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Abstract 

The efficiency of structural concrete is closely linked to the effectiveness of the force transfer between 

concrete and reinforcing steel, commonly referred to as bond. Thanks to this interaction between both 

materials, the steel's high tensile strength and the concrete's good performance under compression can 

be fully exploited in the composite material. Bond governs not only the anchorage of reinforcement and 

the ductility of the structure (structural safety), but also crack spacing, crack widths and deflections 

(serviceability). With this significant influence on the Ultimate Limit State and the Service Limit State, 

considering bond is essential to accurately assess the structural behaviour of reinforced concrete mem-

bers. The importance of bond for a safe and efficient design is reflected in how intensely it has been 

studied. However, despite the wide range of theoretical, numerical and experimental investigations, 

numerous aspects of bond are not satisfactorily resolved or understood, which underlines the complexity 

of the reinforcing steel-concrete interaction.  

The difficulty in accessing and instrumenting the interface between concrete and reinforcing steel 

has been a critical obstacle in the experimental investigation of bond. Until recently, measuring the 

interaction over representative lengths without biasing the response required disproportionate efforts, 

such as glueing strain gauges between reinforcing bar halves or utilising a multitude of expensive dis-

crete fibre optical sensors. These obstacles to instrument reinforcing bars were bypassed by conducting 

simplified tests in which only global parameters are measured. This is the case for pull-out tests, the 

most established method to study bond, where the applied load and the bar slip with respect to the 

concrete surface at the passive end are measured. However, the average bond shear stress-slip relation-

ships obtained from pull-out tests are not necessarily representative of the bond behaviour under actual 

boundary conditions in structural elements (tension ties, uniaxial and biaxial bending, shear) because 

of the different stress states activated in the concrete. Nonetheless, most established models, as well as 

current design standards rely on bond shear stress-slip relationships calibrated on from pull-out tests, 

and merely account for the numerous influencing factors, including the structural configuration of the 

element, by semi-empirical corrections. 

This thesis addresses the above-mentioned issues by experimentally investigating bond in reinforced 

concrete members leveraging the use of distributed fibre optical strain sensing (DFOS). Thanks to tech-

nical advances in Rayleigh backscatter-based coherent frequency domain reflectometry, inexpensive 

commercial telecommunication glass fibres can serve as sensors. The strains of instrumented reinforc-

ing bars can be measured quasi-continuously with minimal impact on the reinforcing bar-concrete 

interface. Local steel stresses can then be inferred from the strains, and bond stresses obtained from the 

local steel stress gradient. This method has the potential to enable a better understanding and modelling 

of the bond behaviour of structural concrete under general loading and member geometry. 

To this end, the first part of the thesis is dedicated to establishing a reliable basis for applying DFOS 

to structural concrete. Its suitability and drawbacks are explored, and a guideline is proposed for the 
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appropriate instrumentation and data post-processing. The measurement technique is compared to es-

tablished methods, and suitable measures for dealing with the high resolution are elaborated. Pilot test 

applications accompany this part with the aim of validating the measurement technique.  

The second part of the thesis builds on the insights gained from the refined measurements and ex-

plores ways to capitalise on them. Established bond models are scrutinised for the fundamental loading 

cases of uniaxial tension and uniaxial bending, with the aim of revisiting common modelling assump-

tions and identifying potential flaws. To this end, in-depth analyses of reinforced concrete members 

tested in uniaxial tension and compression are performed. Moreover, the gained insights on the local 

bond distribution and the observed effects of factors such as the bar diameter, concrete cover, loading, 

and material properties inspired the development of a stress field model for the load transfer from the 

reinforcing bar to the concrete. The proposed stress field does not rely on empirical expressions and 

treats bond as a result of the bearing capacity of the surrounding concrete instead of reducing it to an 

interface characteristic. By assigning stiffnesses to the steel and the concrete and formulating a simpli-

fied compatibility condition requiring contact between concrete and steel at the ribs, the local and 

average bond stresses can be determined as a function of the steel strains, respectively, the applied load. 

 



 

  iii  

Kurzfassung 

Die Effizienz von Stahlbeton beruht auf dem effektiven Zusammenspiel von Beton und Bewehrungs-

stahl. Die Kraftübertragung zwischen den beiden Materialien, im Allgemeinen Verbund genannt, 

ermöglicht es, die hohe Zugfestigkeit des Stahls und die vorteilhaften Eigenschaften des Betons auf 

Druck auszunutzen. Der Verbund beeinflusst die Tragsicherheit eines Bauteils, indem er dessen Ver-

formungsvermögen und die Verankerung der Bewehrung massgebend bestimmt. Anderseits fliesst er 

über die Rissabstände, Rissbreiten und Durchbiegungen auch bei der Beurteilung der Gebrauchstaug-

lichkeit ein. Für die Beurteilung des Tragverhaltens von Stahlbetonbauteilen ist die Berücksichtigung 

des Verbunds daher unerlässlich. Die intensiven theoretischen, numerischen und experimentellen Un-

tersuchungen des Verbunds über die letzten Jahrzehnte zeigen seine Bedeutung für die sichere und 

effiziente Bemessung von Tragwerken auf. Trotz der Vielzahl an Forschungsarbeiten in diesem Bereich 

ist das Verbundverhalten zwischen Stahl und Beton nicht abschliessend geklärt, was die Komplexität 

des Verbunds widerspiegelt.  

Eine Schwierigkeit bei der Untersuchung des Verbunds war bisher, dass die Grenzfläche zwischen 

Bewehrungsstahl und Beton für die Instrumentierung schwer zugänglich war. Bis vor kurzem bedurfte 

es einen extrem hohen Aufwand (Kleben von Dehnungsmessstreifen zwischen zwei Bewehrungsstab-

hälften, Anbringen kostenintensiver diskreter faseroptischer Sensoren), um den Verbund über eine 

repräsentative Länge hinweg zu untersuchen, ohne diesen durch die Instrumentierung zu verfälschen. 

Da es lange Zeit nicht möglich war, Bewehrungsstäbe direkt zu instrumentieren, wurde der Verbund 

anhand globaler Grössen charakterisiert. Beispielsweise wurde in Ausziehversuchen die aufgebrachte 

Last am aktiven Stabende und der Schlupf, d.h. die Verschiebung des Bewehrungsstabs relativ zur Be-

tonoberfläche, am passiven Stabende gemessen. Es ist jedoch fraglich, ob die aus solchen Versuchen 

resultierenden Verbundspannungs-Schlupf-Beziehungen das Verbundverhalten unter realitätsnahen 

Gegebenheiten (uniaxialer Zug, ein- und zweiachsige Biegung, Schub) zu repräsentieren vermögen. 

Trotzdem beruhen die meisten anerkannten Verbundmodelle und praktisch alle Bemessungsregeln auf 

Verbundspannungs-Schlupf-Beziehungen, welche basierend auf den Resultaten von Ausziehversuchen 

entwickelt und kalibriert worden sind. Mögliche Einflüsse wie beispielsweise die Lagerungsbedingun-

gen werden dabei mit semi-empirischen Korrekturfaktoren berücksichtigt. 

Die vorliegende Doktorarbeit geht die oben genannte Problematik mit Hilfe des Einsatzes von ver-

teilten faseroptischen Dehnungsmessungen in der experimentellen Forschung im Stahlbetonbau an. 

Dank technischer Fortschritte im Bereich der optischen Frequenzbereichsreflektometrie können kom-

merzielle, in der Telekommunikation verwendete Glasfasern als Sensoren genutzt werden, was die 

Kosten pro Messpunkt stark senkt. Dadurch können die Dehnungen von einbetonierten Bewehrungs-

stäben nahezu kontinuierlich über deren Länge gemessen werden, ohne den Verbund zu stören. Die 

Normalspannungen im Bewehrungsstab können aus den Dehnmessdaten ermittelt und die Verbund-

spannungen aus den lokalen Stahlspannungsgradienten hergeleitet werden. Diese Messmethodik 
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ermöglicht bisher ungekannte Einblicke in die Versuchskörper und birgt damit das Potential, das Ver-

bundverhalten von Stahlbetonbauteilen unter allgemeiner Belastung sowie für eine allgemeine 

Bauteilgeometrie besser zu verstehen, und experimentell fundierte Modelle abzuleiten. 

