 
similar test setup was adopted to investigate the transversal pull-out response of a single 
hooked-end steel fibre. In total, for each different fibre orientation angle θ (+60°, +30°, 
0°, -30° and -60°), five series of mortar prisms (290 mm x 70 mm x 40 mm) were casted. 
Therefore, a casting procedure was followed which consists out of two phases. In the first 
phase (Fig. 4.25), the central part of the prism was replaced by two wooden blocks with a 
thickness of 20 mm. Between these wooden plates, two fibres were clamped symmetrically 
and hence, their orientation and position were fixed. Then, the empty right and left part of 
the mould were filled with mortar and they were compacted by allowing the mould to fall 
through a controlled height (20 mm), at the rate of 60 jolts per min. One day later, the first 
phase mortar pieces were demoulded and the wooden blocks were removed. The position 
and orientation of the fibres is then fixed by the hardened right and left mortar blocks. To 
avoid bond between the first and second phase mortar, a plastic foil was placed between 
them and finally, the second phase mortar (Fig. 4.26) was poured and compacted. 
Immediately after casting, the mortar prisms were stored at 20 °C and 95 % of relative 
humidity. 

The used mortar contained 1310 kg/m³ of sand 0/5 and 655 kg/m³ of cement type CEM 
I 52,5 N with a W/C ratio equal to 0.45. The fibres used in this study are hooked-end steel 
fibres (DRAMIX RC-80/60-BP) with a length of 60 mm and a diameter of 0.75 mm and a 
tensile yield strength equal to 2000 N/mm². For each test series, standard mortar prisms (40 
mm x 40 mm x 160 mm) were casted and used to determine both flexural (fct,fl) and 
compressive strength (fc) of the used mortar at the testing age of 28 days. For each 
orientation, all measured values are listed in Table 4.9.  
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Fig. 4.25 - First moulding phase 

    
Fig. 4.26 - Second moulding phase 

Table 4.9 - Mortar properties at 28 days 

Test series fct,fl [N/mm²] fc [N/mm²] 

+60° 
8.1 69.3 69.9 
8.4 73.5 72.9 

+30° 
7.0 67.8 68.9 
7.3 68.2 71.4 

+0° 
9.0 72.3 75.0 
6.9 69.5 67.9 

-30° 
7.7 73.3 75.0 
8.4 71.5 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 with an initial rate of 0.0025 mm/s until a 
peak load was reached. The rate was then increased to 0.01 mm/s until fibres were 
completely pulled out on both sides or fibre rupture occurred at one side. The relative 
vertical displacement ∆ was continuously measured by means of a linear variable 
displacement transducer (LVDT) with a nominal range of 50 mm. The applied compression 

Fibre 

Wooden plates Wooden formwork 

Fibre 

Plastic foil 
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load was measured by means of a load cell, placed between the specimen central part and 
the loading equipment. Due to the symmetry of the test setup, the measured vertical load is 
equal to the sum of pull-out forces of the two fibres crossing the vertical sliding plane and 
thus, to derive the pull-out load of a single fibre, the total load has to be divided by two. A 
schematic of the test setup is shown in Fig. 4.27. 

 
Fig. 4.27 - Single fibre push-through test setup 

4.3.3 Test results and discussion 

For each different orientation angle, the load per fibre (averaged over two fibres) as a 
function of shear slip ∆ is plotted in Fig. 4.28 to Fig. 4.33. To have a clear view on the 
difference in pull-out behaviour due to the variation of the orientation angle, the maximum 
axis value of both vertical displacement (40 mm) and pull-out load (1 kN) is kept constant 
for all graphs. The grey lines are representing the individual experimental test results, while 
the black curve and the dotted grey line are respectively the mean value and the standard 
deviation of the pull-out load during the pull-out process. 

 
Fig. 4.28 - Pull-out force vs. ∆ [+60°] 

 
Fig. 4.29 - Pull-out force vs. ∆ [+30°] 
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Fig. 4.30 - Pull-out force vs. ∆ [0°] 

 
Fig. 4.31 - Pull-out force vs. ∆ [-30°] 

 

 
Fig. 4.32 - Pull-out force vs. ∆ [-60°] 

 
Fig. 4.33 - Average pull-out curves 

Generally, two types of failure were observed as a function of initial fibre orientation 
angle θ:  in case of an aligned transversal pull-out (θ > 0), the pull-out behaviour is highly 
similar to the axial pull-out and the fibre is completely pulled out of the surrounding matrix 
on at least one sliding plane. Hence, fibres being transversally pulled out aligned with their 
orientation will lead to a ductile failure behaviour of SFRC failing in shear. A positive 
orientation angle of the fibre leads to a direct tensile loading of the fibre and debonding 
starts taking place immediately. When the fibre is completely debonded, the fibre starts to 
slip and the pull-out load decreases until a quasi-horizontal branch (i.e. the residual pull-
out strength) is reached. The average residual transversal pull-out force increases linearly 
with decreasing values of θ (Fig. 4.34). This increase can be attributed to the additional 
friction forces, acting on the fibre exit point.  

In contrast to this relatively ductile pull-out behaviour, a more brittle rupture of fibres 
was observed for the case of an initial orientation of fibres opposite to the pull-out direction 
(i.e. θ < 0). For negative values of θ, the effect of snubbing takes place (cf. [38]) and higher 
values of ∆ at the peak pull-out load are observed. Due to the snubbing effect, initially the 
fibre is subjected to compression and bending, considerably higher frictional forces act on 
the fibre during the debonding phase and may lead to the rupture of the fibre before it starts 
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to slip significantly. For decreasing values of θ, the peak pull-out load increases linearly 
(see Fig. 4.35) 

 
Fig. 4.34 - Residual pull-out force vs. θ 

 
Fig. 4.35 - Peak load vs. θ  

Further analysis of the experimental data has been done with respect to the observed 
slip at peak load and the total work needed to require a complete pull-out failure of a fibre. 
The relationship between orientation angle and slip at peak load is shown in Fig. 4.36 and 
the average pull-out work as a function of initial inclination angle is shown in Fig. 4.37. 

 

Fig. 4.36 – Shear slip displacement at peak 
load as a function of fibre inclination 

 
Fig. 4.37 – Total pull-out work as a function of 

fibre inclination 

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

For initial fibre orientations between +60° and -30°, the required total pull-out work 
(Fig. 4.37) is increasing linearly. This can be attributed to the existence of a residual branch 
after debonding takes place during the pull-out process. However, for orientations equal to 
-60°, it is found that the mechanical anchorage due to friction at the fibre exit point leads 
to fibre rupture and no residual pull-out forces can be 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 behaviour at single fibre level is 
discussed, in this section, the direct shear behaviour of SFRC is considered. The 
experimental study makes use of the modified JSCE SF6 test method (Section 2.3.5), 
extending on the single fibre experiments of Section 4.3. 

Based on the observed direct shear behaviour and test results reported in literature, a 
new modelling approach for the direct shear capacity of SFRC is presented herein. Starting 
from existing aggregate interlock models [41-43], the beneficial effect of fibres and 
confining forces towards the shear friction behaviour are integrated into a semi-analytical 
calculation tool which takes into account the effect of crack propagation.  

In this way, the model can not only estimate the interface shear strength of a crack in 
SFRC, but it can also be used to simulate the complete shear stress – slip response. 
Comparison between the test results and the calculated response 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 tests, is carried out in order to investigate 
the influence of fibre dosage, fibre type, concrete type and normal stresses on the direct 
shear behaviour of SFRC. The used steel fibre reinforced concrete grade is C50/60 and 
contains hooked-end DRAMIX cold drawn wire high strength steel fibres (fFt > 2000 
N/mm²). Two different fibres with a length equal to 60 mm (L) and 30 mm (S) are used in 
combination with a self-compacting concrete (SCC) and a traditional concrete (TC) with a 
slump between 160-210 mm (i.e. consistency class S4 according to the European Standard 
EN 206-1:2000). The following mixing procedure is adopted: the concrete constituents (see 
Table 4.10) are first mixed without the cement and with half of the water volume for one 
minute. Then the fibres, cement and the other half of mixing water are added and the 
concrete is mixed an additional two minutes while adding the superplasticizer. Since the 
use of a superplasticizer can increase the inclusion of air during mixing, the air-content is 
measured according to the European Standard NBN EN 12350-7 immediately after mixing. 
Because a high air-content can decrease the fibre-matrix interaction mechanisms, the air-
content of SFRC-mixes should be kept lower than 4 % [44]. Specimens in traditional 
concrete are compacted on the vibrating table during one minute. In this way, heavy 
compaction is avoided which can cause fibre segregation or bad dispersion of fibres in 
general.  

For material characterisation of each steel fibre reinforced concrete batch, standard 
prisms sized 150 mm x 150 mm x 600 mm and standard cylinders of 150 mm x 300 mm 
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[45] are cast and stored under wet conditions (R.H. > 95%) for 28 days. An overview of all 
test series and the obtained SFRC properties for the fresh and hardened state are 
summarized in Table 4.11. 

Table 4.10 - SFRC mix constituents [kg/m³] 

 

 

 

 

 

 

Table 4.11 – Fresh and hardened properties for all SFRC-batches 

Designation 
fc,cyl 

[N/mm²] 
Air 
[%] 

Slump 
[mm] 

Flow 
[mm] 

No. of 
tests 

Fibre content 
[kg/m³] 

Confining 
pressure 
[N/mm²] 

TC-0-0 57.8 - 160 - 3 0 0 
TC-20S-0 65.9 2.5 210 - 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 1.5 - 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 1.8 - 770 6 40 0 
SCC-60S-0 60.5 2.8 - 650 6 60 0 
SCC-20L-5 65.1 1.8 - 705 3 20 5 
SCC-20L-10 65.1 1.8 - 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 modified JSCE direct shear test [40]. A 
schematic of the test setup is shown in Fig. 4.38 (left).  In order to obtain predefined crack 
planes, 30 mm deep notches are sawn vertically at both sides of the standard prisms (Fig. 
4.38, right). Hence, the shear plane is equal to 90x150 mm².  

During testing, linear variable displacement transducers (LVDT’s) are used to measure 
the relative vertical displacement (slip). Simultaneously, the crack dilation is monitored by 

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 3.5 

Fibres 30 / 60 mm 20-60 20-60 
Water 190 165 
W/C 0.49 0.46 
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means of horizontally placed extensometers (Fig. 4.38, left). The vertical load is applied 
displacement controlled by means of a hydraulic jack at a load-displacement rate equal to 
0.02 mm/min until a maximum load is reached and increased to 0.1 mm/min afterwards.  

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

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

 
Fig. 4.39 - Schematic of the confined test setup. 

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

4.4.3 Direct shear behaviour 

During testing, all specimen failed by shearing at the notched interface. In a first stage 
of the test, a linear elastic behaviour is observed until a first crack is induced in both shear 
planes near the bottom of the specimen. While increasing the load, this crack propagates 
towards the upper side of the specimen until a maximum or peak load is reached. This 
behaviour reveals secondary effects, in which partially bending occurred prior in reaching 
the ultimate shear stress at the interface and hence, undesirable compressive stresses are 
acting in the upper region of the shear interface. As a consequence, the adopted test setup 
did not fully result in the desired pure shear failure. Fig. 4.40 shows the difference between 
the shear stress-crack width relationship for the upper and lower extensometer. 

 
Fig. 4.40 - Difference between horizontal crack width propagation near top and bottom of the 

specimen. 

Important slipping (vertical crack displacement) occurs at the shear interface after the 
upper region of the specimen is cracked and a strong non-linear response is observed. After 
the peak shear stress, an exponential decay of shear stress is observed reaching a quasi-
horizontal branch at a slip of about 8 mm and crack opening ranging between 1.5 and 2 
mm.  

When analysing the cracked surface after testing, it can be observed that the aggregates 
are broken and crushing of local asperities damaged the shear interface. The post-cracking 
strength is provided by friction and pull-out of fibres. 

In Fig. 4.41 till Fig. 4.44, the experimentally obtained direct shear behaviour is given 
for all tested series, showing the individual tests results as well as the average curve (black 
line). 
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Fig. 4.41 - Shear stress-slip behaviour for plain concrete series SC-0 and T-0 

 
Fig. 4.42 - Shear stress-slip behaviour for series SCC-L 
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Fig. 4.43 - Shear stress-slip behaviour for series SCC-S 

 
Fig. 4.44 - Shear stress-slip behaviour for series TC-S 
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4.4.3.1 Influence of fibre dosage and type 

The maximum shear stress of cracked fibre reinforced concrete τSFRC increases for 

higher fibre dosages. Table 4.12 summarizes SFRC,maxτ  in terms of average (avg
SFRC,maxτ ), 

minimum ( lo
SFRC,maxτ ) and maximum (up

SFRC,maxτ ) values, normalized by the square root of the 

compressive strength for each series. avg
SFRC,maxτ  as a function of fibre dosage Vf is also shown 

in Fig. 4.45.  

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

For test series TC, the average increase of shear stress with respect to the plain concrete 
series is equal to 45%, 75% and 88% for fibre dosages of 20, 40 and 60 kg/m³ respectively. 
This clearly indicates that for series TC the increase rate of shear strength is less than 
proportional with the fibre dosage. For series SCC, the increase of shear strength is more 
than proportional with added fibre content. Regarding the influence of fibre type for series 
SCC-S and SSC-L, the increase of direct shear strength is larger for longer fibres than for 
shorter fibres with a same fibre aspect-ratio. For the series with the shorter fibres, the 
coefficient of variation (CoV) is in the range between 8-20 % while for the series with long 
fibres the CoV is between 1 and 8 %. All values are summarised in Table 4.12. 

Table 4.12 - Maximum shear stress for all tested series 

Test series 
avg
SFRC,maxτ  [N/mm²] 

lo
SFRC,maxτ  [N/mm²] 

up
SFRC,maxτ  [N/mm²] CoV [%] 

TC-0-0 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 13.3 12.7 13.8 4.0% 

SCC-40L-0 15.9 15.7 16.1 1.4% 
SCC-60L-0 19.6 17.3 21.3 7.5% 

SCC-20S-0 12.8 11.2 13.9 8.4% 
SCC-40S-0 14.5 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 average crack opening (i.e. the average of measured 
crack width near top and bottom of the test specimen) is shown as a function of the relative 
vertical displacement or slip, in Fig. 4.46 till Fig. 4.48. The individual crack propagation 
curves are shown as a solid grey line and the average for each series as a solid black line. 
The observed crack propagation behaviour has the same shape for all tested series with 
steel fibres. In the initial branch of the crack width-slip curve (corresponding with the pre-
peak branch in the shear stress-slip curves), the ratio of crack widening to sliding is larger 
than for the branch at higher slip values (corresponding with the post-peak branch in the 
shear stress-slip curves). Hence, after reaching the maximum shear stress, crack sliding 
becomes more important with respect to crack widening. 

 
Fig. 4.46 - Crack propagation curves for test series TC-S 
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Fig. 4.47 - Crack propagation curves for test series SCC-S 

 
Fig. 4.48 - Crack propagation curves for test series SCC-L 
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From the curves of Fig. 4.46 till Fig. 4.48, no significant effect of fibre dosage and type 
can be observed on the crack propagation behaviour. This indicates that the crack dilatation 
is likely inherent to the adopted test setup. As a consequence, the shear crack propagation 
is of key importance to be able to compare different test results obtained from different 
kinds of direct shear tests. 

4.4.3.3 Influence of confining pressure 

According to the Coulomb friction law, the maximum stresses that can be transferred 
through the shear interface will increase with higher confining stresses. Fig. 4.49 shows the 
obtained shear stress-slip curves for series 20-S and 40-S as a function of applied stress 
normal to the shear crack interface. 

 

 
Fig. 4.49 - Shear stress -slip curves as a function of confining stress for series SCC-20-L (upper) 

and SCC-40-L (lower) 

SCC-40-L 

SCC-20-L 
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From Fig. 4.49, a shear stress increase can be observed with higher normal stresses over 
the complete range of slip considered (0-8 mm). For test series SCC-40-L however, the 
biaxial stress state, for a confining stress equal to 25 N/mm², caused a compressive failure 
after reaching the peak shear stress. In order to know the effect of slip on the increase of 
shear stresses, the shear stresses observed at the peak and at a slip value of 4 mm are shown 
in Fig. 4.50. 

 
Fig. 4.50 - Shear stress -slip curves as a function of confining stress for series SCC-20L and 

SCC-40L at peak and a slip of 4 mm. 

For the shear stresses at peak, the increase is less than proportional with the stress 
applied normal to the shear interface. This can be attributed to severe damage and crushing 
of aggregates due to the confined stress at small crack openings. Further, it can be seen that 
for normal stresses in the range of 0 to 5 N/mm² the ratio of normal to transversal stress 
decreases for larger slip values and hence for smaller ratios of crack width to slip. This 
indicates that the frictional effects are dependent on the crack propagation behaviour. 

4.4.4 Shear friction models for SFRC 

Most of the direct shear models for SFRC found in literature [39, 46-48] (see Chapter 
2, Section 2.3.5) focus on the maximum shear stress observed during testing rather than the 
overall shear behaviour. Therefore, a distinction is made between two types of modelling 
concepts namely the direct shear strength models and the direct shear behaviour models. 

4.4.4.1 Direct shear strength 

Unconfined shear strength 

A validation of the empirical models found in literature (see Section 2.3.5, Table 2.3) 
is performed by looking into both the shear strength provided by the plain concrete τc and 
by the addition of fibres τf (see also Section 2.3.5, Eq. 2.3). Starting with the plain concrete 
component τc, in Fig. 4.51 a comparison is given between a dataset of direct shear test 
results and the available models. The dataset considers results for plain concrete found in 
literature [39, 46-54] and the reference specimens of this study. Two criteria were used in 
order to select proper data: 1) the used test setup is either the modified JSCE method or the 
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Z-type specimens method and 2) all specimens are uncracked prior to testing. In total, 32 
different test results ranging from 20-80 N/mm² cylinder compression strength are included 
in the database. 

 
Fig. 4.51 - Comparison between experimentally observed plain concrete (PC) direct shear strength 

and proposed models 

As can be seen in Fig. 4.51, both the equations of Khanlou and Khaloo show a good 
correlation for the maximum shear capacity derived by means of Z-type push-off tests. The 
plain concrete contribution as suggested by Boulekbache is systematically overestimating 
the shear strength of plain concrete for concrete strengths between 20 and 80 N/mm². The 
equation proposed by Mirsaya and Banthia does not take into account the effect of concrete 
compressive strength although there is a clear correlation found through experimental 
testing. The model by Mansur is more in agreement with the shear strength derived for 
plain concrete by means of the JSCE test setup. 

Further, it can be noticed that when the shear capacity is determined by means of the 
modified JSCE test, higher shear stresses are observed compared to the tests for which the 
Z-type specimens are used. This can be attributed to a difference in shear crack propagation 
and failure aspects. To evaluate this, more detailed information is needed with respect to 
the slip and crack opening displacement for the shear tests, which is not reported by the 
authors. 

In order to evaluate the existing empirical formulations which take into account the 
effect of fibre dosage (see Section 2.3.5, Table 2.3)), the experimentally observed 
maximum shear strength is plotted as a function of fibre 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 maximum direct shear capacity for series TC-S and 

SCC-L 

Given the available shear strength models (see Section 2.3.5, Table 2.3), the fibre effect 
τf can be written in the following general form: 

B
f fAVτ =  Eq. 4.32 

In which A and B are constant values, defining the incremental effect of fibres on the 
maximum shear capacity of the concrete. Based on the observed direct shear behaviour for 
series TC-S and SCC-L, a regression analysis yields a linear relationship (i.e. B = 1) 
between fibre dosage and shear stress increase (Fig. 4.52) leading to the values of A equal 
to 10.3 and 9.8, respectively. The value of A as proposed by Boulekbache (A = 6.4 for 
Lf/df = 80) is underestimating the fibre contribution. The same conclusion can be drawn 
when considering the proposed equation by Khanlou (A = 4). Since the used fibres in this 
study have hooked ends, a comparison with the models of Khaloo [52] and Mirsayah & 
Banthia [39] is not made. 

Furthermore, the experimental tests of series TC-S and SCC-L indicate that the 
equations proposed by Boulekbache and Khanlou are only applicable for SFRC made of 
low-strength steel fibre (i.e. with a tensile strength equal to 1100 N/mm²) and that the 
proposed equations do not take into account the complete fibre-matrix interaction (i.e. fibre 
pull-out mechanism as a function of matrix strength and fibre type). From the test results, 
it can be observed that the increase of shear friction capacity is higher when high-strength 
fibres (with a tensile strength of at least 2200 N/mm²) are combined with a concrete grade 
C50/60. 

Confined shear strength 

As suggested by Loov [55], the increase of the maximum direct shear capacity of 
cracked concrete with traditional reinforcement bars crossing the shear interface 
perpendicularly is related to concrete compressive strength and normal confining stress due 

τSFRC,max= τc + 10.3 Vf

τSFRC,max= τc + 9.8 Vf
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to yielding of the reinforcement bridging the crack. This additional effect τconf can be written 
as follows: 

conf c yk f fτ = ρ  Eq. 4.33 

in which fc is the cylinder compressive strength in N/mm², ρ is the geometrical 
reinforcement ratio, fy is the yield stress of reinforcement in N/mm² and k is a 
proportionally constant which is determined by Wong [56] to be equal to 0.46 and 0.57 for 
initially uncracked and cracked specimens respectively. These values of k are obtained 
from push-off tests on concrete specimens with a compressive strength between 16 and 31 
N/mm² and a confining pressure not higher than 10 N/mm². 

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

conf c cpk fτ = σ  Eq. 4.34 

in which σcp is the externally applied confining stress perpendicular to the crack plane. 

The increase of τSFRC,max with respect to c cpf σ  is shown in Fig. 4.53 for confined test 

series SCC-20L (left) and SCC-40L (right).  

 
Fig. 4.53 - Correlation between confining pressure, concrete compressive strength and the 

maximum direct shear strength for series SCC-20L (left) and SCC-40L (right). 

From Fig. 4.53, it can be concluded that for higher concrete strengths (60-70 N/mm²) 
and normal confining stresses (5-25 N/mm²) the value of k in Eq. 4.34 is equal to 0.62 and 
0.61 for series SCC-20L and SCC-40L respectively. This behaviour implies that the shear 
friction capacity is not a linear function of the confining pressure and the coulomb friction 
law cannot be applied straightforward. For higher normal 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 propagation into more detail, a more 
fundamental model is proposed based on the experimental data derived from the direct 
shear tests. The shear design equation of an interface intersected by dowels or 
reinforcement bars according to the Model Code 2010 [25] or the similar expression in ACI 
318-11 [57], is used as a basis for further development of a SFRC shear stress transfer 
model. Similar attempts to model the direct shear behaviour of fibre reinforced mortar were 
made in the past by Lee [38] and Ng [58] based on the Variable Engagement Model (VEM) 
developed by Foster et al. [59]. 

It is considered that the shear friction capacity of cracked fibre reinforced concrete is 
attributed to: 

• Transversal fibre pull-out mechanism of all fibres. 

• Aggregate interlock of the rough interface. 

• The normal stress component (σcp), which can be attributed to yielding of the 

reinforcement or a physically applied normal stress field. 

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

( )fN
PO,i f ,i f ,i

SFRC agg cp
i 1 c

F cos sin

A=

θ + µ θ
τ = τ + µσ +∑  Eq. 4.35 

In which τagg is the aggregate interlock component, µ is a friction coefficient, Nf is the 
total amount of fibres crossing the shear crack, FPO,i is the pull-out force of the ith fibre with 
pull-out direction angle θf,i and Ac is the shear crack area. 