Der erste Teil der Arbeit präsentiert eine Übersicht verschiedener Anwendungen von verteilten fa-

seroptischen Dehnungsmessungen an Stahlbetonstrukturen, welche eine Grundlage für deren 

zuverlässigen Einsatz schaffen soll. Die Eignung der Faseroptik, sowie Vor- und Nachteile einzelner 

Systemkomponenten und Bearbeitungsschritte werden untersucht, und ein Leitfaden für die optimale 

Instrumentierung und Datennachbearbeitung wird erstellt. Das Messverfahren wird gegen etablierte 

Messmethoden validiert, und es werden Strategien für den Umgang mit der hohen Informationsdichte 

aufgrund der hohen Auflösung erarbeitet. Dieser Teil wird von Pilotversuchen begleitet und hat zum 

Ziel, die Messtechnik und deren Anwendung im Stahlbetonbau zu validieren. 

Der zweite Teil der Arbeit stützt sich auf die aus den verfeinerten Messungen gewonnen Erkennt-

nisse, um deren Nutzen zu erkunden und sie mit bisherigen Modellvorstellungen zu vergleichen. 

Übliche Modellannahmen etablierter Verbundmodelle werden für die Fälle von uniaxialem Zug und 

einachsiger Biegung überprüft, um allfällige Schwachstellen zu identifizieren. Dazu werden die Ver-

suchsdaten von Zuggurten und Plattenstreifen eingehend analysiert. Inspiriert durch die gewonnenen 

Erkenntnisse über die Verbundspannungsverteilung zwischen den Rissen und deren beobachteten Ab-

hängigkeiten von Stabdurchmesser, Betondeckung, Belastung und Materialeigenschaften, wurde ein 

auf Spannungsfeldern basierendes Modell zur Lastübertragung vom Bewehrungsstab auf den Beton 

entwickelt. Der Verbund wird dabei nicht als eine (empirische) Charakteristik der Grenzfläche zwi-

schen Stahl und Beton behandelt, sondern resultiert direkt aus dem Tragvermögen des umgebenden 

Betons. Unter Berücksichtigung der Stahl- und Betonsteifigkeit sowie der Formulierung einer zusätzli-

chen, vereinfachten Kompatibilitätsbedingung, welche einen Formschluss zwischen Beton und Stahl an 

den Rippen erfordert, können die lokalen und mittleren Verbundspannungen schliesslich auch in Ab-

hängigkeit der Stahldehnungen, respektive der aufgebrachten Last ermittelt werden. 
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Résumé 

L'efficacité du béton armé est étroitement liée à l'interaction entre le béton et l'acier d'armature, géné-

ralement appelé adhérence. Grâce à cette interaction entre les deux matériaux, la haute résistance à la 

tension de l'acier et les bonnes performances du béton en compression peuvent être pleinement exploi-

tées dans le matériau composite. L'adhérence régit non seulement l'ancrage des armatures et la ductilité 

de la structure, d'où la sécurité structurelle, mais aussi l'espacement et la largeur des fissures et les 

déformations, d'où la conformité aux critères d'aptitude au service. Avec cette influence significative 

sur l'état-limite ultime et �O�¶�p�W�D�W-limite de service, �O�¶�D�G�K�p�U�H�Q�F�H��est essentielle pour évaluer le comporte-

ment structurel des éléments en béton armé. Son importance pour une conception structurelle sûre et 

efficace se reflète dans l'intensité avec laquelle elle a été étudiée. Cependant, malgré le large éventail 

d'études théoriques, numériques et expérimentales, de nombreuses questions ne sont pas résolues de 

manière satisfaisante, ce qui souligne la complexité de l'interaction �H�Q�W�U�H���O�¶acier d'armature et le béton.  

La difficulté d'accéder à l'interface entre le béton et l'acier d'armature et de l'instrumenter a été un 

obstacle critique dans l'étude expérimentale de l'adhérence. Jusqu'à présent, la mesure de l'interaction 

sur des longueurs représentatives sans biaiser la réponse nécessitait des efforts disproportionnés, tels 

que le collage de jauges de contrainte entre les moitiés de barres d'armature ou �O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�¶�X�Q�H��mul-

titude de fibres optiques à capteurs discrets très coûteux. Ces obstacles à instrumenter directement les 

barres d'armature ont été contournés en réalisant des essais simplifiés dans lesquels seuls les paramètres 

globaux sont contrôlés. La méthode la plus répandue est l'essai d'arrachement, où l'on mesure la charge 

appliquée et le glissement de la barre par rapport à la surface du béton à l'extrémité passive. Cependant, 

la question de savoir si les relations adhérence-glissement moyennes qui en résultent représentent le 

comportement de l'adhérence dans des conditions réelles (tension uniaxiale, flexion uniaxiale et 

biaxiale, effort tranchant) est controversée, en raison des différents états de contrainte activés dans le 

béton. La difficulté �G�H���F�D�S�W�H�U���O�H�V���H�I�I�H�W�V���O�R�F�D�X�[���G�H���O�¶�D�G�K�p�U�H�Q�F�H���H�[�S�p�U�L�P�H�Q�W�D�O�H�P�H�Q�W���V�H���P�D�Q�L�I�H�V�W�H���G�D�Q�V���O�D��

manière dont son comportement complexe est traité dans le normes techniques contemporaines : Les 

règles de dimensionnement modernes prennent en compte les nombreux facteurs influents de manière 

semi-empirique, en s'appuyant largement sur les résultats des essais d'arrachement. 

Cette thèse aborde les questions susmentionnées en explorant l'utilisation de la détection distribuée 

de la déformation par les fibres optiques (DFOS) pour �O�¶�p�W�X�G�H expérimentale des éléments en béton 

armé. Les fibres optiques de télécommunication commerciales peuvent servir de capteurs grâce aux 

progrès techniques de la réflectométrie cohérente dans le domaine des fréquences basée sur la rétrodif-

fusion de Rayleigh. Les déformations �G�H�V���E�D�U�U�H�V���G�¶�D�U�P�D�W�X�U�H���L�Q�V�W�U�X�P�H�Q�W�p�H�V��peuvent être mesurées de 

manière quasi-continue avec un impact minimal sur l'interface barre d'armature-béton à un coût abor-

dable. Les contraintes locales de l'acier peuvent alors être déduites des déformations, et �O�¶�D�G�K�p�U�H�Q�F�H du 

gradient de contrainte locale de l'acier. Cette méthode permet de mieux comprendre et de mieux modé-

liser le comportement de l'adhérence du béton structurel dans des conditions de chargement et de 

géométrie des armatures généralisées, et donc dans des conditions réalistes. 
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A cette fin, la première partie de la thèse est consacrée à l'établissement d'une base solide pour l'ap-

plication de la méthode DFOS au béton armé. Sa pertinence et ses inconvénients sont explorés, et une 

ligne directrice est proposée pour l'instrumentation appropriée et le post-traitement des données. La 

technique de mesure est comparée aux méthodes établies, et des mesures pour gérer la haute résolution 

des données sont élaborées. Des essais pilotes accompagnent cette partie dans le but de valider la tech-

nique de mesure.  

La deuxième partie traite des connaissances acquises grâce aux mesures affinées et de la manière 

d�¶exploiter ces nouvelles connaissances. Les modèles d'adhérence établis ont été validés dans les cas 

de la tension et de la flexion uniaxiales. Les hypothèses de modélisation courantes ont été réexaminées 

et des failles ont été identifiées. Par conséquent, une étude approfondie de certains éléments en béton 

armé soumis à la tension et à la compression uniaxiales a été réalisée. En outre, les connaissances ac-

quises sur la distribution locale de l'adhérence et les dépendances observées sur des facteurs tels que le 

diamètre de la barre, l'enrobage du béton, la charge et les propriétés des matériaux ont inspiré le déve-

loppement d'un champ de contraintes pour modéliser le transfert de charge de la barre d'armature au 

béton. Le champ de contraintes proposé ne repose pas sur des expressions empiriques et traite l'adhé-

rence comme un résultat de la résistance ultime du béton environnant au lieu de la réduire à une 

caractéristique d'interface. En tenant compte de la rigidité de l'acier et du béton ainsi que de la formu-

lation d'une condition de compatibilité simplifiée supplémentaire, qui exige un contact entre le béton et 

l'acier au niveau des nervures, les contraintes locales et moyennes d�¶�D�G�Kérence peuvent finalement être 

déterminées en fonction des dilatations de l'acier, respectivement de la charge appliquée.
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Riassunto 

L'efficienza del calcestruzzo armato è strettamente legata all'efficacia del trasferimento di forza tra il 

calcestruzzo e l'acciaio d'armatura. Questa interazione tra i due materiali, detta anche aderenza, permette 

di sfruttare al meglio l'elevata resistenza a trazione dell'acciaio e le buone prestazioni a compressione 

del calcestruzzo. L'aderenza è rilevante non solo per l'ancoraggio delle armature e la duttilità della strut-

tura (sicurezza strutturale), ma anche per la distanza tra le fessure, l'ampiezza delle fessure e le 

inflessioni (criteri di servizio). Con questa influenza significativa sullo Stato Limite Ultimo e sullo Stato 

Limite di Servizio, considerare l'aderenza è essenziale per valutare accuratamente il comportamento 

strutturale di elementi in calcestruzzo armato. L'importanza dell'aderenza per una progettazione sicura 

ed efficiente si riflette nell'intensità con cui è stata studiata. Tuttavia, nonostante l'ampia gamma di 

indagini teoriche, numeriche e sperimentali, numerosi aspetti dell'aderenza non sono stati risolti o com-

presi in modo soddisfacente, a testimonianza della complessità dell'interazione tra acciaio d'armatura e 

calcestruzzo.  

La difficoltà �Q�H�O�O�¶accedere e strumentare l'interfaccia tra calcestruzzo ed armatura ha rappresentato 

un ostacolo critico nell'indagine sperimentale sul�O�¶�D�G�H�U�H�Q�]�D. Fino a poco tempo fa, m�L�V�X�U�D�U�H���O�¶�L�Q�W�H�U�D��

zione su lunghezze rappresentative senza falsare la riposta richiedeva sforzi sproporzionati, come 

incollare estensimetri tra le metà di barre precedentemente sezionate longitudinalmente oppure utiliz-

zare una moltitudine di costose fibre ottiche discrete. Questi ostacoli alla strumentazione dell�¶armatura 

sono stati aggirati conducendo prove sperimentali semplificate in cui vengono misurati solo i parametri 

globali. Questo è il caso delle prove di pull-out, il metodo più comune per studiare l'aderenza, in cui 

vengono monitorati il carico applicato e lo scorrimento della barra rispetto alla superficie del calce-

struzzo all'estremità passiva. Tuttavia, a causa dei diversi stati di sollecitazione attivati nel calcestruzzo 

nelle prove di pull-out, è discutibile se e in quale misura le relazioni medie tra sollecitazione e scorri-

mento risultanti da tali prove rappresentino il comportamento dell'aderenza in condizioni reali (elementi 

sottoposti a trazione, flessione monoassiale o biassiale, taglio). La difficoltà nel monitorare localmente 

l'aderenza negli esperimenti si manifesta nel modo in cui il suo complesso comportamento viene con-

siderato nelle attuali norme di progettazione, dovei numerosi fattori di influenza vengono tenuti conto 

in modo semi-empirico, basandosi principalmente sui risultati delle prove di pull-out. 

Questa tesi affronta le questioni sopra menzionate esplorando l'uso di sensori distribuiti in fibra ot-

tica (Distributed Fibre Optical Sensing DFOS) per l'indagine sperimentale dell'aderenza tra calcestruzzo 

ed acciaio d'armatura in elementi in calcestruzzo armato. Le comuni fibre di vetro utilizzate per le tele-

comunicazioni possono servire come sensori grazie ai progressi tecnici della riflettometria nel dominio 

della frequenza basata sulla retrodiffusione di Rayleigh. �$�S�S�O�L�F�D�Q�G�R���G�H�L���V�H�Q�V�R�U�L���R�W�W�L�F�L���V�X�O�O�H���E�D�U�U�H���G�¶�D�U��

matura permette di misurare le sue deformazioni in modo quasi continuo e di ricavare l'aderenza locale, 

con un impatto minimo sull'interfaccia tra armatura e calcestruzzo ed a un costo accessibile. �/�¶�X�V�R���G�L��

questi sensori ottici ha quindi il potenziale per consentire una migliore comprensione e modellazione 

della aderenza in elementi in calcestruzzo armato con geometrie e carichi generici. 
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A tal fine, la prima parte della tesi è dedicata a stabilire una base affidabile per l'applicazione di DFOS 

in elementi in calcestruzzo armato. Vi vengono esplorati la idoneità e i svantaggi di tali sensori in fibra 

ottica e viene proposta una linea guida per l�¶applicazione appropriata dei sensori e la elaborazione dei 

dati ottenuti. Questa tecnica di misurazione raffinata viene confrontata con altri metodi tradizionali e 

vengono elaborate approcci per gestire l'alta risoluzione dei dati. Questa prima parte della tesi è accom-

pagnata da applicazioni sperimentali pilota con l'obiettivo di convalidare la tecnica di misurazione.  

La seconda parte della tesi tratta le nozioni ottenute dalle misurazioni con sensori in fibra ottica e di 

come trarne vantaggio. Diversi comuni modelli �V�X�O�O�¶aderenza vengono convalidati per il caso della tra-

zione uniassiale e della flessione uniassiale, con l'obiettivo di rivedere le ipotesi di modellazione comuni 

e di identificare potenziali carenze. A tal fine, vengono eseguite analisi approfondite di elementi in 

calcestruzzo armato testati in trazione e compressione monoassiale. Inoltre, le conoscenze acquisite 

sulla distribuzione locale dell'aderenza e le osservazioni sugli effetti del diametro della barra, del copri-

ferro, del carico e delle proprietà dei materiali hanno ispirato lo sviluppo di un campo di tensione 

discontinuo per modellare il trasferimento del carico dalla barra d'armatura al calcestruzzo. Il campo di 

tensione proposto non si basa su espressioni empiriche e tratta l'aderenza come un risultato della capa-

cità portante del calcestruzzo circostante alla barra, invece che come una caratteristica dell'interfaccia. 

Tenendo conto della rigidezza dell'acciaio e del calcestruzzo, nonché della formulazione di un'ulteriore 

condizione di compatibilità semplificata, che richiede un contatto tra calcestruzzo e acciaio in corri-

spondenza delle nervature, è possibile determinare le tensioni d�¶�D�G�H�U�H�Q�]�D locali e medie in funzione 

delle deformazioni dell'acciaio e del carico applicato.
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1 Introduction  

The first chapter of this thesis introduces the framework of the study and puts the work into context. 

After the problem statement and an outline of the research gaps, the research objectives and the way 

they were addressed are presented.  

1.1 Background  

Structural concrete is an essential part of the built environment. It is the second most used material in 

the world, only surpassed by water and used in twice as high quantities as all other building materials 

combined [1]. Early concrete applications �± though without reinforcement �± date back to the Roman 

civilisation, which used the opus caementicium to build landmark structures that are still in use today. 

The same holds true for countless reinforced and prestressed concrete structures built since the invention 

of reinforced concrete at the end of the 19th century. The massive, past and present use testifies to the 

importance of structural concrete to society, but it also creates challenges on various levels. The high 

demand for resources such as sand and, more importantly, the energy consumption and geogenic CO2-

emissions related to cement production are among the most imminent environmental challenges of the 

construction industry. At the same time, structural concrete is hard to replace due to its broad worldwide 

availability, low cost, durability, and efficiency. Furthermore, it is the only viable solution in many 

cases, such as for most road and railway bridges, foundations and earth-retaining structures.  