Aggregate interlock 

During the 1980’s, several aggregate interlock models have been proposed based on the 
outcome of extensive experimental testing of the shear transfer mechanism in cracked 
concrete. As a consequence, available models for aggregate interlock generally have a 
pronounced empirical basis and for each model, the applicability is inherent to specific 
boundary conditions of the research programme for which a curve fit is applied. Attempts 
to provide a more physical modelling of aggregate interlocking has been done by Walraven 
[42] and Li [43], by assuming a distribution of particles at a cracked interface and 
considering mechanical effects on the micro-level of the rough interface. Although these 
models have a more physical basis and are able to model the aggregate interlock quite well, 



Post-cracking behaviour of SFRC 

143 

their simplified forms are more often applied. Another established yet fully empirical model 
was developed by Bazant and Gambarova [41] based on the experimental work of Paulay 
and Loeber [60] and improved by Gambarova and Karakoç [61]. A detailed description of 
the two-phase model, the rough crack model and the contact density model can be found in 
Chapter 3, Section 3.1.3. 

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

Bw As=  Eq. 4.36 

in which w is the crack width perpendicular to the crack plane (horizontal), s is the 
vertical displacement of the sliding crack planes and the parameters A en B are empirically 
determined constant values. From the obtained experimental data, it is found that these 
constants are mainly dependent on the boundary conditions of the adopted direct shear test 
setup. A regression analysis of the average experimental crack propagation curves (see Fig. 
4.46 till Fig. 4.48) resulted into crack propagation parameters 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 interlocking models as suggested by 
Walraven & Reinhardt [42], Li & Maekawa [43] and Gamabarova & Karakoç [61] is shown 
in Fig. 4.54, for a concrete compressive strength of 60 N/mm², Dmax = 7 mm and a shear 
crack propagation law according to Eq. 4.36 with A and B taken equal to 0.6. 
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Fig. 4.54 - Comparison between existing simplified aggregate interlock models.  

Based on the overall shape of the shear stress slip curves obtained experimentally, the 
model as proposed by Gambarova and Karakoç [61] is chosen for the τagg term in Eq. 4.36. 
In order to deal with the observation that the shear crack goes through the aggregates rather 
than around them, a lower roughness of the interface needs to be considered. Since, this 
interface roughness is mainly dependent on the particle size distribution of the concrete 
matrix, the maximum aggregate particle size Dmax is replaced by half of its value.  

Fibre pull-out 

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

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

However, the experimental investigation of transverse pull-out behaviour has been done 
in a two-dimensional situation without taking into account the effects of aggregate interlock 
and inherent crack dilatation. In contrast to the individual fibre tests, fibre pull-out in a 
composite situation will be fundamentally different: all fibres are randomly distributed in 
a 3D-space and the crack dilatation state governs the fibre pull-out condition. Since the 
proposed model herein will deal with a three-dimensional approach to implement the 
transversal fibre pull-out, assumptions as discussed in the following are made in order to 
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define the geometrical conditions of fibres crossing a crack sliding plane. A schematic of a 
single fibre positioned arbitrarily at the shear interface is shown in Fig. 4.55. 

 
Fig. 4.55 - Influence of fibre inclination towards the direct shear pull-out behaviour of a single fibre 

[65] 

During the debonding phase, the fibre pull-out midpoint (MM) follows the crack 
dilatation path defined by a crack width and slip displacement. During the pull-out process 
spalling will occur at the fibre exit point (EP) which is defined based on the spalling 
criterion as proposed by Laranjeira [3, 4]. Further, the initial position of the fibre with 
respect to the shear plane is defined by the angles χ and ζ and the location of point P1. Based 
on the fibre dosage and orientation profile, the position of all fibres along the shear crack 
interface can be defined by means of a Monte Carlo sampling algorithm [22, 35]. Thereby, 
the angles χ and ζ are randomly distributed in the following ranges: 

0,
2

π χ ∈  
 

 Eq. 4.37 

,
2 2

π π ζ ∈ − 
 

 Eq. 4.38 

During the pull-out of a fibre, four different situations can be considered. Fig. 4.56 
shows a two-dimensional view of these theoretical configurations. 
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Fig. 4.56 - Different pull-out conditions considered for direct shear. 

The situations as shown in Fig. 4.56 are a combination of angle ζ, which can be either 
positive (Fig. 4.56a and Fig. 4.56b) or negative (Fig. 4.56c and Fig. 4.56d), and the 
direction of the deviatoric force D, which can be oriented to the right (Fig. 4.56a and Fig. 
4.56c) or to the left (Fig. 4.56b and Fig. 4.56d). 

In the 3D-space, the fibre pull-out behaviour is calculated in the plane defined by the 
three points P1, EP and MM. During the pull-out process, the location of MM is defined by 
the crack propagation behaviour of the shear crack interface while the position of EP 
depends on the spalling of concrete at the fibre exit point. A solution algorithm is developed 
which calculates the complete fibre pull-out behaviour as a function of crack width and 
inherent slip according to the pull-out model developed by Van Gysel [1, 2, 66]. The 
contribution of all individual fibres is given by the last term of Eq. 4.35 and depends on the 
friction coefficient µ. 

In literature, different shear friction coefficients for concrete to concrete sliding can be 
found, ranging between the values 0.35 and 1.4, dependent on the type of concrete and 
roughness of the crack surface [25, 67]. According to Wong [56], a distinction should be 
made between the coefficient of static friction, which depends only on the concrete 
constituents, and the effect of shear dilation. To implement the effect of crack dilation, 
Wong [56] proposed the following relationship between transversal and axial loads: 

s

n

F
tan( i)

F
= ϕ +  Eq. 4.39 

in which 

1tan µ−φ =  Eq. 4.40 

B 1dw
i ABs

ds
−= =  Eq. 4.41 

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

In order to verify the proposed simulation model, the experimental envelope is 
compared with respect to the simulated shear stress-slip curves for the nine tested series. In 
Fig. 4.57 - Fig. 4.59, the comparison of all tested series with respect to the modelled curves 
are shown. 

  

 
Fig. 4.57 – Model verification for a fibre dosage equal to 20kg/m³ 

 



Chapter 4  

148  

 

 
Fig. 4.58 – Model verification for a fibre dosage equal to 40kg/m³ 

 

 
Fig. 4.59 – Model verification for a fibre dosage equal to 60kg/m³ 
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It can be seen form Fig. 4.57 - Fig. 4.59 that the simulated curves fit quite well with the 
observed direct shear behaviour. Hence, the proposed model is not only able to simulate 
the interface peak shear stress but also the complete non-linear branch for larger slip values. 
Fig. 4.60 shows a comparison between both the average simulated and experimentally 
obtained peak shear stresses. 

 
Fig. 4.60 - Parity diagram for the maximum interface shear 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 current European Standard EN 14651 are 
conducted in order to obtain residual flexural parameters for SFRC. Based on the results of 
an inverse analysis procedure, a tri-linear post-cracking behaviour is proposed for the Mode 
I constitutive model. The model parameters have been defined as a function of the standard 
residual flexural parameters fR1 and fR3, following EN 14651. The advantage of the new 
model with respect to the linear model proposed in the MC2010 is the possibility to model 
a pseudo-hardening behaviour instead of pure softening or hardening.  

Alternative to the tri-linear Mode I constitutive model, an analytical model based on 
single fibre pull-out is developed and found to be feasible to simulate the uni-axial post-
cracking constitutive law of  hooked-end SFRC. A good match is found between the Mode I 
constitutive law derived by inversed analysis and the fibre pull-out approach. This proves 
the validity of the performed inversed analysis and confirms its physical meaning. 
Regarding the numerical simulations of four-point bending behaviour of SFRC prisms, it 
can be concluded that with modern computer technology and finite element modelling, 
experimental results can be simulated successfully and can be used to estimate the post-
cracking response of SFRC prisms subjected to four-point bending. Hereby, the proposed 
finite element approach takes into account the variability of concrete and fibre properties 
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as well as the spatial distribution and global orientation of fibres.  However, since a lot of 
other parameters (which are inherent to the production process of the SFRC mix) are not 
feasible to be implemented in these modelling techniques, these methods should never be 
used to obtain design parameters.    

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

4.5.2 Transverse fibre pull-out 

A newly developed test method, inspired by the JSCE push-through test on larger SFRC 
prisms, was used to characterize the transversal pull-out behaviour of a single hooked-end 
steel fibre. Although the experimental testing was quite easy to conduct and test results 
could be obtained relatively fast, a better casting procedure should be developed to decrease 
the undesirable influence of the vertical shear crack widening and hence, to reduce scatter 
and increase the reproducibility of test results. 

The observed transversal pull-out behaviour is highly dependent on the initial 
orientation of the fibre with respect to the crack sliding direction. In case of an aligned 
orientation, the pull-out behaviour is quite similar to the axial pull-out. However, for fibres 
crossing the shear crack plane with an orientation perpendicular or opposite to the shear 
crack slip direction, the fibres are first bent at the crack interface causing damage at the 
fibre exit point. As a result, the anchorage capacity increases due to the higher frictional 
forces and for an initial fibre orientation angle equal to -60° (i.e. opposite to the slip 
direction oriented at 60°), the mechanical anchorage capacity will induce brittle failure due 
to fibre rupture. 

Although the obtained test results provide better insight into the crack-bridging 
mechanism of cracked SFRC subjected to shear, it must be noted that the conducted tests 
on single fibres and inherent pull-out behaviour do not reflect the real composite behaviour 
of the SFRC. Hence, in a crack, the fibre pull-out conditions will be defined by means of 
the crack opening propagation due to the roughness of the crack surface. 

4.5.3 Shear friction 

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

• The observed relatively low crack width to slip ratio leads to high shear stresses 

due to aggregate interlock and shear friction. The crack dilatation is inherent to 

the adopted test setup and is not clearly affected by either fibre type or dosage. 
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This should be considered when comparing direct shear tests results obtained by 

means of other types of test setups. 

• A linear increase of direct shear stresses is observed as a function of fibre content. 

The direct shear capacity of SFRC is clearly related to the amount of fibres 

crossing the shear crack interface. 

• A widely accepted standardized test method should be developed in order to 

reduce experimental scatter and increase the reproducibility of test results. 

Thereby, the following remarks should be made: 1) asymmetric failure is more 

likely to occur for low reinforcement ratios (Vf < 20 kg/m³) and 2) for higher fibre 

dosages, the shear strength of SFRC increases and compression failure at the 

supports is possible and an adaptation of the notch depth is needed. 

Similar to the approach applied for the Mode I analytical model based on single fibre 
pull-out, a direct shear analytical model for SFRC has been developed making use of single 
fibre transverse pull-out. It can be concluded that the developed model is able to simulate 
the direct shear behaviour by taking into account a combination of fibre pull-out, coulomb 
friction and aggregate interlock. In this way, the concept of a cohesion plus friction shear 
stress transfer model is extended to the application of steel fibre reinforced concrete. The 
strength of the model follows from the integration of fibre pull-out mechanisms by means 
of a semi-analytical transverse pull-out model which is able to deal with different strengths 
of both fibres and concrete, fibre dosage and fibre shape. 
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5 FULL SCALE SHEAR TESTS 

5.1 Introduction 

The shear capacity of reinforced and prestressed concrete has been the subject of 
comprehensive research since the past century [1] (see also Chapter 3). The complex nature 
of shear can be attributed to a number of different parameters influencing the shear 
behaviour such as concrete strength, longitudinal reinforcement ratio, shear span to depth-
ratio, element height, cross-section type, aggregate size, shear reinforcement ratio and load 
conditions. As a consequence, high scatter of test results is observed in experiments and 
therefore, research efforts are still undertaken to improve existing shear strength models 
and to better understand the shear failure mechanisms. 

Since, the tailoring and placement of traditional stirrups is considered to be labour 
intensive by precast concrete manufacturers, alternatives to avoid traditional stirrups will 
be of great economic benefit. Typically, prestressed large span concrete elements, are often 
designed to resist high bending moments and relatively limited shear forces. In these cases 
where minimum required traditional shear reinforcement should be placed, as obliged by 
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current design provisions for RC structures [2, 3], a viable solution can be found by using 
steel fibres [4-8]. 

Although the feasibility of steel fibres to replace traditional stirrups either completely 
or partially has been investigated and proven over the past two decades by several 
researchers [8-12], the number of practical applications is yet limited and engineers are not 
familiar with this new technique. The reasons for this are twofold. Firstly, shear test results 
for fibre reinforced prestressed or non-prestressed concrete elements are derived from 
experiments on relatively small specimens which do not match realistic dimensions of 
structural elements. Therefore it is necessary to extend the existing shear test database with 
results from full-scale tests on large span girders. A second reason is that only a few design 
standards [2, 13] have shear provisions for elements reinforcement with fibres. Recently, 
this drawback was recognized by the International Federation for Structural Concrete (fib) 
and in the current Model Code 2010 (MC2010) [2] two calculation methods are presented 
for the shear capacity of FRC elements. 

In order to investigate the shear capacity of full-scale girders, prestressed elements were 
made by Megaton (a Flemish precast concrete company, part of the Willy Naessens Group) 
and tested under laboratory conditions (at Ghent University). In total, 23 shear tests have 
been conducted on prestressed concrete girders comparing plain concrete reference girders 
with SFRC girders with a fibre dosage ranging between 20 and 60 kg/m³. This chapter 
provides a detailed overview and discussion of all obtained test results from the full span 
girders as well as the additional specimens used to determine the SFRC material properties. 
To allow a more thorough investigation of the crack propagation, the post-cracking shear 
behaviour of the girders is monitored by means of a Digital Image Correlation (DIC) 
technique covering the complete shear critical area and a 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 span prestressed precast SFRC girders, 
experimental shear tests are conducted on nine I-shaped girders manufactured by Megaton 
(a Flemish precast concrete company, part of the Willy Naessens Group). All girders have 
a constant height of 1 m. The cross-sectional dimensions and prestress strand configuration 
is shown in Fig. 5.1. The prestressing is achieved by means of high strength 12.5 mm 
strands pretensioned at an initial tensile stress equal to 1453 N/mm². The initial prestressing 
force for each strand equals 135 kN. In the girders cross-section, mild reinforcement is 
placed at the upper side to resist tensile stresses when the girder is loaded by its self-weight 
and prestress only. 
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Fig. 5.1 - I-shaped cross section (dimensions in mm) 

Table 5.1 – Shear reinforcement and designation for each girder 

Girder Designation Shear Reinforcement 

1 REF Plain concrete 

2 REF/ TR Plain concrete / Traditional stirrups (1) 

3 TR Traditional stirrups 

4 20A 20 kg/m³ RC-80/30-CP 

5 20B 20 kg/m³ RC-80/30-CP 

6 40A 40 kg/m³ RC-80/30-CP 

7 40B 40 kg/m³ 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/m³ RC-80/30-CP 

(1) At one side of the beam, traditional transvers reinforcement is placed and the other side of the beam is 
plain concrete. 

For all of the SFRC girders, the fibre volume varied between 20 and 60 kg/m³. In order 
to decrease the risk of fibre blocking due to limited free space between the prestress strands 
(i.e. 35 mm), it was decided to use short fibres. All used SFRC mixes contained high 
strength cold drawn wire hooked-end fibres (type DRAMIX RC-80/30-CP). This type of 
fibre has a length of 30 mm, a diameter of 0.38 mm and a wire tensile strength of at least 
3000 N/mm². This high performance steel fibre is combined with a concrete strength class 
of C50/60. Preliminary to the casting of the girders at the precast company, the SFRC mix 
composition has been optimized and trial batches were mixed first in the quality control 
laboratories of the admixture supplier. After obtaining evidence of good mixability, 
workability and strength development of the mixes, the mix compostion as shown in Table 
5.1 has been chosen for the production of the girders. 
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Table 5.2- Constituents of used concrete mix [kg/m³] 

Constituent Dosage [kg/m³] 

Sand 0/1 202 

Sand 0/4 674 

Crushed limestone 2/6 257 

Crushed limestone 6/14 566 

CEM I 52.5 R/HES 390 

Fly ash 60 

Water 190 

Superplasticizer 2.61 

RC-80/30-CP 20-60 

 

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

  

  
Fig. 5.2 - Production process: a) charging of the concrete bucket, b) filling of the formwork, c) 

demoulding and d) application of prestress 
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During casting of the girders, additional samples and specimens are cast from the same 
SFRC batch: 

• 3 fresh concrete samples with a volume of eight litre are taken in order to 
determine the fibre content in the fresh state.  

• 12 cubes with a side length 150 mm, for determination of the compressive strength 
on three cubes for the age of 2, 7, 14 and 28 days (EN 12390-3). 

• 4 cylinders with a diameter equal to 150 mm and a height of 300 mm, for 
determination of the compressive strength at 28 days (EN 12390-3) and the 
modulus of elasticity (NBN B 15-203) 

• 4 prisms were vertically casted to perform tests to evaluate the shrinkage (2 tests 
according to NBN B 15-216) and creep (2 tests NBN B 15-228).  

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

After one day, the girders were demoulded (Fig. 5.2c) and when the cube compressive 
strength exceeded 50 N/mm² (at an age of about 2-3 days), the pretensioned prestressing 
strands are cut and the prestress is applied on the girder (Fig. 5.2d). The girders are stored 
in the production hall of the precast manufacturer and at the age of about 28 days, the 
girders are transported to the laboratory hall of Ghent University for testing. 

5.2.2 Shear test programme & measurements 

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

For the shear tests done in phase 2, the a/d-ratio is either 2.5 or 3.0. A schematic of all 
different test setups adopted in this study is shown in Fig. 5.3. As a result of these test 
combinations, a total of 23 different shear tests are performed on 9 precast prestressed 
girders. 
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Table 5.3- Test matrix with indication of concrete compressive strength, used test equipment, a/d 
and testing age. 

Test Nr. Designation Phase a/d 
Shear 

reinforcement 
fcm,cyl 

[N/mm²] 
Age 

[days] 
DIC 

1 1-2.5-[REF] 1 2.5 

REF 68.5 

27 - 

2 2-2.5-[REF] 2 2.5 28 Y 

3 3-2.5-[REF] 3 2.5 107 - 

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 2.5 

20A 41.0 

29 Y 

7 2-2.5-[20A] 2 2.5 30 - 

8 3-2.5-[20A] 3 2.5 101 - 

9 1-2.5-[20B] 1 2.5 
20B 64.8 

28 Y 

10 2-2.5-[20B] 2 3 31 Y 

11 1-2.5-[40A] 1 2.5 

40A 70.4 

24 Y 

12 2-2.5-[40A] 2 2.5 25 - 

13 3-2.5-[40A] 3 2.5 73 - 

14 1-2.5-[40B] 1 2.5 
40B 58.8 

25 Y 

15 2-3.0-[40B] 2 3 26 Y 

16 1-2.5-[20+20] 1 2.5 
20+20 56.1 

26 Y 

17 2-3.0-[20+20] 2 3 28 Y 

18 1-2.5-[60] 1 2.5 

60 66.5 

26 Y 

19 2-3.0-[60] 2 3 28 Y 

20 3-2.5-[60] 3 2.5 71 Y 

21 1-2.5-[TR] 1 2.5 
TR 73.2 

26 Y 

22 2-2.5-[TR] 2 2.5 27 - 

23 3-2.5-[TR] 3 2.5 67 - 
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Fig. 5.3- Adopted test setups for phase 1 to 3 for both a/d equal to 2.5 and 3.0 (dimensions in m) 
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The girders with a height of 1000 mm have an effective depth equal to 886 mm. For the 
adopted shear span-depth ratios equal to 2.5 and 3.0, a concentrated load is applied at a 
distance of 2210 mm and 2660 mm from the support respectively. Rather than to support 
the beam at its physical end, the supports are placed at the beginning of the I-section zone. 
In this way, the shear cracks will occur only in the thin web section and the undesired 
beneficial effect of the rectangular end-blocks has been avoided. The point-load is applied 
by means of a hydraulic jack with a capacity of 1000 kN and a load pad of 400 mm by 
160 mm (i.e. for the complete width of the flange). The girder is supported by means of a 
hinge at one end and by means of a roller at the other support. The roller support is located 
nearest to the point load. During testing, the applied load is manually controlled at a load 
rate equal to 25 kN/min. At intermediate stages, the load was kept constant in order to 
perform manual control measurements of the deflections and strain deformations. 

During testing, displacements at the point load, at midspan, at an extra point in between 
the midspan and the other support and at the supports are monitored by means of linear 
variable displacement transducers (marked with red symbols on Fig. 5.3). For the shear 
critical area, the shear crack propagation is captured by means of a grid of extensometers 
at one side of the girder and by means of a Digital Image Correlation (DIC) technique at 
the other side. The position of the extensometers for each test is given in Appendix C.  

The DIC-technique is fully covered in [14]. In brief terms, DIC is an optical technique 
which gives the displacement field that provides the best correlation between the image of 
a deformed surface (i.e. during testing) and a reference image of the undeformed surface. 
Hence, by using a DIC-technique, it is possible to monitor continuously the full-field shear 
deformations within a selected area of interest. This area is divided into a dense grid of 
analysis points. To quantify this correlation, a sum of squared differences (SSD) is 
calculated for every point within the grid, comparing the grey values of a square subset of 
pixels around the point in the reference image with the same – but transformed by an 
assumed displacement field – subset in the deformed image. The displacement of that point 
is then obtained by minimizing this SSD-function. Full-field information is obtained by 
interpolation between the points within the grid.  

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

The covered area and DIC-test setup is shown in Fig. 5.4. Two monochromatic 5 MPx 
cameras were positioned next to each other and directed perpendicular towards the surface. 
The overlap between images of both cameras is 100 mm, allowing to combine the images 
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of both cameras into a composite analysis, and thus covering the total area of interest. Two 
diffuse light sources were adopted. Their position was empirically optimized with the aim 
to provide a uniform light intensity over the entire area of interest. The DIC analysis was 
performed using proprietary VIC3D-software (version 2009).  

 
Fig. 5.4 – Test setup adopted for the DIC - measurements 

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

Table 5.4 – Maximum DIC measurement error for all monitored 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 the DIC technique is around 0.034 mm at 
average. This is acceptable as it corresponds with 0.007% 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-batches is determined by means of three-point 
bending tests according to NBN EN 14651. Fig. 5.5 shows the obtained post-cracking 
behaviour in terms of the average residual stress plotted as a function of crack mouth 
opening displacement (CMOD). The individual test results can be found in Appendix B. 

 

 
Fig. 5.5 – Average flexural stress-CMOD curves for girders 20A, 20B, 40A, 40B, 20+20 and 60. 

Regarding the post-cracking behaviour of all concrete mixes, it can be concluded that 
even for relatively low amount of fibres (e.g. girder 20B) the residual flexural stress 
increases significantly. However, for girder 20A, the residual stresses immediately after 
cracking are only 50% of the cracking stress. For SFRC mixes with fibre dosages of 40 or 
60 kg/m³, the flexural stresses increase directly after cracking. The SFRC-mix with 60 
kg/m³ of fibres revealed pure hardening behaviour with a maximum stress around 11 
N/mm² at a crack opening of about 1 mm. 

In order to characterise the post-cracking performance, the residual flexural stresses at 
defined crack opening displacement (CMOD) values are considered (Eq. 5.1).  
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R,i
R,i 2

sp

3F l
f

2bh
=  Eq. 5.1 

with i=1..4, respectively for CMOD values 0.5, 1.5, 2.5 and 3.5 mm and in which FR,i 
is the applied load at CMOD = i, l the span length (i.e. 500 mm), b the width of the prism 
and hsp the height of the prism above the notch. The bending tensile strength or Limit of 
Proportionality (LOP) is calculated as 

f L
ct ,L 2

sp

3F l
f

2bh
=  Eq. 5.2 

In which FL is the load corresponding to the LOP defined as the highest load in the 
CMOD-interval 0-0.05 mm. 

The average values of fR1 and fR3 and their corresponding characteristic values are 
summarized in Table 5.5. The relationship between both residual stresses fR1 and fR3 and 
nominal fibre content is shown in Fig. 5.6. 

Table 5.5 - SFRC properties 

Girder # tests 
(k) 

Vf 
[kg/m³] 

fLm 

[N/mm²] 
fLk 

[N/mm²] 
fR1,m 

[N/mm²] 
fR1,k 

[N/mm²] 
fR3,m 

[N/mm²] 
fR3,k 

[N/mm²] 

20A 3 (1.91) 20 3.76 3.59 2.59 1.73 4.09 2.84 
20B 6 (1.71) 20 4.17 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 3.41 

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/m³ of short fibres and 20 kg/m3 of long fibres. 