The importance and success of structural concrete can be attributed to several reasons. A main cause 

is its efficiency as a composite material, which fully exploits the benefits of steel reinforcement in 

tension and concrete in compression, resulting �± if appropriately detailed �± in highly economical struc-

tural members combining high strength and stiffness with adequate deformation capacity. The latter, 

commonly referred to as ductility, is vital for applying the Theory of Plasticity, which shaped the way 

concrete structures are safely designed nowadays [2, 3]. The load transfer between concrete and rein-

forcement, usually referred to as bond, is essential to achieve a ductile behaviour of the composite 

material. Bond affects, and in many cases governs, most of the relevant characteristics of structural 

concrete members and hence, their design. In the Ultimate Limit State (ULS), bond is decisive for the 

anchorage of reinforcing bars. Furthermore, bond causes tension stiffening, where the concrete between 

cracks contributes to carrying tensile loads, reducing the mean strains compared to those of bare rein-

forcement and, thus, the overall deformation of a member. This greatly affects the serviceability of 

structures by governing the crack spacing, crack widths and deflections. The reduced deformations are 

beneficial for the Service Limit State (SLS) but unfavourable for the ULS since the deformation capac-

ity also decreases.  

In light of its importance, the load transfer between reinforcing bars and concrete was investigated 



1. Introduction 

2 

extensively from the beginning of reinforced concrete applications and research. One of the first mile-

stones dates back to 1905 when Considière acknowledged the contribution of concrete to the load 

bearing of axial tensile forces leading to the tension stiffening effect [4]. Soon after, Abrams established 

a differentiation between the adhesive and sliding bond resistance and investigated the dependency of  

bond on the reinforcing bar geometry (smooth vs ribbed) and on the distance to the crack surface or the 

bar slip, respectively [5]. Today, it is state-of-the-art to differentiate between chemical adhesion, micro-

interlocking (friction) and macro-interlocking (gearing of the ribs) as the main bond transfer mecha-

nisms [6]. In 1950, Kuuskoski [7] was able to derive analytically and verify experimentally that cyclic 

loading results in residual stresses in the concrete and the reinforcement. He further formulated the 

differential equation of bond, which was later solved by Rehm [8] by assuming a bond shear stress�±slip 

relationship. Goto [9] published his findings in a seminal paper in 1971, showing the formation of an 

internal cracked zone around reinforcing bars consisting of internal cracks that originate at ribs and are 

inclined towards the main crack. These internal cracks may propagate to the concrete surface and be-

come secondary cracks. A handful of authors [10�±12] confirmed the local dependency of the bond 

stress-slip behaviour postulated by Abrams [5], whilst Shima [13] argued it to be a logical fallacy since 

there was a well-defined relationship between bond stresses, slip and strains. 

The paradigm underlying the differential equation of bond, i.e. that there is a unique relationship 

between bar slip and bond stresses, greatly influenced experimental research on bond. Some early ex-

perimental attempts to investigate bond comprised of cavities in the concrete cover, exposing the 

reinforcing bar locally to determine the steel deformations and slip [5, 14�±16]. In the early days of 

reinforced concrete research, bar anchorages of smooth bars (e.g. hooks) were primarily tested in pull-

out setups [15, 16]. This testing method also became very popular when deformed bars were established 

as the state-of-the-art for reinforcement. In pull-out tests [17], the reinforcing bar is pulled at the active 

end, while the applied load and the slip at the passive end, i.e. the free end, are measured (see Fig. 1.1a). 

From these global values, bond shear stress-slip relationships are determined: average nominal bond 

stresses are calculated using the applied load and the nominal contact surface (embedded length times 

nominal bar circumference) between the reinforcing bar and the concrete. Pull-out tests, RC ties and 

flexural members are increasingly instrumented with advanced sensing techniques complementing the 

global measurements. Initially, researchers measured the bar deformations of reinforced concrete mem-

bers locally by instrumenting them with strain gauges either glued onto the bar surface [18, 19], or 

internally after bisecting the bars axially and welding them back together to minimise the disturbance 

of bond [20�±23]. A different approach to studying the load transfer consisted of analysing the deterio-

ration of the concrete, e.g. with the help of post-experimental cutting of the specimen and ink injections 

[9] or conducting X-Ray topographies of the specimens [24, 25]. Internal cracking was also studied by 

replacing the concrete matrix with suitable substitutes such as clear resin that resulted in translucent 

specimens [26]. Such matrix replacements were also used to visualise stresses with isochromatic curves 

[27]. 

At the beginning of the 21st century, fibre Bragg gratings (FBG) were successfully used to instrument 

reinforcing bars for the experimental investigation of slab strips at the Institute of Structural Engineering 

at ETH Zurich [28]. This discrete fibre optical sensing method allowed determining the reinforcing bar 

strains at a high resolution. To this end, fibre Bragg gratings were inscribed at a spacing of approxi-

mately 10 mm in an optical fibre which was later glued in a groove longitudinally carved along a 
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reinforcing bar. The methodology was a significant step forward in the experimental investigation of 

bond, but the disadvantage was the high cost per inscribed sensor. In recent years, distributed fibre 

optical sensing (DFOS) emerged as a suitable tool to get direct insight into the interface between rein-

forcement and concrete [29], overcoming many of the above-mentioned limitations. Thereby, 

commercial optical fibres used in telecommunication are used as sensors, reducing the sensor costs 

significantly. Amongst the different types, the coherent optical frequency domain reflectometry is cur-

rently the most suitable for applications in structural concrete regarding sensor size, measurement length 

and frequency [30]. Specifically, the reinforcing bars (often with a longitudinal groove as in the use of 

FBG) or the concrete are instrumented with glass fibres through which a laser sends a signal of tuneable 

frequency whilst a receiver collects the Rayleigh backscatter that is translated via a fast Fourier trans-

formation into an amplitude spectrum of the sensing fibre. This information, combined with an internal 

reference signal and a reference amplitude spectrum of the backscatter, allows determining the strains 

of the sensing fibre relative to a reference state [31]. With the stress-strain characteristics of the bare 

reinforcing bar, known from standard material tests, normal stresses (loads), slip (crack widths) and 

bond stresses can then be calculated from the strains, which provides valuable insights into the local 

load transfer of the reinforcement at high resolution and low invasiveness.  

Compared to strain gauges, which have also been used to determine bond stresses in experiments, 

DFOS has several advantages, as briefly discussed in the following. In Fig. 1.2a, the instrumentation of 

the bar is shown for both cases along the bar axis and within the bar cross-section. The mounting of the 

glass fibre is far less invasive as it is placed in a small longitudinal groove along the bar ridge, while 

the bar surface needs to be planed for the strain gauges. Fig. 1.2b compares the strains along a reinforc-

ing bar in a flexural tension test obtained with a DFOS system (solid orange line) to fictitious local 

measurements (blue circles) that would have been obtained if the same bar had been instrumented with 

strain gauges spaced at 100 mm (typically used in experimental investigations). The strain gauges pro-

vide limited insight into the actual strain distribution along the bar. More importantly, depending on 

their placement (see strain gauge arrangements ���� and �� ), significantly different conclusions about 

the strain distribution are obtained (blue dashed lines). On the one hand, even if the spacing and place-

ment of the strain gauges are chosen carefully, the results remain subject to considerable uncertainty 

 

Fig. 1.1 - Experimental investigation of bond between reinforcing bars and concrete and the illustration of the 
flow of forces with strut-and-tie models: (a) pull-out tests; (b) reinforced concrete ties. Note: green = 
compression, blue = tension, orange = bond, red = applied, external and internal loads. 
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and randomness since it is impossible to know beforehand where the cracks will form unless pre-crack-

ing is used, which in turn biases the results. On the other hand, if the spacing of the strain gauges is 

minimised to capture local strain variations, the reinforcing bar-concrete interface is highly altered, i.e. 

the measurements will be biased. Consequently, strain gauge data neither represents mean nor extreme 

values and is of very limited use for the bond investigation in RC members unless closely spaced strain 

gauges are glued inside reinforcing bars, which, however, causes disproportionate effort and cost. In 

contrast, DFOS can capture the strain distribution quasi-continuously, allowing determining the slip (by 

strain integration) and the local bond stresses (by assessing the variation of steel stresses from the 

strains).  