 

 
Fig. 5.6 – Average and characteristic values of fR1 and fR3 for all of the SFRC mixes 

From Fig. 5.6 (left), it can be concluded that for low crack openings (cf. CMOD = 0.5 
mm), the increase of post-cracking strength is an almost linear function of fibre content. 
For higher crack widths (cf. CMOD = 2.5 mm), the mutual interaction of fibres (see Section 
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2.2.2) will cause lower increase of residual stresses as a function of Vf. This mutual fibre 
interaction is related to the fibre density and spalling at the crack interface due to inclined 
fibre pull-out [16-18] (see Section 2.2.2). Given the observed trend of fR3 as a function of 
fibre content, it can be expected that for fibre dosages higher than 60 kg/m³ the residual 
flexural stress fR,3 will not increase significantly. 

Besides the average values for fR1 and fR3, attention should be given towards the scatter 
of test results which will be of great importance with respect to the economical use of fibres, 
where characteristic values have to be implemented in shear design equations. The 
observed scatter for all fR-values, in terms of Coefficient of Variation (CoV), is shown in 
Fig. 5.7.  

 
Fig. 5.7 – CoV for the residual stresses fR as a function of CMOD for all of the SFRC mixes 

For all different values of residual stresses, the coefficient of variation (CoV) ranges 
from 5 to 37 %. The average values of CoV for fR1 and fR3 are equal to 21 % and 18 % 
respectively. In literature, typical values for the CoV can be found around 15-20 % for 
laboratory conditions and up to 30-35 % for in-situ production conditions [19, 20]. Based 
on the observed values of CoV for each series, corresponding characteristic values for the 
residual stresses fRi,k are calculated as follows: 

( )Rk Rmf f 1 k CoV=  −    Eq. 5.3 

In which k [21] is a constant value as a function of the number of tests (see Table 5.5). 

Due to a high scatter of test results for girder 40B, lower characteristic residual stresses 
are obtained for this SFRC mix compared to the mix of girder 20B. The higher CoV of fR 
for girder 40B and 20+20, can be attributed to a bad dispersion of fibres. After testing, a 
study of the crack plane revealed that fibres initially glued together did not fully dissolve 
during mixing (see Fig. 5.8). Therefore, proper mixing and quality control is needed for 
production environments in order to guarantee an economic use of steel fibres. 
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Fig. 5.8 – Incomplete dispersion of fibres for girders 40B 

In Model Code 2010 [2], the residual flexural stress values have to meet specific 
demands in order to guarantee the mechanical performance of SFRC and in order to use 
steel fibres as structural reinforcement for concrete elements. Fibres can either partially or 
completely replace conventional reinforcement when the following conditions are met: 

R1k Lkf 0.4f>  Eq. 5.4 

R3k R1kf 0.5f>  Eq. 5.5 

The first requirement (Eq. 5.4) has to be fulfilled in order to provide the SFRC sufficient 
capacity to arrest the occurrence of a first crack. Eq. 5.5 requires that the post-cracking 
tensile stresses for higher crack widths are high enough and sufficient ductility is provided 
to the SFRC. Additionally, MC2010 suggests that the minimum shear reinforcement can 
be replaced by fibres when the residual post cracking stresses of the SFRC are high enough. 
In general, sufficient post-cracking member ductility is expected when the following 
condition is fulfilled: 

Ftuk ckf 0.08 f≥  Eq. 5.6 

Taking into account the values of Table 5.4 and Table 5.3, the conditions of Eq. 5.4, 
Eq. 5.5 and Eq. 5.6 are fulfilled for all of the girders (see Table 5.6).  

Table 5.6 - Verification of SFRC performance according to MC2010 

Girder fR1k/fLk > 0.4 fR3k/fR1k > 0.5 fFtuk / √fck > 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 1.11 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 (except for the girders 20A and 40A), the 
amount of fibres in the fresh concrete are determined. At three different times: at the start 
of the casting (T1), halfway the casting process (T2) and at the end of the casting process 
(T3), recipients with a fixed volume of eight litres are filled with concrete and fibres are 
washed out immediately. Then, the fibres are extracted by means of a magnet and weighed 
and expressed as the mass of fibres per unit volume. All results are summarized in Table 
5.7. 

Table 5.7 - Verification of SFRC performance according to MC2010 

Girder 
T1 

[kg/m³] 
T2 

[kg/m³] 
T3 

[kg/m³] 
Avg. Vf,exp 

[kg/m³] 
Vf,exp / Vf,nom 

[-] 
St. Dev. 
[kg/m³] 

CoV 

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 49.5 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 Table 5.7, the measured fibre contents are 
different from the nominal fibre content: for mixes 20B, 40B and 60, the deviation of the 
nominal fibre content is in an acceptable range of 15 % [22, 23]. For mix 20+20, the 
measured fibre content is 24% higher with respect to the nominal fibre content on average. 
At time T1, the measured fibre content is 43% higher than expected. 

Hardened state 

The fibre content in hardened state is measured by using cores, extracted from the web 
of the girders. For each test shear zone, the fibre content in the shear critical area is 
determined on six individual cores of which the positions are shown in Fig. 5.9. After 
drilling, the cores are crushed in a hydraulic press after determining the core volume and 
weight. Then the obtained concrete pieces containing fibres are further crushed manually 
and fibres are extracted with a strong magnet, cleaned and weighed. For all of the tested 
girders, the obtained average, minimum and maximum fibre dosages are shown in Fig. 
5.10. A complete overview of fibre dosages per core is given in Appendix C. 
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Fig. 5.9 – Location of cores for each shear critical zone 

 
Fig. 5.10 – Average, minimum, maximum and CoV (dotted line) for the ratio between counted and 

nominal fibre dosage per tested area. 

As can be seen from Fig. 5.10, the measured fibre content based on core-drilling is 
ranging between +/- 20% of the nominal fibre content, which is higher than the values 
obtained from the fresh concrete tests. When comparing the experimentally obtained fibre 
content from both fresh and hardened concrete, no clear correlation can be found. Only for 
the mix containing 60 kg/m³ of fibres, both methods yield an experimental fibre content 
which is about 5 to 10 % higher than the nominal fibre content. 

5.2.3.3 Fibre reinforcement ratio 

Since the flexural response of the tested SFRC prisms is inherent to number of fibres 
crossing the crack-plane, an additional investigation towards the amount of fibres in a 
cross-section has been conducted. After conducting the flexural tests, a 10 mm thin slice 
has been cut out mechanically near the notched cross-section. The obtained surfaces were 
then grinded and coloured black in order to obtain a good contrast between concrete and 
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fibres. By means of a flat-bed scanner, the cross-sections were scanned and fibres were 
counted in a drawing software program. In this way, the fibre location and the total number 
of fibres present in the cross-section are determined. An example is shown in Fig. 5.11. 

     

 
Fig. 5.11 – Scanned image and corresponding digitalisation (SFRC mix containing 60 kg/m³) 
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In order to compare cross-sections of SFRC containing different types of fibres, the 
amount of fibres is expressed as a fibre reinforcement ratio ρf given by 

fN

f ,i
i 0

f
c, tot

A

A
=ρ =
∑

 
Eq. 5.7 

In which Nf is the amount of fibres in the cross-section, Af is the fibre cross sectional 
area and Ac,tot is the total (concrete and fibres) surface area considered. 

The relationship between the observed fibre reinforcement ratios and corresponding 
nominal fibre content is shown in Fig. 5.12. 

 
Fig. 5.12 – Fibre reinforcement ratio as a function of nominal fibre dosage 

As can be seen from Fig. 5.12, the number of fibres in the analysed cross-sections is 
higher than expected when assuming a full random distribution (cf. Eq. 3.51). Based on a 
linear regression analysis of the experimental results, a value of 0.6815 for the orientation 
parameter αe is obtained.  

Considering only series 20A, 20B, 40A, 40B and 60, the average number of fibres and 
inherent CoV (between brackets) crossing a vertical plane is equal to 336 (23%), 739 (24%) 
and 953 (13%) for fibre dosages equal to 20, 40 and 60 kg/m³. As can be seen, the observed 
scatter of the number of fibres is in a cross-section is of the same order of magnitude than 
the scatter observed for the residual flexural stress parameters fRi. The relationship between 
the fibre reinforcement ratio and corresponding values of fRi are shown in Fig. 5.13 
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Fig. 5.13 – fR-values as a function of fibre reinforcement ratio ρf 

From Fig. 5.13, the relationship between the amount of fibres and the residual flexural 
stress at a CMOD of 0.5 mm is quasi linear. Hence, at low values of CMOD, the post-
cracking tensile stress can be expressed as the product of the number of fibres and an 
average bond stress. For increasing CMOD, the quasi-linear relationship changes to a non-
linear relationships and the increase of post-cracking stress is less than proportional to the 
amount of fibres. This implies that for higher fibre dosages, the anchorage capacity of fibres 
decreases due to mutual interaction and damage of the concrete matrix. This phenomenon 
is described in Chapter 2. 

5.2.4 Prestress losses due to creep and shrinkage 

For prestressed girders, the time dependent effects such as shrinkage and creep will 
reduce the initial prestress. In order to estimate this effect, for each girder standard 
shrinkage and creep tests are conducted according to the Belgian standard NBN B 15-216 
and NBN B15-228 respectively. 

The shrinkage tests were started as early as possible (1-4 days) after casting of the 
girders. In order to compare the shrinkage of the different concrete batches, the relative 
shrinkage strain increase starting from the ages of t0 = 4 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 specimen. 

Regarding the curves in Fig. 5.14, the relative drying shrinkage between the age of 4 
and 28 days, is about 350 to 450 x 10-6. For the girder 20A, a slightly higher shrinkage 
strain at 28 days of 550 x 10-6 is observed. This can be attributed to the high water to cement 
ratio which also caused the decrease of compressive strength.  

Creep tests are conducted on concrete prisms, subjected to a fixed initial compressive 
stress equal to 11.5 N/mm². Since the girders are only subjected to the prestress from the 
moment when the concrete strength is sufficiently high (> 40 N/mm²), the creep tests are 
initiated between the ages of 7-12 days. All individual test results are given in Appendix B. 
The prestressing losses at 28 days due to the combined effects of creep and shrinkage are 
given in Table 5.8. 

Table 5.8 – Prestressing loss for the tested girders 

Girder 
∆σs,s 

[N/mm²] 
∆σs,c 

[N/mm²] 
∆σs,tot 

[N/mm²] 
η 
[-] 

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 SFRC mix 20A has the most shrinkage and 
creep (prestress loss η around 0.80) compared to the other SFRC mixes for which a 
prestress loss of about 0.90 has been observed. 

Concerning these values, it has to be emphasised that the effects of creep and elastic 
deformation will be lower than measured on the reference prisms. For the creep tests on 
standard prisms, the stress is kept constant during testing, while in reality, due to creep, 
skrinkage and relaxation phenomena, the prestress decreases and the effects will be auto-
balanced, causing a less severe creep deformation as measured on the standard prisms. 

5.3 Shear behaviour of girders 

5.3.1 Failure mechanisms 

For the tested girders, different failure mechanisms have been observed. During 
testing, two stages can be distinguished: 1) a linear elastic phase and 2) a shear cracking 
phase, starting with the occurrence of the first diagonal crack in the thin web and with 
the formation of additional parallel cracks for higher load stages. Initially, due to the 

prestressing force, some limited vertical bending cracks are present at the top of the girder. 

When increasing the shear load, a first shear crack starts to develop in the right upper 
corner of the thin web. These cracks further propagate and new cracks are formed parallel 

to these cracks for increasing shear loads (see Fig. 5.15). Due to the high level of prestress, 
the diagonal cracks are formed before bending cracks are visible and as a result, web-
shear cracks instead of flexural shear cracks are formed up to failure of the girder. 

 

 
Fig. 5.15 – Typical shear crack formation observed from testing (cf. test 40B-2.5-1). 

The first inclined cracks in the upper corner tend to open until relatively small crack 
widths of about 0.5 mm. A major diagonal shear crack is quite suddenly formed at the 
imaginary line between the support and the point load. The energy release is high and the 
crack opens directly for about several millimetres in case of lower fibre content. The load 
at which this first major diagonal shear crack is formed, is taken as the shear cracking load 
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Vcr. For SFRC girders with higher values of fR3, the shear crack is arrested much faster and 
the energy release rate is significantly lower. 

Further increase of the shear load will increase the shear critical crack opening until 
crack openings between 3 to 10 mm (see Appendix C). When reaching the ultimate shear 
capacity, excessive crack deformation and inherent stiffness reduction of the thin web 
occurs and all shear forces are transmitted directly through the compressed upper flange 
and (partially) decompressed lower flange. Eventually, shear failure is reached by either: 

• Crushing of the web under the shear critical crack (WC) 

• Failure of flanges (FL) 

• Failure of interface between the lower flange and web (IL) 

• Failure of interface between the upper flange and web (IU) 

• A combination of above mechanisms 

Examples of these main failure mechanisms are shown in Fig. 5.16 - Fig. 5.20. 

 

Fig. 5.16  – Web crushing failure as observed for test 40B-3.0-2 

 
Fig. 5.17  – Failure of lower flange and interface between upper flange and web as observed for 

girder test REFTR-3.0-2 

WC 

FL & IU 
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Fig. 5.18  – Failure of flanges as observed for test 20A-2.5-1 

 
Fig. 5.19  – Failure of interface between lower flange and web as observed for test 60-3.0-2 

For the girders with traditional reinforcement, the stirrups fail in tension and the energy 
release causes a sudden collapse of both upper and lower flanges. A still of the shear failure 
is shown in Fig. 5.20. For all of the tested girders containing steel fibres less explosive 
failures are observed with respect to the beams with traditional reinforcement.  

 

Fig. 5.20  – Explosive failure of flanges as observed for girder test TR-2.5-1 

 

 

 

IL 

FL 
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5.3.2 Load deflection curves 

An overview of all load-deflection curves is shown in Fig. 5.21.  

  

 
Fig. 5.21 – Load deflection curves for all of the tested girders 

For girders with a/d = 2.5, it can be observed that the stiffness of the girder is slightly 
affected by the formation of shear cracks. Indeed, flexural cracks are only formed for shear 
loads close to the ultimate shear capacity. Due to the difference in span length the deflection 
response of all girders is stiffer for subsequent phases 1 to 3. In case of a higher shear span 
(a/d = 3.0), the formation of flexural cracks occurs at lower shear loads, causing an increase 
of deflection for load levels similar to tests with a/d =2.5. 

5.3.3 Shear cracking and maximum loads 

For all of the conducted shear tests, the experimentally obtained shear cracking load 
Vcr, maximum shear strength Vu and the observed inclination of compression strut θ are 
summarised in Table 5.9. 
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Table 5.9 – Overview of cracking shear load, ultimate shear load and shear cracking inclination 
angle for all of the tested girders. 

Test 

Nr. 
Designation Phase a/d 

Shear 

reinforcement 
Vcr [kN] V u [kN] 

θ 
[°] 

# 

cracks 

Failure 

mechanism 

1 1-2.5-[REF] 1 2.5 
REF 

444 702 22 1 IL 
2 2-2.5-[REF] 2 2.5 415 647 19 4 WC 

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 2.5 

20A 

459 756 21 2 FL 

7 2-2.5-[20A] 2 2.5 424 781 23 1 IL 
8 3-2.5-[20A] 3 2.5 449 609 20 2 IU 

9 1-2.5-[20B] 1 2.5 
20B 

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 

40A 

545 799 24 4 WC & IL 

12 2-2.5-[40A] 2 2.5 530 809 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 
40B 

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 
20+20 

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 

60 

390 672 25 2 WC 

19 2-3.0-[60] 2 3 452 627 26 1 IL 
20 3-2.5-[60] 3 2.5 449 721 24 3 - 

21 1-2.5-[TR] 1 2.5 
TR 

483 855 25 4 FL 
22 2-2.5-[TR] 2 2.5 565 875 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 the ultimate shear strength of FRC girders, 
the relationship between the shear capacity and the values of average residual stress fR3,m 
as shown in Table 5.5 is investigated. However, since the results of shear tests are prone to 
relatively high scattering, it should be noted that finding a correlation between the ultimate 
shear capacity and the fR3-values can be difficult. This was evidenced by earlier research 
[12] from which no clear correlation between the residual flexural strength of the SFRC 
and the shear strength of the girders could be found. In Fig. 5.22, the ultimate shear capacity 
is plotted as a function of fR3,m. 
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Fig. 5.22 – Ultimate shear capacity as a function of fR3,m 

For the conducted shear tests, it can be observed in Fig. 5.22 that the increase of 
maximum shear capacity as a function of fRm,3 is relatively moderate. This can be attributed 
to the relatively high contribution of the prestress to the shear capacity whereby the 
beneficial effect of fibres is less pronounced. In case of a/d equal to 2.5, a clear influence 
of the test phase is observed with respect to the relationship between the shear capacity and 
fR3,m. For the shear tests with a/d equal to 2.5 tested in phase 1, no increase in shear strength 
is observed for fRm,3 values higher than about 7 N/mm², while this is not the case for phase 
2. This indicates that an increased shear capacity is found with increasing fR3 (increasing 
fibre content), yet that for higher fR3-values other shear failure mechanisms can start 
governing, preventing the further linear increase in shear capacity as a function of fR3. This 
is explained in more detail at the end of this section. 

In general, the shear critical area is always near the end-blocks and phase 1 and 2 will 
be more representative for realistic situations. However, it is found that when shear failure 
occurs in the absence of a rigid end-block (i.e. phase 3), it is easier for the shear critical 
area to deform and a lower shear capacity is observed for girders REF, 20A and 40A. Hence 
for phase 3, the linear increase of shear capacity as a function of fRm,3 is less steep. 

Regarding the observed failure mechanisms, for all of the girders tested with a shear 
span to depth ratio equal to 2.5 and with the presence of the end block, the arching effect 
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will become more important and loads are partially transferred directly towards the 
supports through the compressive zone and the end block. For the same a/d equal to 2.5 but 
for the tests of phase 3, the shear critical area is not confined by the rigid end block and can 
be deformed more easily. This results in a lower shear strength. Yet, for all of the tests done 
with an a/d ratio equal to 3.0, a more clear influence 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 at high post-cracking flexural stress levels 
as observed in phase 1 (see Fig. 5.23) can be found in the micromechanical observations at 
the shear crack 

 

 
Fig. 5.23 - Difference in shear crack behaviour between low (left) and high (right) fibre dosages. 

Since the compressive strut stress levels are expected to be higher for a/d = 2.5 with 
respect to a/d = 3, the described mechanisms are observed for tests with a/d = 2.5. The high 
anchorage stresses at the fibre ends and the perpendicular compressive stresses in the strut 
cause a biaxial state of stress in the concrete at the strut edges. Moreover, for increasing 
post-cracking tensile stresses, the shear capacity of the girders is expected to increase 
together with the compressive stresses in the struts. However, the biaxial state of stress 
failure envelope will cause that the concrete matrix will fail to provide sufficient anchorage 
capacity to the fibres and a fracture zone around the shear crack will be enlarged. Hence, 
with increasing fibre content, this fracture zone becomes more pronounced. This effect will 
cause a loss of fibre efficiency when the width of the damaged zone around the main crack 
is equal to the fibre length, as illustrated in Fig. 5.23.  

The load at which the first shear crack will occur is mainly dependent on the concrete 
tensile strength, the effective prestress and the load configuration. Therefore, the ultimate 
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shear capacities should be approached carefully. Since fibres become active after cracking, 
it is interesting to evaluate the influence of fibres in terms of post-cracking shear capacity 
(i.e. the gain of shear strength after first cracking occurs, Fig. 5.24). 

 
Fig. 5.24 – (Vu-Vcr)/Vcr-ratio as a function of fR3m. 

When looking more into detail to the values of (Vu-Vcr)/Vcr obtained for the shear tests 
with a/d = 2.5 for phase 1 and 2, no clear correlation with respect to fR3 can be found, due 
to high scatter. Hereby, the increase in shear capacity is less clear than observed in Fig. 
5.22. The high scatter of (Vu-Vcr)/Vcr for a/d = 2.5 for phase 1 and 2, may possibly be due 
to outliers in the observed values of Vcr (being taken as the first major shear crack 
observed), influenced by direct load transfer effects and the presence of the stiff end-block 
and whereby a significant scatter on cracking loads is typical for concrete in general. For 
the test conducted with a/d = 2.5 in phase 3, a more clear correlation between the shear 
strength increase after cracking and fR3,m is observed. The value of (Vu-Vcr)/Vcr increases 
linearly from 20 % to almost 50 % for the girder containing 60kg/m³ of fibres. For the 
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girders tested in phase 2 with an a/d ratio equal to 3.0, an increase of (Vu-Vcr)/Vcr  with 
respect to fR3,m is observed with values ranging from 20 % to 40 %. These 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 crack displacements. For each state of 
deformation captured by the cameras, the applied shear load is known. Based on the post-
processing of the DIC measurements, virtual extensometers are placed over the observed 
main cracks (Fig. 5.25) and as a result the relationship between shear load and crack 
deformation can be obtained. In Fig. 5.26, the crack width of the dominant shear cracks is 
given as a function of applied load. Hereby, the crack opening is considered by a virtual 
extensometer, positioned central over the shear crack. 

For all of the conducted shear tests, the shear crack propagation has been captured by 
means of a grid of extensometer. Since the information obtained from the DIC is more 
accurate and can be used to monitor the shear crack displacement of a single crack, the 
obtained data from the extensometers is merely used as an additional source of information 
when applied in combination with the DIC measurements. For the girders tested without 
DIC, the data gained from the extensometers is more valuable. 
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Fig. 5.25 – Principal tensile strain (range = 0 – 5 %) development for the combined regions of 
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In this way, the relationship between applied shear load and measured crack opening of 
the dominant shear cracks is obtained for all test series (see Fig. 5.26). 
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 Fig. 5.26 –Shear load as a function of crack width for all considered dominant shear cracks 

From Fig. 5.26, it can be observed that increasing fibre content reduces significantly 
the crack widths after initiation of cracking occurs. While for the girder with 60 kg/m³ of 
fibres the load increases after an initial crack width of 0.5 mm, the shear crack widening is 
dramatically higher for the plain concrete girders, where the initial shear crack propagates 
to at least 2 mm directly after cracking.  

Hence, it can be concluded that for these prestressed SFRC girders, the effect of fibres 
is more important with respect to shear crack control in the thin web, compared to the 
increase of the ultimate shear capacity. This crack control effect diminishes near ultimate 
with crack widths beyond 5 to 6 mm. At this point of crack deformation, the shear loads 
are more similar. This is due to the fact that the ultimate limit state is governed by the 
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presence of a compressed upper and partially decompressed lower flange. Hence, the shear 
crack propagation behaviour shows that shear cracks can propagate up to 10 mm, which is 
far beyond the ultimate limit state of reinforced structures. These results prove that the 
ultimate shear capacity at such high deformations is less affected by the presence of fibres, 
and is merely affected by the presence of the compressed flanges and therefore, the 
beneficial effect of fibres is also evaluated in terms of crack arresting ability. In view of 
these observations, an ultimate limit state can also be defined in terms of a critical crack 
opening rather than the ultimate load. This is done in Fig. 5.27, considering a predefined 
ultimate crack opening of 2.5 mm and expressing the results as a function of flexural stress 
fR3,m. For the tests in which the DIC technique was not used to measure the shear crack 
width propagation, values measured by means of digital extensometers were used instead.  

 
Fig. 5.27 – Shear capacity at 2.5 mm crack width as a function of fR3. 