1.2 Problem statement 

The importance of bond on the structural behaviour of reinforced concrete members is reflected in the 

great efforts undertaken in theoretical, numerical and experimental studies. Despite the extensive in-

vestigations, there are still remarkable knowledge gaps on bond in structural concrete since it comprises 

complex mechanisms that occur at an interface that is difficult to instrument without affecting the be-

haviour.  

Most established bond models and design standards focus on the local bond stress-slip behaviour 

and are typically based on the differential equation of bond, assuming a unique bond stress slip rela-

tionship [2,3,32], but are complemented with semi-empirical or empirical expressions to account for 

other influencing parameters such as the concrete strength and cover thickness, plastic steel strains, the 

effect of transverse reinforcement (confinement) and the bond conditions at the interface. These expres-

sions lack generality, i.e. they might not be representative when applied to material properties and 

boundary conditions other than those on which they were calibrated. 

Most bond expressions have been calibrated on data from pull-out tests, which are limited since they 

(i) provide only averaged information and (ii) have boundary conditions resulting in stress states that 

 

Fig. 1.2 - Instrumentation of reinforcing bars with strain gauges (SG) and distributed fibre optical sensing 
(DFOS): (a) sensor installation along the bar axis and within the bar cross-section; (b) exemplary 
DFOS measurement on the flexural reinforcement in a slab compared to theoretical results obtained 
by virtual strain gauges spaced at 100 mm in two different axial arrangements. 
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are not representative of most structural concrete elements: while concrete is axially subjected to com-

pression in pull-out testing (Fig. 1.1a), it is subjected to axial tension in RC ties and the tension chords 

of flexural members (Fig. 1.1b). Thus, potentially governing failure modes are not accounted for in 

pull-out tests. The stress states generally differ as a direct load introduction of the conical struts to the 

bearing plate may occur in pull-out tests, activating friction between the concrete and the bearing plate 

(Fr in Fig. 1.1a) instead of concrete tensile hoops hence reducing the risk of longitudinal splitting fail-

ures. Alternative sensing techniques �± that could be applied to other more representable testing methods 

�± have proven to exhibit important limitations as well: they (i) significantly distort the bond behaviour 

by local rib removal or by altering the local constitutive behaviour of the steel (e.g. installation of strain 

gauges); (ii) only allow insights after the experiment is concluded (e.g. cutting operations); (iii) provide 

only limited local or nominal information (e.g. strain gauges); or (iv) are excessively expensive or la-

bour-intensive (e.g. fibre Bragg grating, longitudinal bisection of bars for strain gauge placement). 

In order to better understand the complex interaction between concrete and reinforcing steel, (i) the 

experimental investigation must be improved through a better instrumentation method (providing in-

sight into the behaviour without biasing the behaviour) and (ii) mechanical models accounting for 

relevant influences beyond the interface in a consistent manner are required. The application of the 

novel DFOS technology for the experimental investigation of structural concrete has the potential to 

provide an in-depth understanding of the mechanisms occurring at the reinforcing bar-concrete interface 

[33�±36] and foster the development of sound mechanical models of bond transfer. However, it is not a 

plug-and-play method and as there is little experience with its application to reinforced concrete, the 

reliability, accuracy and suitability of instrumenting structural concrete remain to be confirmed. 

1.3 Research objectives and methodology 

Since the application of DFOS in structural concrete members is not yet well-established, the first aim 

of this thesis is to resolve insecurities about the application and to provide guidance for the method. It 

should cover the aspects having a high impact on the measurements: the instrumentation of reinforcing 

bars and the post-processing of results. A further goal is to provide recommendations on how to assess 

and treat measurement uncertainty. The main objectives of the first part of the thesis are: 

�x Provide a review of the current knowledge and the state-of-the-art in the domain of DFOS for 

the experimental investigation of reinforced concrete. 

�x Carry out pilot applications on bare steel bars, embedded reinforcing bars, and the concrete 

compression zone of a reinforced concrete beam subjected to uniaxial bending. 

�x Validate the sensing method against other established measurements. 

�x  Identify common pitfalls in the application and provide guidance for the use. 

�x Establish recommendations for the choice of the fibre optical sensor, the instrumentation, and 

the post-processing of the data. 

After establishing a suitable methodology for applying DFOS to structural concrete in the first part, 

the second part is dedicated to analysing the acquired data with regard to the reinforcing bar-concrete 
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interaction and developing mechanical models consistent with the experimental observations. The main 

objectives of the second part are: 

�x Investigate experimentally the bond stress distribution of reinforced concrete members sub-

jected to uniaxial tension and bending in detail. 

�x Study bond mechanisms and the influence of selected parameters, such as the reinforcing steel 

strength and stiffness, the bar diameter, the relative rib area, the occurrence of splitting cracks 

(cause and effect), and the impact of un- and reloading. 

�x �5�H�Y�L�V�L�W�� �D�Q�G�� �Y�D�O�L�G�D�W�H�� �F�R�P�P�R�Q�� �P�R�G�H�O�O�L�Q�J�� �D�V�V�X�P�S�W�L�R�Q�V���I�R�U�� �U�H�L�Q�I�R�U�F�H�G�� �F�R�Q�F�U�H�W�H�� �P�H�P�E�H�U�V�� �V�X�E��

�M�H�F�W�H�G���W�R���X�Q�L�D�[�L�D�O���W�H�Q�V�L�R�Q���D�Q�G���E�H�Q�G�L�Q�J���D�Q�G���L�G�H�Q�W�L�I�\���I�O�D�Z�V�� 

�x Develop a stress field model to capture the bond behaviour in axisymmetric RC ties accounting 

for the bar diameter, the rib geometry and material properties without relying on empirical pa-

rameters. 

�x Extend the stress field model considering slip compatibility at the interface in a simplified way 

in order to capture the influence of the reinforcing steel strains on the bond stresses. 

�x �3�U�R�S�R�V�H�� �D���P�H�W�K�R�G���I�R�U�� �H�V�W�L�P�D�W�L�Q�J���W�K�H�� �H�I�I�H�F�W�L�Y�H�� �U�H�L�Q�I�R�U�F�H�P�H�Q�W�� �U�D�W�L�R�� �L�Q���5�&���E�H�D�P���H�[�S�H�U�L�P�H�Q�W�V��

�L�Q�V�W�U�X�P�H�Q�W�H�G���Z�L�W�K���G�L�V�W�U�L�E�X�W�H�G���I�L�E�U�H���R�S�W�L�F�D�O���V�W�U�D�L�Q���V�H�Q�V�L�Q�J���D�Q�G���G�L�J�L�W�D�O���L�P�D�J�H���F�R�U�U�H�O�D�W�L�R�Q�����'�,�&���� 

1.4 Structure of the thesis 

The dissertation is structured into two main parts. The first part, Chapters 2 and 3, establishes and in-

vestigates a reliable methodology for the application of distributed fibre optical sensing to reinforced 
concrete. The second part, Chapters 4 to 6, is dedicated to the reinforcing bar-concrete interaction. 

Chapters 4 and 6 present experimental campaigns on RC ties and beams instrumented with DFOS, while 
Chapters 5 and 6 develop new models based on the new insights gained from the DFOS measurements. 

The thesis is overarched by an introduction (Chapter 1) and the main conclusions drawn from the indi-

vidual parts (Chapter 7). 

Chapter 1 introduces the context of the research, the research objectives and methodology, and 

outlines the thesis structure. 

Chapter 2 reviews the fundamental aspects of DFOS and presents a series of measurements on 

reinforcing steel and concrete that are used to investigate the potentials and limitations of the instru-

mentation and to propose a measuring and post-processing methodology. 

Chapter 3 investigates the applicability of DFOS to reinforcing bars embedded in concrete, where 

the effects of the concrete-reinforcing bar interaction are addressed. The limitations of the application 

are elaborated and its suitability is confirmed. 

Chapter 4 presents and discusses the results of an experimental campaign on 21 reinforced concrete 

members subjected to uniaxial tension where bond stresses and their dependency on the bar diameter, 

rib geometry, plastic steel deformations and cyclic loading were investigated with DFOS. 
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Chapter 5 presents a modelling approach with stress fields inspired by simple strut-and-tie models 

for bond and refined stress field models for partial area loading, as well as the insights from Chapter 4 

on the close dependency of bond stresses on steel deformations. The model allows for visualising the 

flow of forces and understanding bond and the overall structural behaviour without the need for empir-

ical parameters. 

Chapter 6 shows an application of DFOS to a reinforced concrete member subjected to uniaxial 

bending, which helps to discuss existing models to describe the serviceability behaviour. A method to 

determine the effective reinforcement ratio based on DFOS and DIC measurements is proposed, which 

can be used to validate common modelling assumptions. 

Chapter 7 closes the work with a summary of the main findings, the main conclusions and an out-

look for future work.  

The respective scientific publications from Chapters 2, 3 and 5 are published in scientific journals, 

and those from Chapters 4 and 5 have been submitted for peer review. As this thesis is structured as a 

cumulative thesis, each of the chapters 2 to 6 has its own introduction, methods, results, discussion and 

conclusion sections, as well as a list of references. Because of this structure, and because each of these 

chapters must be coherent and comprehensive in its own right, a degree of redundancy throughout the 

thesis is inevitable. 

1.5 List of publications 

The research carried out throughout the course of the study resulted in four scientific journal publica-

tions with the doctoral student as the first author (two of them under review at the time of writing this 

thesis), the contribution to two journal papers as a co-author, one conference paper (first author), as 

well as the contribution to a book and a scientific report as co-author. They are listed in the following. 

1.5.1 Journal publications 

T. Galkovski, Y. Lemcherreq, J. Mata-Falcón, and W. Kaufmann, �³Fundamental Studies on the Use of 

Distributed Fibre Optical Sensing on Concrete and Reinforcing Bars�´�� Sensors 2021, no.21:7643. 

https://doi.org/10.3390/s21227643. (Chapter 2) 

Y. Lemcherreq, T. Galkovski, J. Mata-�)�D�O�F�y�Q�����D�Q�G���:�����.�D�X�I�P�D�Q�Q�����³Application of Distributed Fibre 

Optical Sensing in Reinforced Concrete Elements Subjected to Monotonic and Cyclic Loading�´�����6�H�Q��

sors 2022, no.5:2023. https://doi.org/10.3390/s22052023. (Chapter 3) 

T. Galkovski, J. Mata-Falcón, and W. Kaufmann, �³Experimental investigation of bond and crack be-

haviour of reinforced concrete ties using distributed fibre optical sensing and digital image correlation�´����

Engineering Structures, vol. 292, p. 116467, 2023, doi: 10.1016/j.engstruct.2023.116467. (Chapter 4) 

T. Galkovski, J. Mata-Falcón, and W. Kaufmann, �³�6�W�U�H�V�V���)�L�H�O�G��Model for Bond in Reinforced Concrete 

Ties�´����Engineering Structures, vol. 294, p. 116759, 2023, doi: 10.1016/j.engstruct.2023.116759. 

(Chapter 5) 

https://doi.org/10.3390/s21227643
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T. Galkovski, J. Mata-Falcón, and W. Kaufmann, �³�(�I�I�H�F�W�L�Y�H���5�H�L�Q�I�R�U�F�H�P�H�Q�W���5�D�W�L�R���R�I���5�&���%�H�D�P�V�����9�D�O��

idation of Modelling Assumptions with High-Resolution Strain D�D�W�D�´����Structural Concrete, vol. 23, no. 

3, pp. 1353�±1369, 2022. https://doi.org/10.1002/suco.202100739. (Chapter 6) 

J. Mata-Falcón, S. Haefliger, M. Lee, T. Galkovski, and N. Gehri, �³Combined application of distributed 

fibre optical and digital image correlation measurements to structural concrete experiments� ,́ Engineer-

ing Structures, vol. 225, p. 111309, 2020, doi: 10.1016/j.engstruct.2020.111309. 

1.5.2 Conference papers, reports and books 

T. Galkovski, J. Mata-Falcón, and W. Kaufmann, �³Determination of the effective concrete area in 

tension relevant for modelling tension stiffening in SLS and ULS design� ,́ in Concrete Structures: New 

Trends for Eco-Efficiency and Performance, Proceedings of the fib Symposium 2021, International 

Federation for Structural Concrete (fib), 2021, pp. 1598�±1607. doi: 10.3929/ethz-b-000493333. 

W. Kaufmann et al., Compatible Stress Field Design of Structural Concrete: Principles and Validation. 

Zurich; Brno: ETH Zurich, Institute of Structural Engineering (IBK); IDEA StatiCa s.r.o., 2020. ISBN: 

978-3-906916-95-8. 

W. Kaufmann and T. Galkovski�����³�6�S�D�Q�Q�X�Q�J�V�]�X�V�W�D�Q�G���L�Q���X�Q�J�H�U�L�V�V�H�Q�H�Q���%�H�W�R�Q�E�D�X�W�H�Q�´�����,�Q�V�W�L�W�X�W�H���R�I���6�W�U�X�F��

tural Engineering, ETH Zurich, Zurich, cemsuisse-Projekt 201704, 2019. 

1.6 Delimitation  

The bond behaviour of reinforced concrete members under tension and bending is investigated in this 

work. Size effects, long-term effects (such as creep and relaxation) or the effect of fatigue loading are 

not considered in the study, the latter is though studied regarding the DFOS quality in Chapter 3. Note 

that the investigations on fatigue loading were carried out and evaluated by another author, as declared 

at the beginning of the corresponding chapter. Initial strains and stresses caused by shrinkage are partly 

discussed. 

In all experimental studies, the investigations were carried out under quasi-static loading. Dynamic 

effects were not investigated. All reinforced concrete ties, beams and slab strips were produced without 

transverse reinforcement in the region where bond was investigated. Therefore, the bond between the 

reinforcing steel and the concrete was only investigated for the unconfined case. 

In all analyses and evaluations, nominal bond stresses are considered, i.e. bond stresses are assumed 

to be constant along the circumference of the bar. 

The evaluation of the DFOS data acquired on the reinforcing bars is limited to the serviceability 

behaviour and the initial inelastic range, before the ultimate strain of the glass fibres becomes limiting. 

Therefore, the deformation capacity of reinforced concrete members was not investigated with this in-

strumentation. 

Further limitations may vary from study to study, and detailed specifications are provided in the 

respective chapters where required. 

https://doi.org/10.1002/suco.202100739
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2 Fundamentals on the application to concrete 
and reinforcing bars 

The content of this chapter coincides with the postprint of the following article, differing from the pub-

lished version only in terms of layout and formatting: 

T. Galkovski, Y. Lemcherreq, J. Mata-Falcón, and W. Kaufmann, �³Fundamental Studies on the Use 

of Distributed Fibre Optical Sensing on Concrete and Reinforcing Bars�´�� Sensors 2021, no.21:7643. 

https://doi.org/10.3390/s21227643. 

The Chapters 2 and 3 are devoted to the technical aspects of the application of distributed fibre optical 

sensing (DFOS) to structural concrete, with the present chapter focusing on reinforcing steel and con-

crete as separate entities and Chapter 3 focusing on embedded reinforcement. The chapters are based 

on two companion articles that were published in collaboration of T. Galkovski, Y. Lemcherreq, J. 