Comparing Fig. 5.27 with Fig. 5.22, the same trends are observed, yet the enhancement 
effect of the fibres becomes more pronounced. For the tests conducted in phase 1 for a/d = 
2.5, for fR3-values higher than 8 N/mm², a decrease of shear strength has been observed 
(Fig. 5.27, top left). For the girders tested in this work, the shear capacity Vu,2.5 was 
increased up to about 32% and 78% (fR3,m equal to 9.9 N/mm²), for an a/d equal to 3.0 and 
2.5 respectively. 
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Fig. 5.28 – Ratio of (V2.5 - Vcr)/Vcr as a function of fR3,m 

When comparing Fig. 5.28 with Fig. 5.24, the beneficial effect of fibres to enhance the 
shear strength of prestressed concrete girders becomes more clear. For all of the girders 
without shear reinforcement, the cracking shear load Vcr and the shear load at a crack 
opening of 2.5 mm are almost equal. When fibres are added to the concrete (and fR3 

increases), the post-cracking response of the web is enhanced significantly. For all of the 
tested SFRC girders, the ratio between (V2.5-Vcr)/Vcr increases linearly as a function fR3,m. 
The highest increase has been observed for the girder tests with an a/d equal to 2.5 (up to 
80 %). For a shear span to depth ratio equal to 3.0, the increase is less pronounced up to 40 
% for fR3,m-values equal to 9.9 N/mm². 

In addition to the relationship between shear load and shear crack opening (Fig. 5.26), 
the slip displacement behaviour of major shear cracks has been determined by means of the 
post-processing of the DIC-images. In Fig. 5.28, the obtained crack opening-slip relations 
are shown for all girders for which the DIC measurement technique is applied. Thereby, 
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only the main critical shear cracks have been taken into account. For the majority of all 
tests, one or two shear cracks were dominant with respect to the crack propagation 
behaviour. 

 
Fig. 5.29 – Shear crack propagation behaviour for girder 20A-Phase 1 

 

 
Fig. 5.30 – Shear crack propagation behaviour for girder 20B 
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Fig. 5.31 – Shear crack propagation behaviour for girder 40A -Phase 1 

 
Fig. 5.32 – Shear crack propagation behaviour for girder 40B 

 

 
Fig. 5.33 – Shear crack propagation behaviour for girder 20+20 
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Fig. 5.34 – Shear crack propagation behaviour for girder 60 

 

 
Fig. 5.35 – Shear crack propagation behaviour for girder REF 
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Fig. 5.36 – Shear crack propagation behaviour for girder TR 

 
Fig. 5.37 – Shear crack propagation behaviour for girder REF/TR 
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5.4 Conclusions 

Based on 23 shear tests on prestressed concrete SFRC girders without shear 
reinforcement, it can be concluded that steel fibres can increase the shear strength of 20 m 
span full-scale girders. For the tested configurations (up to 60 kg/m³ of steel fibres), an 
increase in capacity i.e. at a crack opening equal to 2.5 mm up to about 80% is obtained 
with respect to plain concrete prestressed girders. The failure aspect of the girders is 
characterised by the development of basically one or two critical shear crack(s) in the web. 
By excessive deformation of the web and relatively high crack openings, the girder 
eventually fails in shear by a collapse of the upper and lower flanges. 

It is found that the influence of fibres towards the ultimate shear strength of prestressed 
SFRC girders is limited for high values of fR3. For this test programme, this was observed 
for fR3-values higher than 7-8 N/mm² in case of a/d equal 2.5. This limiting effect is 
attributed to the biaxial stress state in the strut next to the shear cracks, causing fibres to 
lose anchorage capacity and effectiveness. For higher shear span to depth ratios, the beam 
action is more important than the arch action of the girder, which resulted in higher shear 
capacity for a/d equal to 2.5 versus 3.0. 

Investigating the shear crack propagation by means of Digital Image Correlation, it has 
been observed that for thin web prestressed girders, fibres are most effective in the post-
cracking stage for arresting sudden crack propagation. Due to the high prestressing level, 
the crack propagation of the first shear crack is sudden with crack widths up to 4 mm for 
girders without fibres. By adding fibres, the propagation of the first shear crack is more 
controlled and arrested at lower crack widths. 

From production quality control tests, it is concluded that attention should be paid 
towards the production process of SFRC in practical environments in order to guarantee a 
sufficient SFRC quality level and inherent reduction of 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 goes back to the development of the 
Compression Field Theory (CFT), later followed by the Modified Compression Field 
Theory (MCFT) to introduce the influence of tension stiffening. The MCFT has been 
developed by Vecchio & Collins during the 1980’s [1, 2]. For an overview of existing shear 
behaviour models, reference is made to Chapter 3. 

Starting from the MCFT, and as will be further outlined in this chapter, the shear 
capacity of reinforced concrete members has been implemented in a sectional analysis tool 
in order to predict the shear capacity of reinforced (RC) and prestressed concrete (PC) 
elements with or without shear reinforcement, and including both traditional stirrups and/or 
SFRC as shear reinforcement. The model is developed based on a number of assumptions 
which are made based on the observations from the experimental and analytical work as 
described in Chapters 4 and 5. The most important difference with existing analysis tools 
based on the MCFT is the implementation of the post-cracking behaviour of SFRC.  
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Based on observations from experimental tests on full-scale prestressed SFRC girders, 
the model is developed with the following assumptions or considerations: 

• Regarding the propagation behaviour of the critical shear crack, it has been 
observed for the girders in this test programme that the opening of the shear crack 
was dominant compared to the shear slip. As a consequence, the aggregate 
interlock mechanisms will be less important than the axial stress transfer between 
inclined cracks due to fibre pull-out. 

• In the classical formulations of the MCFT, the tension stiffening effect is 
considered to be the main contribution to the shear strength of reinforced 
concrete. However, without the presence of traditional stirrups, the post-cracking 
residual stresses can only be transmitted due to the pull-out of fibres.  

• The shear failure of SFRC girders is assumed to be governed by exhausting the 
pull-out capacity of all fibres crossing the crack plane for higher crack openings.  

• The biaxial stress state in the web struts causes a local shear-tensile failure of the 
concrete matrix and the anchorage capacity in the damaged zone around the shear 
crack is lost. For SFRC with high values of fR3, the post-cracking tensile strength 
cannot be fully developed and the shear capacity of the girders is not increasing 
proportionally with respect to the residual flexural strength as determined from 
standard testing of prisms. 

The developed analysis tool is used to describe the shear failure behaviour in terms of 
applied shear load and inherent average crack width propagation and the modelled curves 
are compared with respect to the experimentally observed crack opening behaviour. 

6.2 Model formulation 

6.2.1 General 

The developed sectional analysis tool is based on the strain compatibility and force 
equilibrium as defined in the original MCFT. Thereby, the cross-section height is divided 
into a finite amount of layers with a fixed height. For every layer, based on a given strain 
distribution, the corresponding stresses are calculated. In order to obtain the shear load 
acting on a girder as a function of shear deformation, equilibrium has to be obtained, both 
at the level of the individual layers, as well as at the level of the complete cross-section, 
and this applied for each deformation step.  
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6.2.2 Constitutive laws 

6.2.2.1 SFRC in tension 

In literature, different models are suggested in order to model the post-cracking stress 
crack opening relationship. In this study, the model proposed in Chapter 4 (section 4.2) has 
been taken into account. Hereby, the principal tensile stress active in a crack is only carried 
by the fibre pull-out forces. These stresses have to be in balance with the stresses in the 
concrete in between the cracks (see Fig. 6.1).  

 
Fig. 6.1-Force equilibrium for sections in between cracks (plane A) and at the crack (plane B) 

Regarding Fig. 6.1, considering two parallel planes A (in the strut) and B (in the crack), 
equilibrium of horizontal forces FA and FB is obtained when the conditions of Eq. 6.1 is 
met. 

( )f f ,B ct c f ,A 1 f f,AA f A A E Aσ = − + ε∑ ∑ ∑  Eq. 6.1 

With Af,A and Af,B the total cross-section of fibres crossing the crack and in between the 
cracks, respectively. Ef is the modulus of elasticity of the fibre material, ε1 is the principal 
tensile strain and σf is the post-cracking tensile stress of SFRC at a crack opening w. 
Defining the geometrical percentage of fibre reinforcement as the ratio of Af/Ac and 
assuming Af,A is equal to Af,B, Eq. 6.1 can be rewritten as: 

( )f ct f 1 f ff 1 Eσ = − ρ + ε ρ  Eq. 6.2 

Due to the presence of a principal compression stress σ2 in the struts, the biaxial stress 
state will cause the concrete to rupture in tension for values of the principal tensile stress, 
which are lower than the uni-axial tensile stress. In order to deal with a biaxial tensile failure 
of concrete, a simplified reduction of the allowable axial tensile strength of concrete as a 
function of lateral compressive stress in the struts is adopted as given by Eq. 6.3. 

2
ct ,max ct

c,cyl

f f 1
f

 σ= +  
 

 Eq. 6.3 

In which σ2, is the compressive stress in the struts (i.e. a negative value). 
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The value of σf(w) is calculated taking into consideration the simplified trilinear 
constitutive stress-crack opening law as proposed in Chapter 4, Section 4.2 (see Fig. 6.2). 

 
Fig. 6.2 - Schematic representation of the tri-linear stress-crack opening law for SFRC 

For all of the girders, the parameters defining the post-cracking Mode I constitutive law 
are summarised in Table 6.1. The values given herein are obtained by applying Eq. 4.4 – 
Eq. 4.11 from Chapter 4, Section 4.2.3.  

Table 6.1 – Values of σf,1, σf,2 and w2 for all of the girders. 

Girder fct [N/mm²] σf,1 [N/mm²] σf,2 [N/mm²] w2 [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-cracking law for SFRC, a certain error has to 
be dealt with. In order to estimate the inherent modelling error, the stress-CMOD curves as 
determined by taking into account the values of Table 6.1 are compared with respect to the 
average of experimentally obtained curves (Section 5.2.3). 

 

T
e

ns
ile

 s
tr

es
s 

[N
/m

m
²]

Crack opening [mm]

(0,fct)

(0.015,σf,1)

(Lf/4,0)

(w2,σf,2)



Shear behaviour model 

201 

 

 

 
Fig. 6.3 – Comparison between modelled and experimental average three-point bending test results 

As can be seen from Fig. 6.3, the proposed tri-linear model can be successfully used to 
model both the pseudo-hardening and pure hardening post-cracking behaviour of SFRC 
subjected to a standard three-point bending test. Further evaluation of the accuracy has been 
done by considering the error between the average experimental curve and the modelled 
flexural behaviour. In Fig. 6.4, this relative error is plotted as a function of CMOD. 
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Fig. 6.4 – Relative error between model and experimental result as a function of CMOD 

In general, the relative error (Fig. 6.4) is lower than +/-10% for all of the considered 
SFRC mixes. For a CMOD value lower than 2 mm, the use of the proposed tri-linear model 
tends to yield mostly an underestimation of residual flexural strength between 0 and 10 %, 
while for CMOD-values higher than 2 mm, a better prediction is made, except for the SFRC 
mix 40B. This can be attributed to the mixture of both short and long fibres, for which the 
adopted model is not calibrated. For mix 20A, this general trend is not observed and the 
model error has been found to be more constant for about 5-10 %. 

For the post-cracking tensile stress-strain response of girders without SFRC and with 
tradional stirrups, a tensions stiffening law is adopted according to Eq. 6.4 (see also 
Chapter 2).  

( ) 1
1, 1

2 11
res cm

C
f f

C
ε

ε

 
 =
 +   

Eq. 6.4 

In which C1 is taken equal to 0.375, and C2 is taken equal to 1500 in case of the presence 
of a web reinforcement. For the combination of stirrups and steel fibres, the proposed model 
can not be used and further research is needed to derive empirical values for C2. 

For all of the plain concrete girders [REF] and [REF/TR]-Phase 1, the adopted post-
cracking softening law is assumed to be bi-linear as described 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, the constitutive law as described in fib 
bulletin 42 “constitutive modelling of high strength / high performance concrete” [3] is 
considered. This constitutive relationship is a function of the principal compressive strain 
(Fig. 6.5). 
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Fig. 6.5-Schematic representation of the uni-axial stress-strain compressive curve for concrete 

(adapted from fib bulletin 42 [3]) 

By assuming this compressive law, the effect of fibres on the post-peak toughness in 
compression is neglected. However, it is assumed to be less important with respect to the 
evaluation of the shear behaviour, since no compressive shear failure has been observed. 
The secant modulus, Ec1 is defined as the slope between the points zero stress and maximum 
stress fcm. 

The compressive stress strain curve shown in Fig. 6.5 is mathematically described by 
means of the following relationship: 

2

c2 cm

k
f

1 (k 2)

 η − ησ = −  + − η 
   for    c c,limε < ε  Eq. 6.5 

with 

cm

c2

E
k

E
=  Eq. 6.6 

c

c2

εη =
ε

 Eq. 6.7 

In which Ecm and Ec2 are the tangential and secant modulus of elasticity, εc2 is the 
compressive strain at maximum compressive stress (fcm) and εc,lim is the ultimate 
compressive strain. 

By fitting the compressive stress strain curves derived from compression tests on 
cylinders at the age of 28 days (all individual test result can be found in Appendix B), the 
values of k and εc2 have been determined for the concrete in this test programme (see 
Chapter 5, Section 5.2.3). An overview of all values obtained from this curve fitting 
analysis is given in Table 6.2.  
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Table 6.2 – Compressive stress-strain curve shape parameters 

Girder fcm [N/mm²] Ecm [N/mm²] k εc2 [-10-3] 

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 reinforcement steel used for the stirrups, are 
determined by means of an axial tensile tests on two different bars extracted from the girder 
[TR]. The stress-strain response of both reinforcement bars is shown in Fig. 6.6 (left). After 
reaching the maximum tensile stress at a strain of 0.045, a descending branch has been 
adopted in order to provide numerical stability for large strain deformations (up to 0.15 
mm/mm). In order to model the stress-strain relationship of the prestressing strands, a 
multi-linear stress strain relationship is assumed as shown in Fig. 6.6 (right). 

 
Fig. 6.6 – Adopted stress-strain curve for reinforcement steel (left) and prestressing strands (right) 

6.2.3 Layer equilibrium 

For every layer, the equilibrium and compatibility conditions according to the Modified 
Compression Field Theory has to be fulfilled. For each ‘sectional’ iteration in between 
incremental shear deformation steps, the longitudinal, vertical and shear strains are known 
for every layer. The calculation procedure initiates with the calculation of principal tensile 
strain (ε1), compressive strain (ε2) and the inherent inclination of the compression struts (θ). 
The convention of signs is according to Fig. 6.7: 
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Fig. 6.7 – Definition and conventions of signs for local and principal strains and stresses. 

In Fig. 6.7 (right), a cracked element subjected to the in-plane shear and normal stresses 
is shown. The element contains two cracks width equal crack widths (w), dependent on the 
principal tensile strain (ε1) and average crack distance (smθ). 

For plain stress analysis, the strain compatibility equations as derived by Mohr’s circle 
can be obtained [1, 2, 4, 5]. 

( )2 2
y x xyx y

1 2 2

ε − ε + γε + ε
ε = +  Eq. 6.8 

( )2 2
y x xyx y

2 2 2

ε − ε + γε + ε
ε = −  Eq. 6.9 

In which εx is the longitudinal strain, εy is the transverse strain and γxy is the shear strain. 

To avoid further rotating of the principals stresses after crack formation, the calculation 
of the inclination angle will only be performed before cracking occurs [6, 7]. Hence, the 
inclination of the compressive struts is calculated by: 

( )x 2

xy

arctan 2
 ε − ε

θ =  
γ  

 1 crε ≤ ε  

Eq. 6.10 

crθ = θ  cr 1ε < ε  

In which the cracking strain is given by: 

ct
cr

cm

f

E
ε =  Eq. 6.11 

After reaching the tensile strength of concrete, the post-cracking residual tensile 
strength of SFRC is evaluated as a function of the crack width w. This crack width is 
calculated as the product of the principal tensile strain ε1 and the average shear crack 
spacing smθ (see Eq. 6.12 and Eq. 6.13). 
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m 1w s θ= ε  Eq. 6.12 

m

x y

1
s

sin cos
s s

θ = θ θ+
 

Eq. 6.13 

With sx the distance between horizontally aligned longitudinal reinforcement and sy the 
distance between stirrups. In case of absence of stirrups, sy can be taken equal to the 
specimen dimensions. For the conducted analysis of the tested girders, the crack spacing 
values for sx and sy are taken equal to the internal lever arm of the cross-section (i.e. 836 
mm) and the height of the thin web (i.e. 615 mm) respectively. 

When the principal tensile (σ1) and compressive stresses (σ2) are known, the local 
stresses in the layers can be obtained. Therefore, the principal secant stiffness matrix is 
assembled and then converted to a local secant stiffness matrix. The principal stiffness 
matrix Dc is given as: 

c2

c c1

c1 c2

c1 c2

E 0 0

[D ] 0 E 0

E E
0 0

E E

 
 
 
 =
 
 
 + 

 Eq. 6.14 

The values of Ec2 and Ec1 in the stiffness matrix Dc are the secant moduli in compression 
and tension respectively, given by: 

2
c2

2

E
σ=
ε

 Eq. 6.15 

1
c1

1

E
σ=
ε

 Eq. 6.16 

In which σ1 is obtained by means of the tri-linear stress-crack opening law defined in 
Section 6.2.2.1(Fig. 6.2 and Table 6.1) and σ2 is obtained by means of the constitutive law 
defined in Section 6.2.2.2. 

Then, the stiffness matrix in the principal axis coordinate system is converted to the 
local coordinate system using the transformation matrix T: 

[ ] [ ][ ]T

c,loc cD T D T  =   Eq. 6.17 

In which T is given by 
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2 2

2 2

2 2

cos sin cos sin

T sin cos cos sin

2cos sin 2cos sin cos sin

 θ θ − θ θ
 = θ θ θ θ 
 θ θ − θ θ θ − θ 

 Eq. 6.18 

With the angle θ, the inclination of the compressive strut according to Eq. 6.10. 

For each layer containing either longitudinal or transverse reinforcement, the local 
stiffness matrix is updated as follows 

,

0 0

[ ] 0 0

0 0 0

l s

tot c loc t s

E

D D E

ρ
ρ

 
  = +   
    

Eq. 6.19 

For each layer, the stresses in the local coordinate system can be derived by  

[ ]
x x

y tot y

xy xy

D

   σ ε
   σ = ε   
   τ γ   

 Eq. 6.20 

The local stresses in both the reinforcement (longitudinal and vertical) and the (fibre 
reinforced) concrete are obtained by 

sx x sEσ = ε  Eq. 6.21 

sy y sEσ = ε  Eq. 6.22 

cx x s sxσ = σ − ρ σ  Eq. 6.23 

One of the assumptions of the sectional analysis implies that no vertical concrete 
stresses act in the cross section. In order to obtain a stress state in each layer for which the 
vertical stress component is equal to zero, each time before performing the next iteration 
step, the vertical strains are updated as follows: 

y,i
y,i 1 y,i

tot,i 22
D+

σ
ε = ε −

  
 Eq. 6.24 

With [Dtot,i]22 the element of the total local stiffness matrix located at the second row 
and second column. 

6.2.4 Section equilibrium  

At the beginning of each incremental deformation step, the deformation of the cross 

section is defined in terms of average longitudinal strainε , curvature χ  and average shear 

strain γ  (see Eq. 6.25).  
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[ ]U

ε 
 = χ 
 γ 

 Eq. 6.25 

The value of average strain and curvature of the cross-section defines the strain at each 
layer by 

 

 
Fig. 6.8 – Schematic of the layer discretisation of the cross-section and inherent strain and stress 

profiles. 

x,i i

H
y

2
 ε = ε − χ − 
 

 Eq. 6.26 

The stresses in the section are obtained per layer element as explained in Section 6.2.3. 
By summing the stress resultant for every layer of the cross-section, the normal force is 
obtained as follows: 

n

cx,i i i s sx p px
i 1

N h b A A
=

= σ + σ + σ∑  Eq. 6.27 

In which tensile and compressive stresses are taken positive and negative respectively. 
The internal bending moment and shear load are given by Eq. 6.28 and Eq. 6.29 
respectively. 
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n

i cx,i i i i s sx i p px
i 1

M z h b z A z A
=

= σ + σ + σ∑  Eq. 6.28 

n

cxy,i i i
i 1

V h b
=

= τ∑  Eq. 6.29 

Equilibrium is obtained when the internal forces resultants N, M and V in the cross-
section equals the external forces. Hence, for a prestressed cross-section subjected to both 
a shear and bending load, N equals zero (tensile stresses in the prestress strands are in 
equilibrium with the compressive stresses in the concrete) and M has to be equal to the 
external moment taken as the shear load V multiplied with the distance from the analysed 
cross-section to the nearest support. According to Bentz [8], the cross-section that has to 
be taken into consideration to evaluate the shear strength is situated at a distance d from the 
loading point (see Fig. 6.9). 

In order to reach equilibrium of sectional forces, the assumed longitudinal strain 

distribution ( ,ε χ ; Eq. 6.27) has to be updated in the iterative process. This is done by 

means of the linear elastic axial and bending stiffness of the cross-section as follows: 

ext int
i 1 i

c c

N N

A E+
−ε = ε +  Eq. 6.30 

int
i 1 i

c c

Va M

E I+
−χ = χ +  Eq. 6.31 

For the update of the shear strain distribution over the cross-section depth, the method 
as described by Vecchio [2] is adopted. Basically, the rate of change of longitudinal stresses 
between two sections defines the shear stress acting on the considered layer (see Fig. 6.9). 
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Fig. 6.9 – Shear and moment at the analysed section (left) and the free body diagram (right) for the 

dual section analysis. 

Considering two sections, located on a fixed distance s from each other, the normal 
force Eq. 6.32 acting on a layer at the left section and the right section are in equilibrium 
when a given horizontal shear component fi is acting in between the layers (Eq. 6.33). 

cx,i i i s s p spn h b A A= σ + σ + σ  Eq. 6.32 

i 1 i sec t2 sec t1f f n n+ = + −  Eq. 6.33 

Based on the reciprocity principal of shear stresses, rotational equilibrium of the free 
body diagram (Fig. 6.9, right) yields the expression to calculate the shear force vi. 

i i 1
i i

f f
v s h

2
++=  Eq. 6.34 

From which the updated shear stresses can be computed as 

i
cxy,i

i i

v

b h
τ =  Eq. 6.35 

The derived updated shear stress profile is then compared with the initially assumed 
profile and when the error is too large, the derived updated shear stress profile is then 
assumed for the next iteration step.  

For each load step, the calculation converges when the iteratively updated strain profile 
(εx) and shear strain profile (γxy) result in (1) internal forces (Eq. 6.27 till Eq. 6.29) which 
match those corresponding with the acting loads, and (2) the shear stress profile as derived 
by Eq. 6.20 which matches the shear stress profile as derived 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 behaviour obtained by the model. In 
general, five key points can be defined which characterise the entire analytically obtained 
shear behaviour of the prestressed SFRC girders. By monotonically increasing the shear 
strain, the first phase consist of a linear elastic increase (A) of the shear load until first 
cracking occurs (B). At this point, a first layer of the thin web will be cracked and the 
sectional stiffness reduces further upon more layers reaching a principal tensile stress in 
excess of the tensile strength of concrete (taking into account the biaxial stress state). The 
softening phase of the girder section is maintained until cracks have been formed over the 
entire height of the web (C). 

After the formation of cracks for all of the web layers the shear load increases further 
thanks to the fibres acting. Hereby, the post-cracking tensile stress reaches a peak for a 
crack width value about equal to w2 in the tri-linear constitutive law (see Table 6.1). At this 
point (D), the post-cracking shear curve tends to flatten because the secant stiffness Ec1 for 
each layer will decrease as a function of increasing shear strain (and inherent principal 
tensile strain). Finally, the ultimate shear strength is reached (E) for a given deformation 
state of the analysed section. After point (E), the increase of shear deformation will cause 
an average decrease of shear stresses in the considered section and a residual branch is 
observed. The calculation procedure is then stopped to avoid excessive deformations. 

 
Fig. 6.10 – General output of the sectional model with indication of key points A-E 

In order to get more insight into the complete shear behaviour of a given section of a 
SFRC girder, subjected to the combined effects of prestress, curvature and shear 
deformation, reference is made to Fig. 6.11 till Fig. 6.13 (this calculation corresponds with 
a prestressed girder with geometrical properties similar to the girders studied in Chapter 5 
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and with arbitrarily chosen material parameters). These figures show the evolution of shear 
strains and stresses, crack width, orientation angle, and principal compressive and tensile 
stresses; and are shown with respect to the 5 key points as defined in Fig. 6.10. 

  
Fig. 6.11 – Evolution of shear strain (left) and crack width (right). 

 
Fig. 6.12 – Evolution of shear stresses (left) and principal tensile stresses (right). 

 
Fig. 6.13 – Evolution of principal compressive (left) and orientation angle of principal stresses 

(right). 

In general, the evolution of the shear strain profile is very similar to the evolution of 
the crack width. Hence, the crack width is a multiple of the principal tensile strain which is 
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directly influenced by the acting shear strain. As a consequence, for I-shaped girders, the 
sectional analysis tool can be used to understand how the section fails and how cracks 
propagate for increasing shear deformation. By means of 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 principal tensile stresses increase between 
points B and D, and that for higher crack openings, the post-cracking tensile strength is 
decreasing. When the stiffness of the web is reduced significantly at higher crack widths, 
the shear stresses developed in the thin web are decreasing and the shear stresses in the 
upper and lower flanges are further increasing. At the top and bottom flanges, the same is 
observed in terms of the principal tensile stresses, yet these remain relatively low in contrast 
with the principal compressive stresses. Due to the presence of the wider flanges with 
relatively high shear and compression stresses, the cross-section can build up residual shear 
capacity after excessive cracking of the web until ultimate failure is reached. 

As a concluding remark, it has to be emphasised that the cross-sectional analysis 
method is most suitable to analyse a beam-type shear failure rather than an arch-type shear 
failure. Therefore, it can be expected that the shear strength of girders will be 
underestimated for lower values of shear span to depth ratio 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 and the corresponding crack opening is 
the crack spacing. Hence, an incorrect implementation of the crack spacing can lead to a 
different post-cracking shear behaviour of the cross-section. This can be considered as the 
main drawback in the use of the MCFT cross-sectional model. 

In order to verify the influence of the crack spacing smθ (sx, sy, θ) on the shear behaviour, 
four different combinations of the distances sx and sy (Eq. 6.13) have been chosen arbitrarily 
to run different analyses. The following combinations are being investigated (compared to 
the original analysis, with distances sx = 836 mm and sy = 615 mm): 

• 200 mm by 200 mm 

• 200 mm by 2000 mm 

• 2000 mm by 200 mm 

• 2000 mm by 2000 mm 

A comparison between all obtained shear responses is shown in Fig. 6.14 (this 
calculation corresponds with girder 40A).  
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Fig. 6.14 – Influence of crack spacing (sx and sy) on the modelled post cracking shear behaviour of 

prestressed SFRC girder 40A (test 2.5-2). 

The stiffest response is obtained for an assumed crack spacing of 200 mm by 200 mm 
(more yet finer cracks). A large reduction of residual shear strength is observed for a crack 
spacing equal to 2000 mm by 2000 mm (larger cracks). From Fig. 6.14, it can be further 
observed that the shear response is most influenced when both distances sx and sy are 
increased simultaneously. When only one of both is increased while the other is maintained 
constant, only a limited reduction in the post-cracking capacity is observed. On overall, the 
sensitivity of the model with respect to the predicted crack spacing remains acceptable. The 
assumed approach to estimate the crack spacing gives more 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 opening behaviour has been measured by means 
of either the DIC technique (see Chapter 4) or by means of the grid of extensometers (see 
Appendix C). Since the sectional shear behaviour model can be used to calculate the 
relationship between applied shear load and corresponding average crack width (see Fig. 
6.15 till Fig. 6.22), the experimentally observed shear behaviour is compared with respect 
to the modelled post-cracking shear behaviour. The experimental curves in Fig. 6.15 till 
Fig. 6.22 are taken as follows: for the shear crack opening curves obtained by the DIC-
technique the black-grey lines represent the individual crack propagation behaviour of the 
critical shear cracks, denoted in the legend by crack 1, crack 2, etc. In case of tests on 
girders for which the crack propagation is evaluated by means of a grid of extensometers, 
the applied shear load is plotted against the extensometer elongation (in the legend of the 
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figure, the extensometer number is given). When multiple cracks pass through the 
measurement range of the extensometer, the represented crack openings are cumulated and 
hence, these curves are less accurate than those obtained by means of the DIC-technique. 

 

  
Fig. 6.15 – Comparison between experimentally obtained and modelled shear load –crack opening 

behaviour for the girders without shear reinforcement. 
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Fig. 6.16 – Comparison between experimentally obtained and modelled shear load –crack opening 

behaviour for the girder [20A] 

 
Fig. 6.17 – Comparison between experimentally obtained and modelled shear load –crack opening 

behaviour for the girder [20B] 
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Fig. 6.18 – Comparison between experimentally obtained and modelled shear load –crack opening 

behaviour for the girder [40A] 

 

 
Fig. 6.19 – Comparison between experimentally obtained and modelled shear load –crack opening 

behaviour for the girder [40B] 
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Fig. 6.20 – Comparison between experimentally obtained and modelled shear load –crack opening 

behaviour for the girder [20+20] 

 

 
Fig. 6.21 – Comparison between experimentally obtained and modelled shear load –crack opening 

behaviour for the girder [60] 
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Fig. 6.22 – Comparison between experimentally obtained and modelled shear load –crack opening 

behaviour for the girders with traditional stirrups 

As can be seen from the comparison between modelled and experimentally observed 
shear crack opening behaviour, the developed model is underestimating the shear strength 
shear strength for the girders tested with an a/d ratio equal to 2.5. For the tests conducted 
with an a/d ratio equal to 3.0, the sectional analysis tool provides better predictions. This 
observation can be explained by the increase of the shear strength due to arch action, which 
will have more influence on the observed shear capacities 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 experimentally obtained and calculated shear 
strength. In addition to the comparison between the maximum shear loads, another 
comparison is made for the shear strengths obtained at a critical shear crack opening equal 
to 2.5 mm. 
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Fig. 6.23 – Parity diagram for experimental and modelled 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 model is yielding a conservative prediction 
of the maximum shear strength. When considering the shear capacity at a crack opening of 
2.5 mm, the model is more accurate and less conservative. This reveals again that the model 
is unable to reflect the experimentally observed additional capacity due to a degree of direct 
load transfer. 

The influence of residual stress fR3 on the shear capacity at 2.5 mm crack opening is 
shown in Fig. 6.24. It can be observed that for the girders with traditional shear 
reinforcement, a good prediction has been made with the sectional model and for girders 
made of SFRC with fFtu-values higher than 2 N/mm². For girders with relatively low values 
of fFtu (i.e. lower than 2 N/mm² and plain concrete), the shear capacity has been 
systematically underestimated.  

 

Fig. 6.24 –V2.5,exp/Vcal as a function of fFtum (SFRC and REF) or ρwfym (TR). 
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6.4 Conclusions 

Based on the equilibrium and compatibility equations from the modified compression 
field theory, a sectional model to analyse the shear response of a prestressed fibre reinforced 
concrete cross-section has been developed. Thereby, existing sectional modelling tools are 
taken as the basis for further development by including the post-cracking tensile strength 
of SFRC through a tri-linear constitutive law as proposed in Chapter 4. 

In order to understand possible modelling errors because of the assumption of a 
simplified tri-linear constitutive relationship for SFRC, the modelled stress-CMOD curves 
have been verified with respect to the average experimentally obtained three-point bending 
test results (SFRC quality control tests on standard prisms). In general, it can be concluded 
that the adopted tri-linear post-cracking tensile law for SFRC is yielding a modelling error 
of less than 10 % over the CMOD range up to 4 mm. The modelling error due to the adopted 
compressive stress-strain law implemented is kept minimal by curve fitting the 
experimental cylinder compressive test results. 

This analysis tool is used to obtain the relationship between general deformations in 
terms of shear strain, curvature and crack width propagation with respect to the applied 
shear load. The model output is compared with the experimental results in terms of both 
shear crack opening behaviour and shear capacity. An accurate yet somewhat 
underestimating prediction of the maximum shear capacity is obtained, with an average 
ratio between Vexp and Vcal of 1.153 and a CoV equal to 16.5%. Looking to the shear 
strength at a critical shear crack opening equal to 2.5mm (V2.5,exp), the model strength 
prediction is slightly more accurate with an average ratio of V2.5,exp/Vcal equal to 1.096 and 
a CoV of 16.4%.  

It is emphasised that the modelling of the shear behaviour of SFRC elements is sensitive 
to the assumed average crack spacing. The assumption of to low crack spacing will lead to 
an overestimation of the shear capacity, while for very high crack spacing, the crack widths 
are higher for comparable levels of strain. Consequently, the stiffness reduction will be 
much higher and the obtained shear capacity will be lower. Further research evidence is 
needed in order to predict the correct crack spacing. To avoid unsafe shear strength 
prediction however, the adoption of maximum crack spacing as a function of member size 
yields satisfactory shear strength predictions.  
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7 SHEAR STRENGTH DESIGN 

MODELS 

7.1 Introduction 

Recent developments and ongoing research in the field of fibre reinforced concrete 
(FRC) have led to the implementation of FRC into national and international design codes 
and guidelines [1-3], as discussed in Chapter 3. Since fibres are promising as an alternative 
for (minimum) shear reinforcement [4-9], special attention is given towards new shear 
design provisions for FRC elements. Although these design models are available and 
validated with respect to research results, the application of fibres as shear reinforcement 
for both reinforced (RC) and prestressed concrete (PC) beams is rather limited in daily 
practice. This may be due to a lack of: 

• Experience in the engineering community with respect to these design 

guidelines, also given the fact that they have been verified based on specific 

experimental data sets which are not always representative for real scale 

elements. 
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• Knowledge on the model uncertainty, making these design guidelines less 

well defined in terms of proper safety factors.  

Based on a thorough literature survey (Chapter 4), the most important shear design 
models available for SFRC elements are evaluated in this chapter, with respect to the 
obtained test results from the full scale shear tests (Chapter 5) and test results reported in 
literature. The considered shear design equations [1, 2, 6] are selected in such way that they 
can deal with the presence of a prestressing force and that the effect of fibres can be taken 
into account by means of strength parameters obtained from standardised tests on the FRC 
composite.  

In addition to the existing shear strength equations, an alternative shear strength 
equation for prestressed SFRC elements is proposed. This new engineering model is a 
derivation of the developed detailed analytical procedure given in Chapter 6, and takes into 
account the effect of broadly accepted shear influencing parameters such as size effect, 
reinforcement ratio, prestress, shear-span-to-depth ratio, concrete strength and effect of 
fibres. The proposed engineering model is formulated in a way that it is feasible to 
implement into daily practice of design engineers. 

The considered shear design equations are presented in the following and their 
theoretical or empirical background is shortly discussed. Furthermore, the accuracy of the 
models is verified against a shear test database containing test results of 99 FRC elements 
(69 RC and 30 PC). The shear test database is assembled taking into account specific 
selection criteria and relevance towards the intended assessment of the design models (i.e. 
detailed information should be available of the post-cracking strength of the FRC). To 
allow the comparison with shear test data, the design equations are converted into shear 
strength equations by taking all partial safety factors equal to unity, and by considering 
mean values of the material properties 

Based on the obtained insights on the accuracy of the shear resistance models,  model 
safety factors are evaluated by means of a Monte Carlo method [10] taking into account 
the scatter of concrete compressive strength and post-cracking capacity of FRC. In order to 
evaluate the predictive capacity of the models and inherent safety levels, a distinction is 
made between reinforced and prestressed members. Based on the obtained model 
uncertainties and scatter of base variables the existing safety margins as currently provided 
in design codes and guidelines are discussed. 

7.2 Shear strength models 

The shear strength models that are evaluated in this chapter must satisfy the following 
requirements: 
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• The influence of fibre reinforcement has to be taken into account based on the 

residual flexural parameters fR,i (Chapter 2, Eq. 2.8), determined by means of a 

standardized test method [11]. Shear strength models based on a fibre volume 

fraction and a fibre effectiveness are only considered to be valid in specific cases 

and hence, not widely applicable for design purposes. 

• The beneficial effect of a prestress force should be consistently taken into account. 

In this study, four existing shear strength models are withhold: (1) the RILEM TC 162 
model, (2) the fib MC2010 adapted shear model for reinforced concrete without stirrups, 
(3) the fib MC2010 iterative model based on the MCFT, and (4) the iterative model based 
on plasticity theory. These formulations are briefly discussed in the following sections, in 
terms of resistance models (all partial safety factors are set equal to unity and average 
values are used instead of characteristic ones) In addition, a new engineering resistance 
model is proposed. 

7.2.1 RILEM TC 162-TDF 

The RILEM model considers a separate term for the shear capacity of the fibres (see 
Chapter 3, Section 3.2.3.2), in addition to the contribution of plain concrete and 
prestressing. A further extension of the design model was done, based on available 
information in literature [12, 13], in order to be able to deal with a variation of shear span 
to depth ratio. The shear strength model VRILEM is given as follows: 

( )1
33

RILEM l cm cp f Rm,4 w

d d
V 0.18 3 k 100 f 0.15 0.5 k kf b d

a a

  = ρ + σ +     
 Eq. 7.1 

with definition of symbols as provided in Section 3.2.3, and with the SFRC being 
characterized by the post-cracking tensile strength fRm,4 at a CMOD of 3.5 mm. 

7.2.2 Model Code 2010 - A 

More recently, Model Code 2010 [1] proposed two fundamentally different design 
approaches. The first model (denoted as MC2010-A) is mainly an adaptation of the shear 
design equation for plain concrete. It is assumed [5, 14] that fibres enhance the aggregate 
interlock mechanism and hence, the beneficial effects of fibres is taken into account by 
increasing the longitudinal reinforcement ratio with a factor that includes the post-cracking 
tensile strength of fibre reinforced concrete.  

1
3

Ftum3
MC2010,A l cm cp w

ctm

d f
V 0.18 3 k 100 1 7.5 f 0.15 b d

a f

    = ⋅ ⋅ ⋅ ⋅ ρ + ⋅ ⋅ + ⋅ σ ⋅ ⋅        

 Eq. 7.2 
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with definition of symbols as provided in Section 3.1.5, and with the SFRC being 
characterized by the post-cracking tensile strength fR,3m at a CMOD of 2.5 mm (whereby 
fFtum = fR,3m/3). 

7.2.3 Model Code 2010 - B 

The second design approach is presented in the MC2010 commentary section. The 
model is based on shear design provisions for concrete members considering the calculation 
procedure for a Level III of Approximation (LoAIII) [1]. This procedure, based on the 
formulations of the Modified Compression Field Theory (MCFT) [1, 15, 16] is discussed 
in more detail in Chapter 2.  

The shear strength is calculated as follows: 

( )MC2010 B v cm Ftum wV k f f cot b z− = + θ  Eq. 7.3 

The first term between the brackets is counting for the concrete contribution as a result 
of aggregate interlocking in which the strain effect factor kv [16] is given by: 

v
x xe

0.4 1300
k

1 1500 1000 s
=

+ ε +
 Eq. 7.4 

with 

x
xe

g

35s
s

a 16
=

+
 Eq. 7.5 

As suggested in [16], sx is taken equal to the distance between horizontally aligned 
reinforcement. As the assembled shear database does not contain beams with horizontal 
reinforcement at mid-depth, Eq. 7.5 can be rewritten as  

 

Eq. 7.6 

In Eq. 7.6, the aggregate size ag is representative for the roughness of cracks and their 
capacity to transmit shear stresses. However, when the concrete compressive strength class 
is higher than C50/60, cracks will rather go through the aggregates than around them [17]. 
Therefore, the value of ag is taken equal to 0 when fcm is higher than 58 N/mm². 

The inclination of the compression strut is calculated by means of Eq. 7.7. 

( ) xe
x

s
29 7000 0.88

2500
 θ = ° + ε + 
 

 Eq. 7.7 

Both Eq. 7.6 and Eq. 7.7 require the strain at the cross-section mid-depth εx to be known. 
This strain can be estimated by taking half of the strain at the cross-section bottom [1, 18].  

35
0.9

16xe
g

s d
a

 
=  

 + 
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( )
( )( )

MC2010 B p,bot p,top p0

x

s s p p,bot p,top

M
0.5cot V A A f

z
2 E A E A A

−+ θ ⋅ − η +
ε =

+ +
 Eq. 7.8 

with M the flexural moment in the middle of the shear span, a the length of the shear 
span, η the ratio of prestress losses, fp0 the initial prestress in the prestress strands, Abot the 
section of the lower reinforcement and Atop the upper reinforcement, E the modulus of 
elasticity, whereby the indices s, p and c stand for steel, prestress strand and concrete, 
respectively. Since the value of εx depends on the maximum shear force VMC2010-B, the set 
of equations Eq. 7.5 to Eq. 7.8 is solved iteratively. 

If a compressive force is acting on the fibre at mid-depth of the section (when εx < 0), 
the additional stiffness of the uncracked concrete section Act will be taken into account. 
The strain εx is then calculated as follows:  

( )
( )( )

MC2010 B p,inf p,sup p0

x

s s p p,inf p,sup c ct

M
0.5cot V A A f

d
2 E A E A A E A

−+ θ ⋅ − η +
ε =

+ + +
 Eq. 7.9 

With Act the area of uncracked concrete, which can be taken as Ac/2. 

7.2.4 Plasticity model 

The plasticity model is typically an upper bound estimation of the resistance, 
considering large deformations in a critical shear crack. The approach is discussed in 
Section 3.2.3.1. Based on [19, 20], VPLM is given as follows: 

22 2
0* *

PLM t c

P d1 h x 1 x x
V f b f bh 1

2 a a 2 h h

 η+   = + = + −    

∑
 Eq. 7.10 

with definition of symbols as provided in Section 3.2.3.1, and with the SFRC being 
characterized by the post-cracking tensile strength fRm,3 at a CMOD of 2.5 mm (whereby 
fFtum = fRm,3/3). 

7.2.5 Proposed shear strength model 

Although the strength models based on the MCFT (Section 7.2.3) or the plasticity 
theory (Section 7.2.4) provide a more rational approach to the problem of shear, these 
models are considered to be more difficult to be implemented in the daily practice of design 
engineers. In order to overcome the iterative solution procedure, an easy to use alternative 
model has been developed which provide a more simplified yet safe shear design of FRC 
elements. By means of a thorough literature investigation, a detailed analysis of existing 
design models, and the analytical approach described in Chapter 6, the most important shear 
influencing parameters are used to propose a new shear capacity model which can deal with 
both reinforced and prestressed concrete elements. 
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The formulation of the new shear strength model will be based on both physical 
approaches and empirically evidenced assumptions. In its general form the proposed 
engineering model can be written as: 

( )PROPOSED cm Ftum wV A f Bf b z= +  Eq. 7.11 

In which the first term will be the concrete contribution and the second term is 
representing the contribution of fibre reinforcement. As a consequence, Eq. 7.11is basically 
similar to the model as proposed by MC2010 based on the MCFT. The function A will be 
dependent on parameters deterministic for the concrete contribution: the effective depth of 
the beam d, the longitudinal reinforcement ratio ρl (cf. dowel action), the shear-span-to-
depth ratio a/d, the compressive stress σcp due to prestressing and an overall correlation 
factor C. The function B is representative for the fibre contribution and is taken in relation 
to the inclination of the compressive strut θ and a fibre effectiveness factor αred. 

( )l cpA C f a,d, ,= ⋅ ρ σ  Eq. 7.12 

( )redB f ,= θ α  Eq. 7.13 

Hereby the above mentioned parameters to determine A and B, are considered as 
follows. 

• Shear span to depth ratio 

To take into account the increase of shear strength for lower values of a/d due to the 
arch effect [21], the following factor will be taken into account: 

1

3a d
f 3

d a
   =   
   

 Eq. 7.14 

• Size effect 

A size effect factor will be taken into account by means of the empirical factor as 
included in the current Eurocode 2: 

( ) 200
f d 1

d
= +  Eq. 7.15 

• Dowel action 

The contribution of dowel action is directly related to the longitudinal reinforcement 
ratio. Based on earlier research by Zsutty [22] and Kordina [23], the shear strength of beams 
without web reinforcement is correlated to the longitudinal reinforcement ratio with a factor 
given by Eq. 7.16: 
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( ) ( )
1

3
l lf ρ = ρ  Eq. 7.16 

• Prestress 

Prestressing results in increased shear capacity due to increased shear cracking load and 
longer horizontal projection length of the critical shear crack. To avoid excessive 
conservatism when determining the shear strength of prestressed elements, these beneficial 
effects of the prestressing should be dually considered.  Considering a Mohr’s circle [24], 
the influence of the prestressing on the cracking shear strength is taken into account by Eq. 
7.17.  

( ) cp
cp

ctk

f 1
f

σ 
σ = +  

 
 Eq. 7.17 

Secondly, the inclination of the shear crack is calculated by: 

cp

ck

cot 1 4
f

σ 
θ = +  

 
 Eq. 7.18 

Given the above parameters (Eq. 7.14 till Eq. 7.18), the functions A (concrete 
contribution) en B (fibre contribution) can be obtained as follows. 

The concrete contribution to the shear capacity, basically given by aggregate 
interlocking, can be related to a strain effect factor kv (Eq. 6.5). This factor kv as determined 
by the iterative MCFT based procedure described in Section 7.2.3, appears to correlate in 
a linear way with the product of the above mentioned parameters:  

( )
1

3 cp
l cp l

ctk

200 d
f a,d, , 1 3 1

d a f

  σ  ρ σ = + ρ +         
 Eq. 7.19 

The obtained correlation between kv and f(a, d, ρl, σcp) is plotted in Fig. 7.1. By means 
of a linear regression analysis the correlation factor (C) between these two parameters is 
found to be 0.388. Hence, instead of using the more complex iterative procedure, the factor 
kv expressing the concrete contribution to the shear capacity can be more simply estimated 
as A = 0.388 f(a, d, ρl, σcp). 
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Fig. 7.1 – Relationship between factor kv (Eq. 7.4) and f(a, d, ρl, σcp) (Eq. 7.19). 

The fibre contribution can be expressed as cot(θ) times fFtum. Hence, the factor B is 
equal to cot(θ) given by Eq. 7.18. Furthermore, it should be understood that the value of 
fFtum should be limited, given the limitation of stresses that can be transmitted across the 
shear crack (see Section 6.2.2.1).Indeed, given the biaxial stress state, the strength fFtum 
might not be fully developed (especially for high forces acting in the compression strut) 
and hence, the value of fFtum shall be limited to: 

Ftum

cpFtu*
ctm

cm

f

2f min
f 1

f


 σ=   − 

 

 Eq. 7.20 

Based on the above assumptions, the proposed shear strength equation can be written 
in its complete form as: 

1

3cp cp*
proposed cm Ftu w

ctk ck

200 d
V 0.388 1 1 3 f f 1 4 b z

f d a f

  σ σ   = + + ρ + +           

 Eq. 7.21 

As can be noted from the above derivation procedure the proposed engineering model 
can be regarded as a closed form version of the MC2010 MCFT 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 tests and corresponding results reported 
in the past, few research reports are available in which the residual flexural strength 
parameters of the adopted SFRC-mix is obtained by means of the standard three point 

kv = 0.3877 f(a,d,ρl,σcp) 
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bending test [11]. In some cases, these material parameters are simply not reported. The 
lack of sufficient information can be attributed to the historical use of the concept of the 
fibre effectiveness factor [25, 26] which cannot represent the real composite post-cracking 
behaviour for a wide range of combinations of fibre type, dosage and concrete strength. As 
a consequence, the most important selection criterion for the implementation of shear test 
results into the database is the availability  of measured residual tensile stresses (fR,i). 
Furthermore, the following conditions were considered in order to add test results to the 
database: the failure aspect of the FRC element is characterized by a shear failure, and only 
complete replacement of stirrups by fibres is included in this study. Because the evaluated 
resistance models include the plasticity model, which cannot be solved when there is no 
prestress force and no fibre reinforcement at the same time, the combination reinforced 
concrete without stirrups was also excluded from the database. 