Mata-Falcón and W. Kaufmann. For this first article, T. Galkovski, the first author, lead the project 

administration, carried out the literature review, wrote the original manuscript draft, tested and evalu-

ated the specimens cw01, cw03, and Nn, and prepared all figures except Fig 2.3a, Fig 2.7a-c and Fig 

2.8, which were prepared by Y. Lemcherreq. She also co-tested specimens cw01 and cw03, tested and 

evaluated cw02 and qst01 and reviewed the manuscript. The first two authors elaborated the methodol-

ogy and data curation, and the first three collaborated on the conceptualisation and validation. J. Mata-

Falcón supervised the project by giving constant and valuable inputs and feedbacks, conceptualised the 

work, tested and analysed specimen qst03 and reviewed the draft. W. Kaufmann performed a thorough 

revision of the manuscript and proposed several linguistic changes to increase its clarity.  

Abstract 

Distributed fibre optical sensing (DFOS) allows for quasi-continuous strain measurement in a broad 

range of gauge lengths and measurement frequencies. In particular, Rayleigh backscatter-based coher-

ent optical frequency domain reflectometry has recently registered a significant application increase in 

structural concrete research and monitoring thanks to its numerous merits, such as high resolution and 

low invasiveness. However, it is not a plug-and-play technique. The quality of the acquired data depends 

highly on the choice of the fibre optical sensor and the methods of instrumentation and post-processing. 

Furthermore, its unprecedented resolution and sensitivity allow capturing local effects not well docu-

mented so far. This paper analyses the suitability of DFOS based on Rayleigh backscatter for reliably 

measuring strains and discusses the origin and structural relevance of local variations in the results. A 

series of experimental investigations are presented, comprising tensile tests on bare reinforcing bars and 

concrete compression tests. A critical analysis of the results leads to a best practice for applying DFOS 

to reinforcing bars and concrete, which establishes a basis for reliable, accurate measurements in struc-

tural concrete applications with bonded reinforcement.  

https://doi.org/10.3390/s21227643
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2.1 Introduction 

Distributed fibre optical sensing (DFOS) covers various technologies for strain measurements in a broad 

range of spatial resolution and measurement frequencies. In the field of geotechnics, DFOS has been 

used for quality control and structural health monitoring for several decades already [1�±4]. Technolog-

ical advances in Rayleigh backscatter-based coherent optical frequency domain reflectometry (c-

OFDR) opened the way to use more affordable conventional telecommunication glass fibres for sensing, 

reaching high resolutions and frequencies [5�±7]. Since then, c-OFDR has been increasingly used in 

structural concrete research [8�±10] and monitoring [11]. The technology's low invasiveness enabling 

instrumentation with minimum alteration of the actual structural behaviour and high long-term stability 

are core advantages besides the high measurement resolution and frequency. 

The measurement reliability of this technology has been the focus of numerous investigations. DFOS 

strain measurements of bare reinforcing bars [12] and bare steel plates with varying cross-sectional 

geometries [13,14] have been compared to strain gauge measurements, digital image correlation (DIC) 

based strain measurements, FEM results and strains derived from equilibrium and constitutive material 

relations. The influence of fibre coating on the measurement quality has been explored, and a higher 

sensitivity of polyimide coated fibres than acrylate coated fibres has been observed. Brault and Hoult 

concluded from their investigations on reinforced concrete beams that polyimide coated fibres were less 

suitable for instrumenting reinforcing bars as they measured an unexpected jagged steel strain distribu-

tion [15]. On the other hand, Cantone et al. attributed this distribution to the high sensitivity of the 

sensing fibre and thus its capability to capture local discontinuities of the steel at ribs caused by me-

chanical interlocking with the surrounding concrete, leading to local tension and compression zones in 

the reinforcing steel around ribs [10]. 

Other research presents new horizons in data assessment and utilisation for structural concrete ap-

plications. The acquired data with c-OFDR is of unprecedented quality, thanks to the strain 

measurement's low invasiveness and quasi-continuity. Monsberger and Lienhart showed the possibility 

to assess the curvature, bending moment and deflection distribution in grouted soil anchors monitored 

longitudinally with at least two fibres [3] and introduced a concept for distributed fibre optic shape 

sensing in concrete structures [16]. Instrumenting steel reinforcing bars with quasi-continuous fibre 

optical strain measurements also allows getting a deep insight into the crack behaviour of reinforced 

concrete members without the necessity of knowing the crack locations in advance [17�±20]. DFOS 

directly measures the tension stiffening effect that could only be indirectly estimated until now for large-

scale experiments with reasonable cost. With the DFOS data, characteristics such as the steel strain 

distribution (including mean and extreme values), crack spacing and crack widths can be assessed [21]. 

The normal and bond stress distribution can be estimated from the measured strains when knowing the 

bare reinforcing bar's material law. Further, force equilibrium considerations at the cracks can be for-

mulated for homogeneous structural elements to assess phenomena such as aggregate interlock in large-

scale tests [22,23]. 

Regarding concrete instrumentation, fibre optical sensors (FOS) are often used to measure positive 

strains (tension) for crack assessment [24,25]. Concrete cracks are discontinuities with a discrete open-

ing (i.e. have theoretically infinitely large strains). Therefore, when directly embedded in concrete or 
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glued to its surface, the sensors need protection to avoid fibre rupture upon crack formation. The pro-

tection is typically provided by a robust jacket that smears the crack opening as a strain over a certain 

length, which varies from sensor to sensor depending on the jacket composition. While the measured 

strains lack direct physical meaning, they have been used to assess crack widths, e.g. through a mechan-

ical transfer function [25] or by using a spring model calibrated for each FOS [24]. This approach is 

valid even for the case of overlapping strain peaks between neighbouring cracks. This instrumentation 

is very promising to gain insights into the behaviour of three-dimensional concrete structures, as crack 

widths inside the elements can be assessed at specific points by embedding FOS. However, most struc-

tures behave bi-dimensionally, and it is accurate enough to measure the crack behaviour just on the 

specimen's surface. In such cases, it is more convenient to use other optical instrumentation techniques 

such as digital image correlation (DIC), which is easy to apply and allows for more detailed information 

(e.g. inspecting the entire crack pattern and measuring crack slip) when using automated approaches 

[26,27]. Therefore, concrete instrumentation is discussed in this paper exclusively for measuring com-

pressive strains, which do have a direct physical meaning and are essential to understand the behaviour 

of structural concrete (concrete is typically assumed to carry only compressive loads). 

The present work presents a concept for reliable strain measurements on concrete and steel reinforc-

ing bars based on experimental investigations and fundamental concepts of the DFOS measurement 

technology. A best practice is proposed, including recommendations on instrumentation, sensing fibre 

type, data acquisition and data post-processing methods. In order to address contradictory findings in 

the literature on the suitability of polyimide and acrylate coated fibres for reinforcing bar instrumenta-

tion, both fibre coating types are discussed. The paper also explores limitations and drawbacks of 

DFOS: due to the high resolution of the measurement combined with a high sensitivity of the fibre 

optical sensor, local effects are captured and consequently, classic model assumptions (e.g. plane strain 

assumption, constitutive laws) can be applied to measured high-resolution strains only with limitations. 

Furthermore, a concept of measuring inelastic steel strains and in general strains almost up to the glass 

fibre's ultimate strain is introduced, which so far has not been explored to the aut�K�R�U�V�µ���N�Q�R�Z�O�H�G�J�H�����7�K�H��

investigations are limited to short-term behaviour excluding thermal effects on the fibre optic measure-

ment and influences from concrete shrinkage. These effects are discussed in a companion paper [28]. 

2.2 Research significance 

DFOS is used more frequently in structural concrete experimental investigations and monitoring. This 

work provides a comprehensive overview of the application of DFOS for concrete compression and 

reinforcing steel strain measurements. This overview aims at (i) facilitating the application for new 

users and (ii) ensuring the reliability of the measurements even for complex applications. 