Based on these criteria, a total of 99 fibre reinforced beams (30 prestressed and 69 
reinforced) are withheld in order to evaluate the considered models (see Appendix A): 

• Brite Euram project 97-4163: "Test and Design Methods for Steel Fibre 
Reinforced Concrete", as reported in  [13] and [27] 

• Parmentier [28] 

• Minelli [14] 

• Cuenca [29] 

• Soetens [30] 

• Conforti [31] 

A summary of the most important material properties, beam geometries and test results 
can be found in Appendix A. The range of values of all parameters influencing the shear 
strength are summarized in Table 7.1. 

Table 7.1 – Minimum, maximum and average (avg.) of test parameters for the considered database. 

Parameter Min. Max. Avg. 

h [mm] 300 1000 584 

fcm [N/mm²] 19.6 78.9 46.1 

fR3 [N/mm²]  (1) 1.14 9.88 4.54 

a/d [-] 0.5 4.04 2.64 

σcp [N/mm²] 0 15.54 3.23 

bw [mm] 80 890 178 

ρl [%] 0.99 5.61 1.89 
(1) for the beams tested by Minelli [14] the residual flexural parameters are derived by means of the Italian 
standard test method. The equivalent tensile strengths feq,0.6-3, is taken equal to fR3. 
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7.3.2 Database analysis 

The database of shear test results is used to evaluate the shear strength models given in 
Section 7.2. The experimentally obtained shear strength (Vexp) is compared with respect to 
the corresponding modelled shear strength (Vcal) by means of parity diagrams (Fig. 7.2) 
These diagrams give a representation of the predictive capacity of the resistance models in 
terms of overall correctness (global bias with respect to the parity line) and magnitude of 
variability in the predictions (magnitude of bias of the individual data points). 

 

 

  

            
Fig. 7.2 – Comparison between experimentally obtained (Vexp) and calculated shear capacity (Vcal) 
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If the resistance model is exact, all of the points (Vexp,i, Vcal,i) would lie on the parity 
line. However, since the values of Vexp/Vcal are not perfectly collinear, a model uncertainty 
has to be dealt with and hence, the shear strength can be expressed in terms of a correction 
factor (b) and a model error term (δ) as follows (Eurocode 0 procedure for statistical 
determination of resistance models [32]): 

exp calV b V= δ  Eq. 7.22 

In which b is derived by applying the “least square” best-fit to the slopes of Fig. 7.2, so 
that the model correction factor b can be calculated as: 

exp,i cal,i

2
cal,i

V V
b

V
= ∑
∑

 Eq. 7.23 

The error term δi for each points (Vexp,i, Vcal,i) is given as: 

δi = Vexp,i /(bVcal,i) Eq. 7.24 

It should be noted that the error term δ is lognormal distributed. The coefficient of 
variation of δ (CoVδ) is given by: 

2
LNCoV e 1δσ

δ = −  
Eq. 7.25 

with σ2
LNδ the variance of the term δ. 

For all of the considered shear strength models, the values of b and CoVδ are calculated 
for the complete database and the subsets of reinforced and prestressed concrete elements, 
respectively. All values are given in Table 7.2. 

Table 7.2 – Average relative error b and coefficient of variation of δ (between parentheses) with 
respect to the considered database subset 

Subset N° of tests RILEM MC2010-A MC2010-B 
Plasticity 

theory 
Proposed 

All 99 
1.213 

(0.448) 
1.234 

(0.406) 
1.002 

(0.372) 
0.864 

(0.284) 
1.079 

(0.333) 

RC beams 69 
1.027 

(0.424) 
0.984 

(0.313) 
0.864 

(0.330) 
0.891 

(0.312) 
1.023 

(0.359) 

PC beams 30 
1.639 

(0.198) 
1.810 

(0.213) 
1.320 

(0.223) 
0.803 

(0.202) 
1.207 

(0.200) 

 

Based on the parity diagrams shown in Fig. 7.2 and the values reported in Table 7.2, it 
can be concluded that the empirically based equations (RILEM and MC2010-A) yield more 
conservative predictions than the more rational approaches based on the MCFT (MC2010-
B) and the plasticity theory in case of prestressed elements. Hereby, it should also be noted 
that the empirical equations (RILEM and MC2010-A) are developed based on test results 
with flexural shear failure mechanism. Hence, these models are not generally applicable, 
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which is considered as a main drawback by the author. On the contrary, the more rational 
approaches deal consistently with the presence of a prestress force and, as a result, are less 
conservative in case of prestress.  

The relative frequency distribution of the ratio Vexp/Vcal is compared (Fig. 7.3) with the 
theoretical lognormal distribution function based on the values b and CoVδ given in Table 
7.2. 

 
Fig. 7.3 – Relative frequencies for the shear capacity models with corresponding lognormal 
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Considering the correction factor b in Table 7.2 and the complete set of test data, the 
empirical based models RILEM and MC2010-A provide in general conservative 
predictions by underestimating the shear strength for about 21% and 23%, respectively. For 
the model based on the plasticity theory, the shear capacity is overestimated for about 14%. 
The MC2010-B model and the newly proposed engineering model give accurate 
predictions (correction factor b ≈ 1). Regarding the values of coefficient of variation CoVδ 
in Table 7.2, for the empirical equations, a higher model uncertainty (CoV around 40-45%) 
is observed than for the rational approaches (28-38 %). Nevertheless, the obtained values 
of the coefficient of variation are not lower than 28%, as is  common observation for the 
problem of shear [33]. For the proposed engineering model the CoV equals 33%, which is 
amongst the lowest of all the considered models. Given the larger scatter for the prediction 
of the shear strength of both models RILEM and MC2010-A and its tendency to 
underestimate the shear capacity, it is clear that using these models as design equations will 
lead to (very) conservative designs. Therefore, it should be encouraged to use more rational 
approaches based on the Modified Compression Field Theory (MC2010-B and newly 
proposed engineering model) or the Plasticity Theory. 

Also looking into the subsets of reinforced or prestressed concrete members, the 
proposed engineering model gives the best performance in terms of having a correction 
factor b close to unity and a relatively low CoV (see Table 7.2). 

When a distinction is made between reinforced and prestressed concrete beams (Fig. 
7.4), a remarkable difference between the considered models has been found. Evaluation 
of the models for the 69 RC beams (Fig. 7.4 and Table 7.2), in a similar way, all the models 
yield fairly good predictions of the ultimate shear strength, with average Vexp/Vcal values 
towards unity. The CoV for the RILEM model is higher (42%) than for the other models 
which have a value of CoV around 30-35%.  

In case of prestressed beams (30 test results), Table 7.2 shows that the plasticity theory 
yields unsafe shear strength predictions while for most of the other models an excessive 
conservatism has been observed with average Vexp/Vcal values up to 1.8 for the MC2010-A 
model. The RILEM and MC2010-B model have an average Vexp/Vcal ratio of about 1.6 and 
1.3, respectively. 
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Fig. 7.4 – Distribution function of Vexp/Vcal for the subset of reinforced beams (a) and prestressed 

beams (b) 
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In the following, the influence of the material parameters residual flexural stress fR3 and 
the concrete compressive strength on the model uncertainty has been discussed in more 
detail. For the influence of the main geometrical parameters, reference is made to 
Appendix D. 

7.4.1 Influence of fR3 

In case of traditionally reinforced elements, it is often observed that the uncertainty of 
shear strength models decreases as a function of transverse reinforcement ratio [33]. The 
ratio of Vexp/Vcal as a function of residual flexural stress of the FRC is shown in Fig. 7.5. 
Hereby the CoV of the error term δ can be calculated for the RC and PC subsets (Section 
7.3.2) for a predefined interval of the residual flexural stress fRm,3 at CMOD 2.5 mm, or the 
related post-cracking stress fFtum = fRm,3/3. This allows to compare the CoVδ for lower versus 
higher values of fFtum. The chosen fFtum interval levels and corresponding coefficient of 
variation are summarized in Table 7.3 and visualised in Fig. 7.6.  

 

Table 7.3 – Influence of post-cracking stress fFtu on the values of CoVδ for each model. 

Subset # tests 
fFtu, min 

[N/mm²] 
fFtu,max 

[N/mm²] 
fFtum 

[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 

PC 
15 1.00 1.99 1.48 0.219 0.222 0.263 0.234 0.222 

15 2.08 3.29 2.80 0.150 0.183 0.160 0.172 0.155 
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Fig. 7.5 – Ratio of Vexp/Vcal as a function of average residual stress for all of the considered models 
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Fig. 7.6 – CoVδ as a function of average residual stress for RC and PC beams 

From Fig. 7.6, it can be observed that for higher values of residual stress fR3m, all the 
models yield more accurate shear strength predictions. For RC beams, the proposed 
engineering model has one of the lowest CoV (about 30%), while the RILEM model has 
CoV values between 40-50%. For the subset of PC beams, all 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 7.4.1, the influence of the concrete compressive 
strength on the prediction accuracy of the models is analysed. The individual data points 
are shown in Fig. 7.7. The calculation of the CoVδ for predefined concrete compressive 
strength intervals is reported in Table 7.4 and Fig. 7.8. Hereby, for the PC subset, typically 
higher concrete compressive strengths are applicable than for the RC subset.  

Table 7.4 – Influence of concrete compressive stress on the values of CoVδ for each model. 

Subset # tests 
fcm 

[N/mm²] 
fc,min 

[N/mm²] 
fc,max 

[N/mm²] 
RILEM MC2010-A MC2010-B Pl. Th. Proposed 

RC 
40 35.1 19.6 39.9 0.334 0.294 0.324 0.284 0.349 

29 42.5 40.1 48.3 0.528 0.328 0.283 0.345 0.310 

PC 
11 49.4 34.3 59.5 0.237 0.216 0.253 0.216 0.223 

19 67.9 62.0 78.9 0.132 0.213 0.163 0.128 0.178 
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Fig. 7.7 – Ratio of Vexp/Vcal as a function of average concrete compressive strength 
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Fig. 7.8 – CoVδ as a function of concrete compressive strength for RC and PC beams 

From Fig. 7.8 and Table 7.4, it can be observed that the accuracy of shear strength 
prediction increases for higher concrete compressive strength (though not always 
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By means of a shear resistance model, the shear strength of FRC beams can be 
predicted. However, due to the observed model uncertainties and additional scatter of 
material parameters, a proper margin of safety has to be taken into account in order to 
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a known resistance model (R) and a pre-defined target reliability index β, the design value 
of the resistance Rd can be defined such that the probability of having a more unfavourable 
value P[R≤Rd] is limited as follows (whereas for the specific case of the shear resistance 
models, R can be replaced by VR and Rd by VRd): 

[ ] ( )R Rd RP V V≤ ≤ Φ −α β   Eq. 7.26 

In which Φ is the cumulative distribution function of the standardised normal 
distribution, β is the target reliability index and αR is a FORM (first order reliability method) 
sensitivity factor for resistance according to EC0. For a design life span of 50 years and 
reliability class RC2, a value of 3.8 is adopted for β. Due to the relatively high scatter of 
the observed model uncertainty, the sensitivity factor for resistance αR is considered to be 
a dominant variable and the value of αR is taken equal to 0.8 as specified in EC0. Taking 
this into account, the failure probability has to be lower than 0.118%. 

A schematic representation of the above procedure of assessing the safety factor is 
given in Fig. 7.9. By means of the procedure a safety factor γM is evaluated which combines 
uncertainty in material properties (safety factor γM) and model uncertainty in structural 
resistance (safety factor γRd). 

 

Fig. 7.9 – Shear strength distribution obtained from Monte Carlo sampling 

VR is evaluated by taking into account the scatter of both model uncertainty and the 
mean shear strength influencing parameters (i.e. concrete compressive strength and post-
cracking tensile stress of SFRC), as given in Eq. Eq. 7.22. 

 R cal c FtuV b V (f ,f )= δ   Eq. 7.27 
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In which fck and fFtuk are the characteristic values of concrete compressive strength and 
post-cracking tensile strength of FRC respectively. The variables fc, and fFtu are lognormal 
distributed.  γM is the safety factor, which is then obtained by dividing Vcal(fck, fFtuk) by VRd. 
Under the assumption that the model uncertainty is the only parameter involved in 
obtaining a sufficient safety margin, Eurocode 0 defines that VRd can be derived on the 
basis of Eq. 7.27 as follows:  

( )( )R R

2

Rd R LN(V ) LN(V ) cal cm FtumV b exp 0.5 V (f , f ) = −α βσ − σ
  

  Eq. 7.29 

Since two of the considered resistance models involve an iterative calculation procedure 
and to allow for the treatment of fcm and fFtum as stochastic parameters, the evaluation of the 
safety factors has been systematically done by performing Monte Carlo sampling [10]. 
Hereby, the following aspects are considered: 

• A distinction is made between a reinforced concrete and a prestressed concrete 
beam. The cross-sectional dimensions and material characteristics are 
summarised in Table 7.5. 

• The safety factor γM is evaluated per resistance model, for different values of fFtum, 
given the differences of the CoVδ of the resistance models for the fFtum intervals 
assumed in Section 7.4.1 (Fig. 7.6). 

• The evaluation is done for a chosen RC and PC beam, with predefined 
geometrical dimensions (Table 7.5). It is hence assumed (due to limited available 
data this assumption could not be thoroughly verified) that the geometrical 
dimensions have no significant influence on the CoVδ of the resistance models. It 
is further assumed that the geometrical dimensions should not be treated as 
stochastic parameters. Indeed, to limit the Monte Carlo sampling space it is 
assumed that the concrete strength properties are the main governing stochastic 
parameters in the resistance models. 

• The concretes strength properties fcm and fFtum are treated as stochastic parameters, 
with a coefficient of variation on the concrete compressive strength and on the 
residual flexural strength equal to 15% and 30%, respectively. These coefficients 
of variation are typical values reported in literature (e.g. [34] for residual stress 
and for concrete compressive strength [35]).  

• The evaluation is done for a preset value fcm of 30 N/mm², to be representative for 
the RC beam, and 60 N/mm² for the PC beam. Hereby, it is assumed that the CoVδ 
of the resistance models is more or less constant for the RC and PC subset (see 
Section 7.4.2 and Fig. 7.8). 
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Table 7.5 – Stochastic variables and according safety factors relative to the average shear strength 
Vcal (fcm, fFtum) 

Property Reinforced  
[cf. Minelli] 

Prestressed 
[cf. this study] 

h [mm] 500 1000 
d [mm] 435 886 
bw [mm] 200 100 
bf [mm] 200 400 
hf [mm] 0 130 
ρl [%] 1.04 1.78 

σcp [N/mm²] 0 9.24 
a/d [-] 2.51 3 

fcm 30 60 
fR3m 2.25-4.62 4.44-8.40 

 

By using the Monte Carlo tool, 500000 different beam configurations are calculated for 
each considered shear resistance model. By means of the Monte Carlo method, the log-
normal distribution function of the calculated shear strength VR (Eq. 7.27) is obtained (see 
Fig. 7.9). As a result, the standard deviation σLNδ is known, and the safety factor can be 
determined by means of Eq. 7.28 and Eq. 7.29. 

The calculation of design shear strength VRd and inherent safety margin γM is mainly 
affected by the adopted values for b and CoVδ as obtained from the accuracy analysis of 
the resistance models versus a collected database of test results (Section 7.3). As this 
accuracy analysis has been performed on the complete database (Table 7.2) as well as the 
RC and PC subsets (Table 7.3), the same approach can be done for the evaluation of the 
safety margin. In Fig. 7.10 till Fig. 7.13, all the obtained values of VRd (denoted in these 
figures as Vd) and corresponding safety factors with respect to the shear strength V(fck,fFtuk), 
are given. 

 
Fig. 7.10 – Design shear strength (left) and corresponding safety margins (right) for the reinforced 

concrete beam case with fRm,3 = 2.25 N/mm² 

00

10

20

30

40

50

60

70

80

RILEM MC2010-A MC2010-B Pl. Th. Proposed

V
d 

[k
N

]

Complete database Reinforced only

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

RILEM MC2010-A MC2010-B Pl. Th. Proposed

V
(f

ck
,fF

tu
k)

/V
d 

[-
]

Complete database Reinforced only



Shear strength design models 

245 

 
Fig. 7.11 – Design shear strength (left) and corresponding safety margins (right) for the reinforced 

concrete beam case with fRm,3 = 4.62 N/mm² 

 
Fig. 7.12 – Design shear strength (left) and corresponding safety margins (right) for the prestressed 

concrete beam case with fRm,3 = 4.44 N/mm² 

 
Fig. 7.13 – Design shear strength (left) and corresponding safety margins (right) for the prestressed 

concrete beam case with fRm,3 = 8.40 N/mm² 
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MC2010-B and the proposed engineering model provide the highest design shear capacity 
for both cases of fR3,m equal to 2.25 N/mm² and 4.62 N/mm² while for the RILEM and 
MC2010-A, the lowest shear design strengths are obtained. Given that the calculated safety 
factors in Fig. 7.11 and Fig. 7.12 are in the order of magnitude of 2 to 3, the safety factors 
as currently adopted in design codes (i.e. 1.5) is insufficient to obtain safe design. 

For the case of prestressed concrete beams, different conclusions can be drawn. When 
considering the model uncertainty obtained from the complete database, the design shear 
strengths are in general much lower than in case of considering the subset of PC beams 
only. For the models RILEM and MC2010-A, this difference is higher than a factor 2. This 
difference is lower for the proposed engineering model and MC2010-B, as they take the 
effect of prestressing more thoroughly into account. Given the calculated safety factors in 
Fig. 7.12 and Fig. 7.13, it can be concluded that adopting a value of 1.5 for the case of 
prestressed elements will lead to over conservative designs.  

The overall prediction consistency of the proposed engineering model and MC2010-B 
model is in general better than for the other models considered in this study. The safety 
factor estimated for these two resistance models, to fulfil a target reliability index β = 3.8, 
is given in Table 7.6. 

Table 7.6 – Safety factor γM  to be applied for a target reliability β = 3.8 

VRd 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 database containing 99 shear test results from 
prestressed (30) and reinforced (69) concrete beams, it can be concluded that the empirical 
based formulations (RILEM, MC2010-A) have a higher model uncertainty than the more 
rational models (MC2010-B and plasticity theory) when the complete database is 
considered. However, when analyzing the subsets of reinforced and prestressed concrete 
beams only, all models yield similar predictions for the case of reinforced beams. The 
RILEM and MC2010-A are derived for the particular case of shear flexural failure 
mechanisms of reinforced beams. This is reflected by the high conservatism of these 
models with respect to the more rational approaches in case of prestressing. 

A new engineering model is proposed in order to obtain more accurate shear strength 
predictions and without increasing the level of calculation effort (e.g. no iterations). 
Thereby, attention is paid towards physical phenomena influencing the shear strength such 
as dowel action, shear span to depth ratio, size effect, and level of prestress. In fact, the 
model is a derivation of the more complex MCFT iterative procedure described in the 
Model Code 2010 (MC2010-B model). By comparing the experimental with the predicted 



Shear strength design models 

247 

shear test results, the proposed engineering model has been found to be feasible for both 
prestressed and reinforced concrete cases. Together with the model MC2010-B, it gives the 
most consistent and accurate predictive capacity for the complete range of variables. 

Further to the evaluation of the resistance models, their representation as design models 
aiming for a target reliability index β = 3.8 has been evaluated as well. It has been found 
that for the RILEM, MC2010-A and plasticity theory models, the currently specified safety 
factor equal to 1.5 is insufficient to provide a safe design. This value should be between 2 
and 3, depending on the considered model. For the MC2010-B model and the proposed 
engineering model, the model safety factor is in the range of 1.50-2.25 (when considering 
the complete database). 
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8 DESIGN OF SFRC ROOF GIRDERS 

8.1 Introduction 

The applicability for steel fibres as shear reinforcement will be of most economical for 
slender beams subjected to a high bending moment and relatively low shear load. Hence, 
two prestressed roof girders with a span of 20m and 23m, and taking into account realistic 
design loads, were selected for a design case. The roof girders, also designated as IV-
girders, have a variable height (roof-shaped). In Chapter 7, existing design models and a 
newly proposed design engineering model have been evaluated by means of a shear test 
database and conclusions have been drawn with respect to the overall applicability in terms 
of accuracy and inherent safety levels. Applying the developed design procedure of Chapter 
7, the roof girders have been dimensioned. As a result of the design process, a target value 
of the post-cracking strength fRk,3 is specified, which needs to be converted to a SFRC mix 
and corresponding fibre dosage. This has been done on the bases of the SFRC material 
characterisation given in Chapter 5. Following, the girders have been manufactured and 
tested in shear at both sides and the obtained shear test results 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 class is C50/60, the mild steel reinforcement 
is grade BE500-S and the characteristic yield stress of the prestressing strands is equal to 
1860 N/mm². The concrete mix composition is equal to the one used for the girders tested 
in Chapter 5 (see Table 5.2), and for which the constitutive material behaviour is reported 
in Section 6.2.2. 

8.2.2 Element geometry & design loads 

All geometrical properties of both roof girders 1 and 2 are summarized in Table 8.1. 
The critical cross-section for the shear design is found at the location where the I-shaped 
cross-section is the nearest to the end-blocks. At this point, the shear design loads are the 
highest and the resistance to shear will be the lowest (given the lower height of the roof-
shaped girder near its ends). The considered acting loads for the girders 1 and 2 are 
summarized in Table 8.1, in terms of characteristic values of the self-weight (gk), additional 
dead load (pk) and a life load (qk). Taking into account the self-weight of the girders and 
the uniformly distributed loads, the design shear load and bending moment for both girders 
1 and 2 is given in Table 8.1. 

Table 8.1 – Distributed loads and corresponding design values for bending and shear. 

Property Girder 1 Girder 2 

pk [kN/m] 2.20 4.28 

qk [kN/m] 3.69 3.75 

gk [kN/m] 4.32 5.90 

Span length [m] 20.7 22.5 

Max. height [mm] 1000 1100 

MSd,mid [kNm] 771 1227 

VSd,crit [kN] 120 203 

 

 
Fig. 8.1 – Cross-section of girders IV-1 and IV-2 
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The amount of longitudinal reinforcement and inherent configuration of the 
prestressing strands is calculated by taking into account the value of MSd at midspan. The 
adopted prestressing strand configuration is shown in Fig. 8.1 for the considered shear 
critical cross-section. All of the geometrical properties are summarized in Table 8.2. 

Table 8.2 – Geometrical properties of both girders 1 and 2 

Girder Girder 1 Girder 2 

#Np 8 10 

Prestress strand configuration 4 – 2 – 1 – 1 5 – 3 – 1 – 1  

Web width [mm] 80 130 

Flange width [mm] 400 450 

Length of I-section [m] 17.0 21.0 

hcrit [mm] 575 575 

h - d [mm] 89 86 

Ac [mm²] 145100 174400 

8.2.3 Dimensioning of the girders in terms of required post-cracking 
strength 

Based on the above mentioned geometrical and material properties and applying the 
different design models of Chapter 7, the design value VRd of the roof girders has been 
calculated as a function of the post-cracking strength fRk,3. The results are given in Fig. 8.2 
for girder IV-1 and in Fig. 8.5 for girder IV-2, for a design safety factor as defined in 
Section 7.5 for the case of model uncertainty corresponding with prestressed girders only 
(PC subset in Chapter 7). 

8.2.4 Determination of nominal fibre content 

Since the increase of shear strength of prestressed girders due to the addition of fibres 
is taken into account by means of the characteristic value of the residual flexural strength 
(fRk,3) at CMOD equal to 2.5 mm, it is necessary to define the nominal fibre content as a 
function of fRk,3. Hence, for a specific SFRC mix with a nominal fibre content and as 
validated by standard bending tests according to EN 14651, a corresponding value of fRk,3 
can be specified. 

8.2.4.1 Girder IV-1 

In Fig. 8.2, the relationship between the characteristic value of residual strength fRk,3 

and the design shear strength for all of the considered models is shown and compared with 
the design value of the shear force acting on the shear critical section of the beam. The 
intersection between the design shear strength and the horizontal line representing VSd 
yields the required value of fRk,3 to obtain a safe design. 
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Fig. 8.2 – Comparison between VSd and VRd as a function of fRk,3 for the design of girder IV-1 

In order to obtain a practical value for the fibre dosage, the three-point bending test 
result database available from the testing of 7 different SFRC-mixes as discussed in Chapter 
5 are used to determine the amount of fibres needed to obtain a characteristic value of fR,3. 
The relationship between the values of fR,3 and the nominal fibre dosage is shown in Fig. 
8.3. The characteristic line is shown as a red dotted line. 

 
Fig. 8.3 – Relationship between fRk,3 and nominal fibre dosage based on Chapter 5 

Given the correlation between fRk,3 and Vf shown in Fig. 8.3, the practical fibre dosage 
is obtained by the following relationship: 
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0.63
Rk,3 ff 0.55V=   Eq. 8.1 

From which the fibre dosage can be obtained as 

1.59

Rk,3
f

f
V

0.55

 
=  
 

  Eq. 8.2 

Finally, the calculated value of Vf is then rounded to the nearest upper multiple of 
5 kg/m³. For the considered shear design models, the required nominal fibre dosages are 
summarized in Table 8.3. 

Table 8.3 – Required characteristic value of fR3,k and corresponding nominal fibre content Vf 

Model 
fR3,k 

[N/mm²] 
Vf,req 

[kg/m³] 

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 that the use of the plasticity model yields a 
safe design for a concrete girder without fibres. This should however be disregarded, as for 
a plain concrete girder without prestress the derived plasticity model is not valid. For the 
other models, the required nominal fibre content ranges between 8 and 21 kg/m³. From a 
practical point of view it is decided to use an SFRC mix containing 20 kg/m³ of fibres for 
girder IV-1. 

As a remark, it should be noted that Eq. 8.1 can only be used for the considered type of 
fibre and concrete. When girders are made with a different concrete mix composition or 
fibre type, a shear design can only be done when a new relationship between Vf and fRk,3 is 
established. Therefore it is recommended to perform a sufficient number of standard 
bending tests which characterize the SFRC mix quality for daily practice. In this way, the 
scatter inherent to both the mix procedure and material performance of the SFRC is taken 
into account. Per SFRC mix, a database of quality control tests according to EN 14651 can 
be used to update the relationship between Vf and fRk,3. This will eventually lead to a stable 
and reliable relationship between Vf and fR3,k. From this point of view, the design of girder 
IV-2 shall be done by taking also into account the quality control bending test results 
obtained from the SFRC batch of girder IV-1. The obtained post-cracking bending tensile 
stress curves for SFRC mix IV-1 are shown in Fig. 8.4. The black solid line is the average 
post-cracking response and the dotted red line is the characteristic line of residual flexural 
stresses. In Table 8.4, the corresponding residual tensile stresses are summarized. 
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Fig. 8.4 – Stress-CMOD curves for SFRC mix IV-1 

Table 8.4 - SFRC properties 

Girder Test fL [N/mm²] fR,1 [N/mm²] fR,2 [N/mm²] fR,3 [N/mm²] fR,4 [N/mm²] 

IV-1 

1 - - - - - 

2 5.18 2.42 3.34 2.97 2.49 

3 - - - - - 

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 required fRk,3 of girder IV-1, the intersection between 
the shear design load VSd and shear design capacity VRd is used to obtain the required value 
of fRk,3 (see Fig. 8.5). The value of fRk,3 is further translated to a practical fibre dosage V f, 
making use of the quality control tests database of Chapter 5, this time including the 
obtained results of SFRC mix IV-1. Hereby, it is observed that the obtained values of fRk,3 
for SFRC mix IV-1 are lower than expected, compared to  the results obtained in Chapter 
5. Taking into account the values of fRk,3 for mix IV-1 the database is updated and an 
updated correlation between fRk,3 and Vf is obtained (see Fig. 8.6).  
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Fig. 8.5 – Design shear strength as a function of fR3k 

 
Fig. 8.6 – Relationship between fRk,3 and nominal fibre dosage based on Chapter 5 and mix IV-1 

Given the correlation between fRk,3 and Vf shown in Fig. 8.3, the practical fibre dosage 
is obtained by the following relationship: 
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For the design of girder IV-2, the required nominal fibre dosages are summarized in 
Table 8.5. Based on these values, it is decided to use a fibre dosage equal to 35 kg/m³. 

Table 8.5 – Required characteristic value of fR3,k and corresponding nominal fibre content Vf 

Model 
fRk,3 

[N/mm²] 
Vf,req 

[kg/m³] 

RILEM 4.25 33 

MC2010-A 4.2 33 

MC2010-B 2.15 16 

Proposed 4.11 32 

Pl. Theory 0 0 

 

Again, the post-cracking bending stress CMOD response is evaluated by means of 
standard three-point bending quality control tests. Fig. 8.7 shows the individual results as 
well as the average and characteristic line. In contrast to the SFRC mix IV-1 containing 20 
kg/m³ of fibres, this SFRC mix shows a quasi pure-hardening behaviour and the 
performance of the SFRC is better than expected. Table 8.6 gives an overview of all 
obtained values of fL and fR,i. 

 
Fig. 8.7 – Stress-CMOD curves for SFRC mix IV-2 

Table 8.6 - SFRC properties 

Girder Test fL [N/mm²] fR,1 [N/mm²] fR,2 [N/mm²] fR,3 [N/mm²] fR,4 [N/mm²] 

IV-35 

1 4.87 6.63 8.79 8.51 7.63 

2 3.97 5.64 8.19 8.17 7.42 

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 5.53 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 performance of both mixes IV-1 and IV-2 is 
relatively large. Fig. 8.8 shows the CoV over the entire range of CMOD. 

 
Fig. 8.8 – Variation of the scatter of residual stress as a function of CMOD for SFRC mix IV-1 and 

IV-2 

From Fig. 8.8, it can be concluded that the overall quality performance of SFRC mix 
IV-1 is lower than expected and the CoV is higher than 15 %. In contrast, the CoV for 
SFRC mix IV-2 is about 10% only. This indicates a relatively better mix quality.  

To exclude the possibility that this difference is due to an erroneous fibre content, the 
fibre content is verified both in the fresh and hardened state of the SFRC. The adopted 
methods to derive these contents are described in Chapter 5. The obtained measurement 
results are given in Table 8.7 and Table 8.8, indicating no significant anomalies in the fibre 
content (except for IV-2 (phase 2) for which somewhat lower fibre content has been 
measured). 

Table 8.7 – Fibre content in the fresh state 

Girder T1 [kg/m³] T2 [kg/m³] T3 [kg/m³] 
AverageVf,exp 

[kg/m³] 
St. Dev. 
[kg/m³] 

COV 

IV-1 23.6 - 19.6 21.6 2.8 13 % 

IV-2 39.0 - 33.0 36.1 4.6 12 % 

Table 8.8 – Fibre content in the hardened state 

Girder C1 C2 C3 C4 C5 
Min. 

[kg/m³] 
Max. 

[kg/m³] 
Avg. 

[kg/m³] 
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 (Phase 2) 29 31 26 31 - 26 31 29 8% 

 

Finally, the bending quality control test database is further updated by implementing 
the three-point bending test results obtained for SFRC mix IV-2. Since, the performance of 
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this mix is relatively better than all of the previously tested mixes, a beneficial effect on the 
correlation between fRk,3 and Vf is obtained. The newly updated relationship is shown in 
Fig. 8.9. 

 
Fig. 8.9 – Correlation between fRk,3 and Vf taking into account bending test results of Chapter 5 and 

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 roof girders, additional quality control 
testing has been performed to determine the concrete strength properties of the SFRC in 
terms of concrete compression strength and post-cracking tensile strength. For the latter, 
3-point bending tests have been performed according to EN 14651 [1]. The obtained results 
have been discussed in Section 8.2.4. 

Compression tests have been performed to obtain the compressive cube strength at 2, 
7, 14 and 28 days, as well as the cylinder strength at 7 and 28 days. The strength evolution 
of girders IV-1 and IV-2 is shown in Fig. 8.10. The measured strength values are given in 
Table 8.9 and Table 8.10. 

Table 8.9 – Concrete cube strength at different ages 

Girder Age [days] 
fc,cub,1 

[N/mm²] 
fc,cub,1 

[N/mm²] 
fc,cub,1 

[N/mm²] 
fc,cub,m 

[N/mm²] 
CoV 

IV-1 

3 52.1 56.0 57.5 55.2 5.1% 

7 66.4 58.6 52.9 59.3 11.4% 

14 73.0 70.8 70.8 71.5 1.8% 

28 65.0 81.1 79.4 75.2 11.8% 

IV-2 

2 49.5 48.7 47.9 48.7 1.6% 

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 modulus of elasticity at 7 and 28 days 

Girder 
Age 

[days] 
fc,cyl,1 

[N/mm²] 
fc,cyl,2 

[N/mm²] 
fc,cyl,3 

[N/mm²] 
Ec,cyl1 

[N/mm²] 
Ec,cyl1 

[N/mm²] 
Ecm 

[N/mm²] 

IV-1 
7 59.4 60.5 60.0 38250 35750 36100 

28 75.2 73.1 74.2 36450 37800 38000 

IV-2 
8 56.9 56.9 56.9 32550 32300 32400 

42 70.5 71.8 71.1 37900 35600 36750 

 
Fig. 8.10 – Cube compression strength development for girders IV-1 and IV-2 

 
Fig. 8.11 – Compressive stress strain curves for girders IV-1 and IV-2. 

As can be seen from Fig. 8.10 and Fig. 8.11, the required values of both cylinder and 
cube compressive strength for this concrete type C50/60 is obtained for both girders IV-1 
and IV-2.  

8.3.2 Shear test setup and measurement equipment 

The maximum shear strength capacity of the girders IV-1 and IV-2 has been determined 
in laboratory conditions. For each girder, the shear strength is tested at both girder ends. In 
a first phase, the complete girder span is used and the shear span to depth ratio is taken 
equal to 2.5. In a second phase, the a/d-ratio is increased to 3.0 and the supports are moved 
in order to avoid influence of the first shear test (see Fig. 8.12). 
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The testing approach is quite similar as for the test series described in Chapter 5. The 
deflections under the load, at midspan and an extra third point are recorded. The load is 
applied deformation controlled with a hydraulic jack with a capacity of 1000 kN. For both 
the right and left supports, the girders can move freely in the longitudinal directions and 
the point at which the load is applied is assumed to be fixed. 

The crack displacement behaviour is measured by means of horizontally and inclined 
(45°) extensometers with a base length of 200 mm and a maximum crack width 
measurement range of about 3-4 mm. The positioning of the extensometers is shown in 
Appendix F. 

Further, the strain deformation is measured along the height at the section where the 
point load is applied. The strain deformation is both measured manually (top, bottom and 
centre) and digitally (only top and bottom). In this way the load-curvature of the beam can 
be obtained. 
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Fig. 8.12 – Schematic of the test setups adopted to determine the shear strength of girders IV-1 and IV-2 
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8.4 Test results & discussion 

Both of the girders IV-1 and IV-2 have been tested with a shear span-to depth ratio 
respectively equal to 2.5 in phase 1 and 3.0 in phase 2. The obtained load-deflection curves 
for the conducted shear tests in both phase 1 and 2 are shown in Fig. 8.13 till Fig. 8.16.The 
black solid line is the load-deflection curve measured under 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 phase 1), it is remarked that prior to the 
application of a deflection-controlled loading, the girder has been accidentally subjected to 
a pre-loading equal to 400 kN, with the occurrence of shear cracks. However, the girder 
clearly did not fail during this accidental pre-loading and it was decided to restart the test 
under controlled conditions. Hence, the first branch of both the load deflection response 
and the shear crack propagation behaviour for the shear test IV-2-2.5 differ with the curves 
obtained for the other tests and the value at which first shear cracking occurs (Vcr) cannot 
be reported. Nevertheless, the shear test results are withhold for further investigation. 

 
Fig. 8.13 – Load deflection response of girder IV-1 a/d=2.5 
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Fig. 8.14 – Load deflection response of girder IV-1 a/d=3.0 

 

Fig. 8.15 – Load deflection response of girder IV-2 a/d=2.5 
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Fig. 8.16 – Load deflection response of girder IV-2 a/d=3.0 

For girder IV-1, the first shear cracking load for both phase 1 and 2 is reached at a point-
load for about 200 kN. Around a load of 350 to 400 kN, the first flexural cracks start to 
develop and the deflection tends to increase more rapidly for increasing shear loads. 
Finally, a shear failure has been observed for both phases. For the girder IV-2 tested in 
phase 2, the first shear cracks developed around 350 kN. At this load, the first flexural 
cracks also started to propagate. 

The complete load-crack opening behaviour for the shear tests on the IV-girders is 
given in Appendix E. 

In Table 8.11, the design shear strength VRd is compared with the cracking shear 
strength Vcr, the shear strength V2.5 at a crack opening of 2.5 mm and the maximum obtained 
shear strength Vmax. 

Table 8.11 – Summary of design shear strength VRd, versus main shear load test results (Vcr, V2.5, 
Vmax) 

Girder test VRd [kN] V cr [kN] V2.5 [kN] Vmax [kN] Vmax/VRd 

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 resistance VRd and shear load test results (Vcr, 
V2.5, Vmax) is observed. This means that at the load level VRd the girders are still uncracked. 
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Furthermore, a ratio Vmax/VRd of 2.5 or more is obtained. With respect to the observed 
model uncertainty in Section 7.4, the obtained ratio’s between Vmax and VRd yield a target 
reliability index higher than β=3.8 (cf. Eq. 7.29). 

8.5 Conclusions 

The feasibility of the considered design models, among which the proposed engineering 
model, for the design calculation of prestressed precast girders has been demonstrated for 
the specific case of IV-shaped roof girders. After being designed, the two considered roof 
girders were produced and tested, demonstrating the applicability of SFRC for the shear 
strength of prestressed precast girders, both in terms of design and resulting safe resistance 
performance. 

As the design models allow the dimensioning of the girders in terms of the characteristic 
post-cracking tensile strength (fRk,3) to be achieved by the SFRC, a SFRC mix design is 
needed to guarantee the required post-crakcing tensile strength. The SFRC mix design 
correlates the post-cracking tensile strength with a practical fibre dosage (Vf). On the other 
hand, frequent testing of the flexural response of SFRC mixes has to be done in order to 
evaluate the evolution of SFRC mix quality and to obtain proper correlations between fR3,k 
and Vf. It is clear that for economical applications of steel fibres as shear reinforcement, 
high quality SFRC mixes should be executed in the production environment so that scatter 
on the post-cracking tensile response of the SFRC is kept within boundaries and hence 
more beneficial values of fR3,k are obtained for a given concrete type, fibre type and fibre 
dosage. In the framework of the SFRC mix of the two tested girders IV-1 and IV-2, it was 
observed that the SFRC post-cracking tensile response of IV-1 was somewhat lower than 
expected, while the opposite was obtained for IV-2.Only when the increase of fRk,3 values 
(increased quality of the SFRC mix in production environment) can be guaranteed for a 
sufficiently long manufacturing period, the relationhsip between Vf and fRk,3 can be 
optimized. From the moment quality control tests yield lower values, immediate 
remediation actions may be needed in order to safely garantee a fRk,3 value as a function of 
fibre dosage. Mix quality can be increased by increasing the volume of SFRC being cast in 
one batch, by adding fibres automatically, improve concrete mix proportions as a function 
of fibre type and dosage, etc. 

For the tested roof girders a large safety margin (factor 2.58 and higher) was confirmed 
between the design value of the shear resistance (VRd) and the experimentally obtained 
shear capacity (Vmax). This corresponds with the intended design approach, and so to fulfil 
the required target reliability index β = 3.8. 
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9 CONCLUSIONS AND FUTURE 

PERSPECTIVES 

9.1 General 

In the framework of this doctoral study, analytical, numerical and experimental work 
has been conducted in order to investigate the mechanics of SFRC on both the micro, meso-
and macroscale level, in relation to the shear behaviour of SFRC and in view of using SFRC 
to replace traditional stirrups in prestressed precast girders.  

On the micro-scale level, existing models describing the pull-out behaviour of hooked-
end fibres are evaluated and a new method to implement the single fibre pull-out behaviour 
into a finite element model has been proposed. This finite element model gives a good 
exposure on the 3D numerical prediction of SFRC quality control tests in 3 or 4-point 
bending. The model includes the use of stochastic sampling of the fibre distribution in the 
concrete matrix. This allows to numerically estimate the scatter which can be obtained on 
the post-cracking tensile behaviour of SFRC. The model proved also to be feasible for the 
prediction of bending behaviour involving multiple cracking.  
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On the meso-scale level, both the post-cracking behaviour of SFRC subjected to Mode 
I and a mixed mode crack opening behaviour has been studied. Based on the bending tests 
conducted on notched prisms and inherent inverse analysis, a simplified yet accurate tri-
linear Mode I constitutive law for SFRC has been proposed. Further, the physical meaning 
of the post-cracking resistance under Mode I have been confirmed by comparing the 
trilinear curve with respect to an analytical procedure which calculates the Mode I 
constitutive behaviour, starting from the single fibre pull-out behaviour. For the latter, a 
revised model as developed as part of the micro-scale level study is applied. 

The mixed mode or shear friction behaviour of SFRC has been studied by means of 
direct shear push-through tests. It was found that the obtained shear stress capacity of 
cracked SFRC linearly increases with fibre dosage and concrete compressive strength. The 
observed crack dilatation is not affected by fibre dosage nor concrete strength and hence 
being significantly dependent on the adopted test setup.  

Similar to the model developed to obtain a mode I constitutive law, a direct shear 
behaviour model has been developed based on the experimental observation, taking into 
account aggregate interlock, crack dilatation and the transverse pull-out of fibres. However, 
in order to verify the more general applicability of the developed model for the shear 
friction capacity of SFRC, further testing is needed by the international research 
community. This testing should involve test methods with accurate measurement of both 
crack opening and dilatation. Indeed, this level of detail in testing of the direct shear 
behaviour was not found to be reported in most literature accessible to the author, yet is a 
basic requirement to use literature data for evaluation of the proposed model. 

On the macro-scale level, extensive experimental work has been conducted on full scale 
prestressed precast girders. This testing involved 23 tests on 9 I-shaped girders and 4 tests 
on 2 IV-shaped roof girders. This experimental work has been further extended in the 
analytical prediction of shear resistance models as well as shear design models, compliant 
with a target reliability index. 

In the framework of the analytical study of the full scale girders, a shear behaviour 
model has been developed. This model is conceived as a sectional analysis tool based on 
the Modified Compression Field Theory (MCFT), which is modified in order to deal with 
the constitutive laws for SFRC. The model gives a thorough implementation of physical 
behaviour aspects related to the shear mechanism and allows detailed and fairly accurate 
prediction of the shear behaviour, e.g. in terms of shear capacity and shear load-crack width 
propagation. Based on the comparison between modelled and experimental curves, and 
performing a sensitivity analysis, it is found that the average crack distance is one of the 
major parameters involved to accurately estimate the shear strength of SFRC by means of 
the sectional model. 

Whereas the developed MCFT sectional analysis tool predicts the complete shear 
response, the MCFT approach can also be used to evaluate only the ultimate shear strength. 
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This makes the MCFT model less complex, yet it remains an iterative calculation 
procedure. Such a MCFT approach for shear strength evaluation of SFRC member has been 
introduced relatively recently in the Model Code 2010 (mentioned in the commentary 
sections, and designated in this work as MC2010-B model). 

Given that the iterative calculation procedure of the MCFT approach is less desirable 
for straightforward design calculations in engineering practice, a new resistance model is 
proposed in this work. This proposed engineering model is based on the iterative MCFT 
model, yet converting it in a closed-form solution through observed correlations with 
physical phenomena influencing the shear strength such as dowel action, shear span to 
depth ratio, size effect and level of prestress. 

Finally, a shear test database has been assembled comprising 99 test results on 
reinforced and prestressed concrete members. The assembled database only contains shear 
test data with sufficient level of detail in the characterisation of the post-cracking behaviour 
of the related SFRC mix. Based on this database, the accuracy has been evaluated of 
different resistance models provided in design guidelines, as well as for the newly proposed 
engineering model. It can be concluded that the empirical based formulations (RILEM, 
MC2010-A) have a higher model uncertainty than the more rational models (MC2010-B, 
proposed engineering model and plastic theory), especially for the case of prestressed 
concrete members. The proposed engineering model has been found to be feasible for both 
prestressed and reinforced concrete cases. Together with the MC2010-B model, it gives the 
most consistent and accurate predictive capacity for the complete range of variables. 

9.2 Recommendations for design 

Further to the evaluation of the resistance models, their use as design models aiming 
for a target reliability index β = 3.8 has been evaluated, given the observed accuracy of the 
resistance models with respect to the database of test results. It has been found that for the 
RILEM, MC2010-A and plasticity theory models, the currently specified safety factor 
equal to 1.5 is insufficient to provide a safe design. This value should be between 2 and 3, 
depending on the considered model. For the MC2010-B model and the proposed 
engineering model, the model safety factor is in the range of 1.5-2.25. 

The feasibility of the considered design models, among which the proposed engineering 
model, for the design calculation of the shear capacity when replacing stirrups by SFRC 
has been demonstrated in this work. This includes the proposal of adapted safety factors to 
fulfill the required target reliability index and focussing on the design of prestressed precast 
girders. 

As the design models deal with the dimensioning of the girders in terms of the 
characteristic post-cracking tensile strength (fRk,3) to be achieved by the SFRC, a SFRC mix 
design is needed to guarantee the required post-cracking tensile strength. The SFRC mix 
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design correlates the post-cracking tensile strength with a practical fibre dosage (Vf). For 
an economical application of steel fibres as shear reinforcement, high quality SFRC mixes 
should be executed in the precast production environment so that scatter on the post-
cracking tensile response of the SFRC is kept within boundaries and hence more beneficial 
values of fR3,k are obtained for a given concrete type, fibre type and fibre dosage. 

Resulting from this doctoral study the following design engineering model is proposed: 

1

3cp cp*
Rd,proposed l ck Ftu w

M ctk ck

1 200 d
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f d a f
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In which γM is the model safety factor for design, σcp is the compressive stress at neutral 
axis; fctk is the characteristic tensile strength of the concrete, d is the effective depth, a is 
the shear span, ρl is the longitudinal reinforcement ratio, fck is the characteristic concrete 
cylinder strength, fcm is the average concrete cylinder strength, bw is the web width, z is the 
internal lever arm and f*

Ftu is the post-cracking tensile capacity of SFRC given by 

Ftuk

*
cpFtu

ctk
cm

f

2f min
f 1

f


 σ=   − 

 

 

9.3 Recommendations for future research 

The research work performed in this doctoral study has contributed to obtain a better 
understanding of the shear behaviour of SFRC, as well as the predictive modelling of this 
behaviour, especially towards the replacement of traditional stirrups by SFRC for 
prestressed precast concrete girders. In line with the obtained results in this work, further 
research topics in this field can be suggested as follows. 

For higher fibre dosages, mutual interaction of fibres has been observed to become 
more important. This means that local damage of the concrete at the fibre exit point with 
respect to single fibre pull-out during crack bridging, may influence the fibre anchorage 
capacity of nearby fibres as well. The proposed models in this work describing the post-
cracking material behaviour in tension or direct shear are not taking this phenomenon of 
mutual fibre interaction into account in a systematic way, and gives room for further 
improvement of the developed analytical models. 

In modelling the SFRC constitutive behaviour in bending, a finite element model has 
been proposed. This non-linear two-phase model (concrete and single fibres) makes use of 
specific fibre elements, whereby the fibres are modelled as cable elements with fixed ends 
and whereby an equivalent stress-strain constitutive law has been developed to match the 
behaviour of the cable elements with the pull-out behaviour of single fibres. This approach 
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allows to avoid the introduction of more complex interface elements between concrete and 
fibres. This FEM approach allows to predict the multi-cracking behaviour of SFRC in 
bending, as well as the stochastic treatment of fibres distribution and orientation in a SFRC 
volume. The latter aspect can be used to estimate numerically the scatter of the post-
cracking tensile behaviour of SFRC. The feasibility to apply the FEM approach for more 
large scale members subjected to bending has however not yet been verified. Also, to 
extend the finite element approach into shear behaviour, a new crack model should be 
developed by taking into account the crack opening behaviour for different combinations 
of crack opening and slip. As a result, a constitutive law for SFRC has to be determined in 
a three dimensional space.  

Reviewing the available literature on direct shear tests on SFRC, it was observed that 
mostly only the ultimate shear strength is reported and detailed information on the shear 
crack propagation behaviour in direct shear is missing. This shear crack propagation 
behaviour was however found to be quite different depending on the applied direct shear 
test method, making comparison of reported data on direct shear strength difficult.  Further 
research work in this direction is needed to increase the understanding of the direct shear 
behaviour of SFRC and its correlation (or lack thereof) with the mode I material 
characterization more standardly performed on SFRC mixes. 

Increasing the shear capacity of concrete members by SFRC also means that higher 
forces will act in the compression struts in between the shear cracks. As a result, in the fibre 
anchorage zone of the concrete adjacent to the shear crack, a biaxial stress state is acting 
which becomes more important for increasing stress levels (for increasing fibre dosage and 
related shear capacity). In this doctoral study, this phenomenon has been observed and 
taken into consideration by means of reduction factor on the post-cracking tensile capacity 
of the SFRC. Further research is however needed for a more proper coverage of the biaxial 
stress state, and to derive improved proposals for the aforementioned reduction factor for 
design. 

As outcomes of this study a detailed analytical MCFT model has been derived, as well 
as an engineering model for design purpose, in predicting the shear behaviour and capacity 
of SFRC members. These models are based on physical parameters and behavioural 
aspects, opposite to more empirical based models which are only applicable for specific 
SFRC mixes. This ability of the proposed models to be more generic applicable, needs 
however to be verified further by the international research community. Hence, additional 
testing of girders should be performed for varying parameters such as a/d-ratio, concrete 
compressive strength, amount of prestressing, etc. 

Looking into design models, it is important that model safety factors are calibrated in a 
proper way, to guarantee the target reliability index specified in Eurocode 0. In current 
design provisions the safety factors for SFRC shear design are often taken nominally equal 
to those usually applied in concrete calculations (i.e. 1.5), because of lack of information 
to establish the safety factor. In this study, a thorough study has been made to calculate the 
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required design safety factors, making use of assumptions and established accuracy of 
models with respect to a database of test results. Upon coming more information available 
and further improving on the methodology and assumptions applied in this work to 
calculate the safety factors, this work can be further extended in the future, so to establish 
proper safety factors and to avoid over-conservative designs. 

 

 



 

APPENDIX A  SHEAR TEST DATABASE  

A.1 BRITE EURAM [1] - 2002 

d [mm] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [kN] 

260 60000 1.81 0.00 0 200 200 1.54 42.4 RC 65-60 BN 4.87 300 

260 60000 1.81 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 65-60 BN 4.85 136 

560 120000 2.73 0.00 0 200 200 3.48 38.3 RC 65-60 BN 4.85 192 

460 124000 2.80 0.00 80 500 200 3.37 38.3 RC 65-60 BN 4.85 169 

460 130000 2.80 0.00 100 500 200 3.37 38.3 RC 65-60 BN 4.85 133 

460 145000 2.80 0.00 150 500 200 3.37 38.3 RC 65-60 BN 4.85 138 

460 169000 2.80 0.00 230 500 200 3.37 38.3 RC 65-60 BN 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 65-60 BN 4.74 133 

460 130000 2.80 0.00 100 500 200 3.37 37.2 RC 65-60 BN 4.74 143 

460 145000 2.80 0.00 150 500 200 3.37 37.2 RC 65-60 BN 4.74 223 

460 182500 2.80 0.00 150 750 200 3.37 37.2 RC 65-60 BN 4.74 219 

460 220000 2.80 0.00 150 1000 200 3.37 37.2 RC 65-60 BN 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 1.81 0.00 0 200 200 1.54 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 RC 65-60 BN 1.30 110 
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d [mm] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [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 1.81 0.00 0 200 200 2.50 38.6 RC 65-60 BN 0.98 144 

A.2 CONFORTI [2] - 2014 

d [mm] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [kN] 

763 170000 1.32 1.30 0 150 150 2.49 34.3 PP 3.00 284 

295 195700 1.22 0.00 0 890 890 2.50 26.0 PP 3.00 605 

761 260000 0.99 0.00 0 300 300 2.50 34.3 PP 3.00 381 

761 260000 0.99 0.00 0 300 300 2.50 34.3 PP 3.00 405 

763 170000 1.10 0.00 0 150 150 2.49 34.3 PP 3.00 205 

763 170000 1.10 0.00 0 150 150 2.49 34.3 PP 3.00 247 

563 140000 1.12 0.00 0 150 150 2.50 34.3 PP 3.00 166 

563 140000 1.12 0.00 0 150 150 2.50 34.3 PP 3.00 198 

A.3 CUENCA [3]- 2013 

d [mm] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [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 Hooked 50/.80 6.00 235 

940 250000 1.07 0.00 0 250 250 3.00 32.1 Hooked 50/.80 6.00 351 
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d [mm] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [kN] 

1440 375000 1.01 0.00 0 250 250 3.00 33.1 Hooked 50/.80 6.00 554 

440 125000 1.12 0.00 0 250 250 3.00 38.7 Hooked 50/.80 5.00 240 

940 250000 1.07 0.00 0 250 250 3.00 32.1 Hooked 50/.80 5.00 272 

1440 375000 1.01 0.00 0 250 250 3.00 33.1 Hooked 50/.80 5.00 484 

A.4 M INELLI [4]- 2005 

d [mm] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [kN] 

630 200000 5.61 15.54 125 600 120 3.49 78.9  8.61 709 

630 200000 5.61 15.54 125 600 120 3.49 71.6  8.61 573 

630 200000 5.61 15.54 125 600 120 3.49 71.6  8.61 607 

630 200000 5.61 15.54 125 600 120 3.49 70.0  3.18 574 

630 200000 5.61 15.54 125 600 120 3.49 71.1  3.18 579 

630 200000 5.61 15.54 125 600 120 3.49 71.1  3.18 542 

435 96000 1.04 0.00 0 200 200 2.51 46.1 - 5.99 223 

435 96000 1.04 0.00 0 200 200 2.51 26.5 - 4.42 142 

435 96000 1.04 0.00 0 200 200 2.51 48.3 - 3.12 191 

435 96000 1.04 0.00 0 200 200 2.51 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 2.51 26.5 - 2.55 120 

A.5 PARMENTIER [5] - 2012 

d [mm] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [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] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [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 1.5 40.1 CF 2.9 140.1 

270 60000 1.16 0.00 0 200 200 1.5 40.1 CF 2.9 148.4 

270 60000 1.16 0.00 0 200 200 2.5 40.1 CF 2.9 104.9 

270 60000 1.16 0.00 0 200 200 2.5 40.1 CF 2.9 123 

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 2.5 42.7 CF 2.8 90.6 

270 60000 1.16 0.00 0 200 200 1.5 40.2 UNCF 2.7 167.4 

270 60000 1.16 0.00 0 200 200 1.5 40.2 UNCF 2.7 133.4 

270 60000 1.16 0.00 0 200 200 2.5 40.2 UNCF 2.7 123 

270 60000 1.16 0.00 0 200 200 2.5 40.2 UNCF 2.7 99.4 

270 60000 1.16 0.00 0 200 200 1.5 43.1 Sy 2.1 128.1 

270 60000 1.16 0.00 0 200 200 1.5 43.1 Sy 2.1 162.6 

270 60000 1.16 0.00 0 200 200 2.5 43.1 Sy 2.1 105.5 

270 60000 1.16 0.00 0 200 200 2.5 43.1 Sy 2.1 118 

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 1.7 95.2 

270 60000 1.16 0.00 0 200 200 2.5 39.9 UN 1.7 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] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [kN] 

813 144878 1.57 8.19 110 300 80 2.75 52.0 RC 80 60 BP 6.35 542 

813 144878 1.57 8.19 110 300 80 2.75 44.6 RC 80 60 BP 4.82 509 

A.7 CURRENT STUDY 

d [mm] Ac [mm²] ρl [%] σcp [Mpa] hf [mm] bf [mm] bw [mm] a/d fcm [Mpa] Fibre Type fR3,m [Mpa] Vtest [kN] 

886 198600 1.78 9.23 125 400 100 2.5 56.2 
RC 80 30 CP  + RC 

80 60 BP 
9.88 696 

886 198600 1.78 9.23 125 400 100 3 56.2 
RC 80 30 CP  + RC 

80 60 BP 
9.88 594 

886 198600 1.78 9.23 125 400 100 2.5 62.0 RC 80 30 CP 9.77 672 

886 198600 1.78 9.23 125 400 100 3 62.0 RC 80 30 CP 9.77 627 

886 198600 1.78 9.23 125 400 100 2.5 62.0 RC 80 30 CP 9.77 721 

886 198600 1.78 9.23 125 400 100 2.5 70.4 RC 80 30 CP 8.15 798 

886 198600 1.78 9.23 125 400 100 2.5 70.4 RC 80 30 CP 8.15 809 

886 198600 1.78 9.23 125 400 100 2.5 70.4 RC 80 30 CP 8.15 737 

886 198600 1.78 9.23 125 400 100 2.5 58.8 RC 80 30 CP 7.08 744 

886 198600 1.78 9.23 125 400 100 3 58.8 RC 80 30 CP 7.08 599 

886 198600 1.78 9.23 125 400 100 2.5 64.8 RC 80 30 CP 5.83 786 

886 198600 1.78 9.23 125 400 100 3 64.8 RC 80 30 CP 5.83 570 

886 198600 1.78 9.23 125 400 100 2.5 41.0 RC 80 30 CP 4.09 756 

886 198600 1.78 9.23 125 400 100 2.5 41.0 RC 80 30 CP 4.09 781 

886 198600 1.78 9.23 125 400 100 2.5 41.0 RC 80 30 CP 4.09 609 
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APPENDIX B  SFRC PROPERTIES OF GIRDERS 

B.1 BENDING TENSILE STRENGTH 

 
Fig. B1 – Bending tensile stress – CMOD curves for girder 20A 

 
Fig. B2 – Bending tensile stress – CMOD curves for girder 20B 
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Fig. B3 – Bending tensile stress – CMOD curves for girder 40A 

 
Fig. B4 – Bending tensile stress – CMOD curves for girder 40A 

 
Fig. B5 – Bending tensile stress – CMOD curves for girder 40A 
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Fig. B6  – Bending tensile stress – CMOD curves for girder 40A 

 
Fig. B7 – Bending tensile stress – CMOD curves for girder 40A 

 
Fig. B8 – Bending tensile stress – CMOD curves for girder 40A 
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Table B1 - fRi values for all tested girders 

Girder Test fL [N/mm²] fR1 [N/mm²] fR2 [N/mm²] fR3 [N/mm²] fR4 [N/mm²] 

20A 

1 3.76 3.03 4.26 4.55 4.31 

2 3.55 2.71 4.11 4.46 4.53 

3 3.49 2.04 2.98 3.27 3.26 

40A 
1 4.77 8.09 8.76 8.93 8.25 

2 4.77 6.31 6.60 6.49 5.76 

3 5.29 8.37 9.37 9.02 7.96 

20B 

1 4.16 4.88 5.92 5.67 5.56 

2 4.14 5.29 4.67 4.81 4.86 

3 3.88 4.43 4.74 4.69 4.67 

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 4.91 4.91 

40B 

1 3.89 4.21 5.62 5.50 3.91 

2 3.80 3.59 4.34 3.49 3.14 

3 4.72 7.79 8.17 7.62 6.63 

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 

20+20 

1 6.00 11.67 12.37 11.80 11.14 

2 6.07 8.88 11.67 11.85 10.68 

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 

60 

1 - - - - - 

2 3.97 9.32 8.00 7.17 6.44 

3 4.80 8.78 9.67 9.06 8.17 

4 5.01 10.16 10.51 9.39 8.12 

5 4.98 12.57 13.24 12.49 11.33 

6 4.91 11.04 11.82 11.13 10.23 

 

 

 

 

 

 

 

 



SFRC properties of girders 

285 

B.2 CYLINDER COMPRESSIVE STRENGTH AND MODULUS OF ELASTICITY 

Table B2 - fc,cyl and Modulus of elasticity test result for all griders 

Girder Age Cyl 1 Cyl 2 Average Ec,cyl1 Ec,cyl2 Average 

20A 
7 32.9 32.8 32.8 32000 31000 31500 

30 40.0 41.9 41.0 31900 31900 31900 

20B 
6 45.7 56.5 51.1 32400 32900 32650 

27 64.8 64.8 64.8 36750 36700 36750 

40A 
7 58.2 59.6 58.9 39700 36800 38250 

26 70.2 70.5 70.4 40800 39500 40150 

40B 
7 52.4 52.8 52.6 32350 30400 31350 

28 60.4 57.3 58.8 35200 35500 35350 

20+20 
7 52.5 50.9 51.7 31500 31550 31500 

28 52.3 60.0 56.2 34450 35500 34950 

60 
15 58.0 59.9 58.9 37800 34550 36150 

47 65.1 67.9 66.5 36350 39050 37700 

REF 
7 60.0 59.0 59.5 35750 36000 35900 

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 

TR 
7 59.1 55.1 57.1 38900 36950 37900 

28 70.6 75.8 73.2 40600 39150 39850 

 

 
Fig. B9 – Compressive stress strain curve at 7 and 28 days for girders 20A and 20B 
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Fig. B10 - Compressive stress strain curve at 7 and 28 days for girders 40A and 40B 

 
Fig. B11 - Compressive stress strain curve at 7 and 28 days for girders 20+20 and 60 

 
Fig. B12- Compressive stress strain curve at 7 and 28 days for girders REF and REF/TR 
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Fig. B13 - Compressive stress strain curve at 7 and 28 days for girder TR 
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B.3 CUBE COMPRESSION STRENGTH 

 
Fig. B14 - Cube compressive strength evolution for girders 20A and 20B 

 
Fig. B15 - Cube compressive strength evolution for girders 40A and 40B 

 
Fig. B16 - Cube compressive strength evolution for girders 20+20 and 60 
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Fig. B17 - Cube compressive strength evolution for girders REF & REF/TR 

 
Fig. B18 - Cube compressive strength evolution for girder TR 
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Table B3 - Cube compressive strength as a function of the age 

Girder Age [days] Cube 1 Cube 2 Cube 3 Average CoV [%] 

REF 

2 51.7 50.7 50.5 51.0 1.2% 
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% 

20A 

2 30.2 30.5 29.3 30.0 2.2% 
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% 

20B 

3 55.7 56.5 56.3 56.2 0.7% 
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% 

40A 

3 60.6 60.6 62.6 61.3 1.9% 
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% 

40B 

2 43.6 43.3 42.7 43.2 1.0% 
7 56.2 55.4 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% 

20+20 

1 43.0 44.3 43.2 43.5 1.6% 
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% 

60 

1 33.8 34.8 35.9 34.8 3.0% 
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% 

REF/TR 

4 61.4 57.2 57.2 58.6 4.1% 
6 57.8 61.9 56.7 58.8 4.7% 
14 65.7 70.6 65.1 67.1 4.5% 
27 73.6 70.6 69.5 71.2 2.9% 

TR 

3 54.5 51.5 50.8 52.3 3.8% 
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 AND SHRINKAGE 
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Fig. 9.1 – Shrinkage and creep strain evolution between 0-60 days 
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APPENDIX C  FULL SCALE SHEAR TEST RESULTS  

C.1 CRACK PROPAGATION BEHAVIOUR 

 

Fig. C1 - Crack development [20A – 2.5 – 1] 

 

 

Fig. C2 – Load vs. shear crack displacement [20A – 2.5 – 1] 
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Fig. C3 - Crack development for girder [20A – 2.5 – 2] 

 

 

Fig. C4 - Load vs. shear crack displacement [20A – 2.5 – 2] 

0

100

200

300

400

500

600

700

800

900

1000

0.00 1.00 2.00 3.00 4.00 5.00 6.00

L
oa

d 
[k

N
]

Crack displacement [mm]

3

9

13

14

15



Full-scale shear test results 

297 

 

Fig. C5 - Crack development [20A – 2.5 – 3] 

 

 

Fig. C6 - Load vs. shear crack displacement [20A – 2.5 – 3] 
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Fig. C7 - Crack development [40A – 2.5 – 1] 

 

 

Fig. C8 - Load vs. shear crack displacement [40A – 2.5 – 1] 
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Fig. C9 - Crack development [40A – 2.5 – 2] 

 

 
Fig. C10 - Load vs. shear crack displacement [40A – 2.5 – 2] 
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Fig. C11 - Crack development [40A – 2.5 – 3] 

 

 

Fig. C12 - Load vs. shear crack displacement [40A – 2.5 – 3] 
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Fig. C13 - Crack development [20B – 2.5 – 1] 

 

 

Fig. C14 - Load vs. shear crack displacement [20B – 2.5 – 1] 
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Fig. C15 - Crack development [20B – 3.0 – 2] 

 

 

Fig. C16 - Load vs. shear crack displacement [20B – 3.0 – 2] 
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Fig. C17 - Crack development [40B –2.5 – 1] 

 

 

Fig. C18 - Load vs. shear crack displacement [40B – 2.5 – 1] 
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Fig. C19 - Crack development [40B –3.0 – 2] 

 

 

Fig. C20 - Load vs. shear crack displacement [40B –3.0 – 2] 
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Fig. C21 - Crack development [REF –2.5 – 1] 

 

 

Fig. C22 - Load vs. shear crack displacement [REF –2.5 – 1] 
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Fig. C23 - Crack development [REF –2.5 – 2] 

 

 

Fig. C24 - Load vs. shear crack displacement [REF –2.5 – 2] 
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Fig. C25 - Crack development [REF –2.5 – 3] 

 

 

Fig. C26 - Load vs. shear crack displacement [REF –2.5 – 3] 
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Fig. C27 - Crack development [REFTR – 3.0 – 1] 

 

Fig. C28 - Load vs. shear crack displacement [REFTR – 3.0 – 1] 
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Fig. C29 - Crack development [REFTR – 3.0 – 2] 

 

 

Fig. C30 - Load vs. shear crack displacement [REFTR – 3.0 – 2] 
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Fig. C31 - Crack development [2020 – 2.5 – 1] 

 

 

Fig. C32 - Load vs. shear crack displacement [2020 – 2.5 - 1] 
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Fig. C33 - Crack development [2020 – 3.0 – 2] 

 

 

Fig. C34 - Load vs. shear crack displacement [2020 – 3.0 – 2] 
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Fig. C35 - Crack development [60 – 2.5 – 1] 

 

 

Fig. C36 - Load vs. shear crack displacement [60 – 2.5 – 1] 
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Fig. C37 - Crack development [60 – 3.0 – 2] 

 

 

Fig. C38 - Load vs. shear crack displacement [60 – 3.0 – 2] 

0

100

200

300

400

500

600

700

800

900

0.00 1.00 2.00 3.00 4.00 5.00

Lo
a

d 
[k

N
]

Crack displacement [mm]

4

18



Appendix C 

314  

 

Fig. C39 - Crack development [60 – 2.5 – 3] 

 

 

 Fig. C40 - Load vs. shear crack displacement [60 – 2.5 – 3] 
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Fig. C41 - Crack development [TR – 2.5 – 1] 

 

 
Fig. C42 - Load vs. shear crack displacement [TR – 2.5 – 1] 
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Fig. C43 - Crack development [TR – 2.5 – 2] 

 

 

Fig. C44 - Load vs. shear crack displacement [TR – 2.5 – 2] 
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Fig. C45 - Crack development [TR – 2.5 – 3] 

 

Fig. C46 - Load vs. shear crack displacement [TR – 2.5 – 3] 
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C.2 FIBRE DOSAGE IN THE HARDENED STATE 

Table C1 – Fibre content measured in the hardened state 

Girder test 
Core nr. Vf,min 

[kg/m³] 
Vf,max 

[kg/m³] 
Vf,avg [kg/m³] CoV [-] 

1 2 3 4 5 6 

20A-2.5-1 23.7 15.8 17.6 15.4 16.3 16.7 15.4 23.7 17.6 17% 
20A-2.5-2 22.8 18.3 17.0 16.6 18.8 18.1 16.6 22.8 18.6 12% 
20A-2.5-3 18.8 18.5 16.3 18.5 16.3 18.5 16.3 18.8 17.8 7% 

20B-2.5-1 20.7 20.2 18.1 19.6 18.0 18.4 18.0 20.7 19.2 6% 
20B-3.0-2 16.4 19.4 17.7 23.0 22.5 19.9 16.4 23.0 19.8 13% 

40A-2.5-1 42.5 44.4 43.2 48.3 41.9 40.3 40.3 48.3 43.4 6% 
40A-2.5-2 38.1 41.4 51.2 48.1 50.4 42.0 38.1 51.2 45.2 12% 
40A-2.5-3 46.2 39.3 40.5 38.6 42.1 43.7 38.6 46.2 41.7 7% 

40B-2.5-1 39.0 41.7 35.7 37.7 50.0 45.2 35.7 50.0 41.5 13% 
40B-3.0-2 43.8 38.5 37.1 49.6 40.0 37.1 37.1 49.6 41.0 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 63.8 5% 
60-3.0-2 63.7 60.8 60.6 61.6 58.4 67.0 58.4 67.0 62.0 5% 
60-2.5-3 63.6 60.9 70.8 61.1 60.8 59.5 59.5 70.8 62.8 7% 

 



 

APPENDIX D  EVALUATION OF SHEAR STRENGTH MODELS  

D.1 INFLUENCE OF EFFECTIVE DEPTH 

  

  

 

 

Fig. D1 – Influence of effective depth to the shear strength model error 
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D.2 INFLUENCE OF LONGITUDINAL REINFORCEMENT RATIO 

  

  

 

 

Fig. D2 – Influence of longitudinal reinforcement ratio to the shear strength model error 
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D.3 INFLUENCE OF SHEAR SPAN TO DEPTH RATIO 

 

 

Fig. D3 – Influence of a/d to the shear strength model error 
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APPENDIX E  CRACK PROPAGATION OF IV- GIRDERS 

E.1 GIRDER IV-1 

 

Fig. E1 - Crack development for griderd IV-20 – 2.5 – 1 

 

Fig. E2 - Load vs. shear crack displacement [IV-20 – 2.5 -1] 

0

100

200

300

400

500

600

0.00 1.00 2.00 3.00 4.00 5.00

L
oa

d
 [k

N
]

Crack displacement [mm]

3

6

7

8



Appendix E  

324  

Fig. E3 - Crack development for griderd IV-20 – 3.0 – 2 

 

 

Fig. E4 - Load vs. shear crack displacement [IV-20 – 3.0 - 2] 
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E.2 GIRDER IV-2 

 

Fig. E5 - Crack development for griderd IV-35 – 2.5 – 1 

 

Fig. E6 - Load vs. shear crack displacement [IV-35 – 2.5 - 1] 
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Fig. E7 - Crack development for griderd IV-35 – 3.0 – 2 

 

 

Fig. E8 - Load vs. shear crack displacement [IV-35 – 3.0 - 2] 
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