This paper focuses on material specific challenges regarding the interpretation and utilisation of the 

data. These challenges comprise measuring strains above the elastic range of the host (instrumented) 

material and inferring stresses from these strains using the constitutive law of the material. Another 

challenge is that classic approaches and models in structural concrete are not based on or derived from 

data with such a high resolution as provided by DFOS. Hence, this work discusses how to interpret and 
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use this data properly. The paper also discusses examples of how the results of local strain variations 

might enhance the understanding of the behaviour of structural concrete subjected to uniaxial bending. 

2.3 Fundamentals of c-OFDR relevant for reinforcing steel and concrete 
instrumentation 

This section introduces the fundamentals of c-OFDR and the underlying physics of light discussed in 

the context of structural concrete applications, focusing on single-mode fibres (Fig. 2.1a). Understand-

ing the fundamental concepts of the technology is essential to apply it correctly, benefit from it 

optimally, and understand and avoid potential problems. 

2.3.1 Propagation of light in optical sensors 

A beam of light propagates through space in particular shapes. These shapes, also called modes, are 

limited to one mode in single-mode fibres by the physical restriction of the core diameter, which defines 

the mode field diameter and does not allow other modes than the first to form. In this way, modal 

dispersion of the light signal is avoided [1]. 

The refractive index of the core must be higher than the refractive index of the surrounding cladding 

to keep the signal inside the core. The smaller the difference of both refractive indices is, the higher is 

the angle of total reflection at the interface and the smaller the signal loss. Consequently, the refractive 

index of the cladding is chosen only slightly higher than that of the core. On the other hand, the material 

of the coating that protects the cladding from damage has a much higher refractive index to favour 

refraction to the outside and avoid the small portion of light refracted from the core into the cladding to 

be reflected back, causing signal dispersion [29]. 

2.3.2 Extrinsic and intrinsic attenuation 

Signal losses are unavoidable and, in some cases, even desirable. One can distinguish between extrinsic 

and intrinsic attenuation. The former includes losses due to fibre bending and defects at the core-clad-

ding interface. In such cases, light waves may be refracted and leave the core. Excessive bending, 

pinching of fibres and bad splices should be avoided since they cause increased local attenuation and 

 

Fig. 2.1 - Fibre optical sensors: (a) composition of a single-mode fibre; (b) terminology used in the present 
paper. 
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distort the measurement. The sensing fibre termination also contributes to the extrinsic attenuation. At 

the fibre end, the signal is supposed to leave the fibre, i.e. perfect refraction should be pursued, as any 

reflected signal superimposes and distorts the backscatter, which is analysed for the strain measurement 

[29]. A simple method to maximise the light refraction at the fibre termination is discussed in Section 

2.4.3. 

Intrinsic attenuation includes the (back)scattering of light at imperfections and impurities of the 

glass. The kind of backscattered signal depends on the source light's original wavelength and the size 

of the defect from which it is backscattered. It is distinguished between Rayleigh, Mie, Brillouin and 

Raman scattering. For coherent optical frequency domain reflectometry, the receiver evaluates the Ray-

leigh backscatter. It is generated at impurities of much smaller size than the wavelength and is linear, 

meaning it has the same wavelength as the incident light and does not exhibit a phase shift. Also, the 

attenuation loss due to Rayleigh backscatter is by far the strongest of the aforementioned types, achiev-

ing values around 0.2 dB/km at operating wavelengths of 1310�±1550 nm [29]. 

2.3.3 c-OFDR: Rayleigh scatter based distributed fibre optical strain sensing 

In the simplest case of c-OFDR, a light source is coupled to a beam splitter. The light source sends out 

monochromatic light of low power and a linearly time-�Y�D�U�\�L�Q�J���R�S�W�L�F�D�O���I�U�H�T�X�H�Q�F�\���&�����7�K�H���E�H�D�P���V�S�O�L�W�W�H�U��

divides the signal into a reference signal and another signal that propagates into the coupled fibre optical 

sensor. Attenuation in the glass fibre creates a distinctive backscatter profile. The backscattered signal 

interferes with the coherent reference signal before the receiver registers it. Within the optical fibre at 

a certain location having a distance x from the spectrometer, the incident light is backscattered and 

hence travels for t0 = 2x/vg, where vg is the velocity of the wave inside the glass medium. During this 

time, the frequency f changes by f = t0 d�&/dt, where d�&/dt designates the change rate of the light's 

optical frequency. The receiver hence detects a characteristic frequency f from a backscatter generated 

at the distance x. The frequency is proportional to x and can thus be transformed into the distance. A 

further important property is the backscatter amplitude: an imperfection in the glass fibre at distance x 

generates a backscattered signal of characteristic amplitude. A fast Fourier transformation of the de-

tected signal delivers the amplitude-frequency plot, including frequency and specific amplitude 

information of each location x of the sensing fibre [6]. 

The spectrometer takes a reference measure (called reference state from now on) and correlates fur-

ther measurements, i.e. registered backscatter signals, to it. Variations in temperature, deformations, but 

also humidity cause a change in the backscattered signal. When an optical fibre is elongated, the ampli-

tudes of a signal backscattered at the impurities within the deformed section do not change in 

consequence, but the transmission time, and hence the frequency, change in proportion with the posi-

tion. Hence, changes in the position of the impurities can be assessed using the optical information [7] 

and processed to determine strains. 

An optical distributed sensor interrogator ODiSI-6104 supplied by Luna Innovations Incorporated 

was the spectrometer used in this work. A fibre optical sensor, which might be composed of multiple 

fibre segments spliced together, is spliced to a connector and then switched to the spectrometer. The 

device generates a reference state of the fibre optical sensor (also called key), from which it is able to 

measure strains up to a range of ±15�¶�����������P���P���Z�L�W�K���D�Q���D�F�F�X�U�D�F�\���R�I���“�������P���P��[30]. Since this measuring 
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range is lower than the failure strain of reinforcing steel bars and concrete, the measurement of plastic 

reinforcement strains and non-linear concrete strains typically requires defining several reference states 

during an experiment, as will be further discussed in Sections 2.4.3 and 2.5.1. The spectrometer does 

not assess strains for every backscattered signal it registers, but bundles the information over defined 

virtual gauges. The strain of each virtual gauge �B will be referred to as local strain, while �B
$�º�» denotes 

the averaging of local strains over a distance �#�$
$
$
$
$. The gauge spacing (distance between the centres of 

�W�Z�R���D�G�M�D�F�H�Q�W���Y�L�U�W�X�D�O���J�D�X�J�H�V�����D�Q�G���W�K�H���J�D�X�J�H���O�H�Q�J�W�K���D�U�H���V�H�W���H�T�X�D�O�����³�J�D�X�J�H���S�L�W�F�K�´�����L�Q���W�K�L�V���G�H�Y�L�F�H. Fig. 2.1b 

introduces this and other terminology used in the paper. The suppliers advise using the device's mini-

mum gauge pitch (0.65 mm) to achieve the best data quality. All experiments presented in this paper 

used this recommended value. The spectrometer measures at a maximum frequency of 62.5 Hz with 

this gauge pitch. The frequency decreases with increasing measurement length (up to 100 m per chan-

nel), but typically lies above 1 Hz. 

2.3.4 Sensing fibre composition 

Single-mode fibres are used in Rayleigh based distributed fibre optical strain sensing. The diameter of 

�W�K�H���I�L�E�U�H���F�R�U�H���U�D�Q�J�H�V���I�U�R�P�������W�R�����������P�����D�Q�G���X�V�X�D�O�O�\���L�V���������P�����V�H�H��Fig. 2.1). The cladding, whose function 

�L�V���W�R���N�H�H�S���W�K�H���V�L�J�Q�D�O���L�Q�V�L�G�H���W�K�H���F�R�U�H�����X�V�X�D�O�O�\���K�D�V�������������P���L�Q���G�L�D�P�H�W�H�U�����:�L�W�K�L�Q���W�K�L�V���Z�R�U�N�����W�K�H���F�R�U�H���D�Q�G���W�K�H��

cladding are referred to as the bare fibre. A coating is applied to protect the bare, brittle fibre. The nature 

of this coating essentially dictates the sensor's sensitivity. In case of mechanical bond between coating 

and cladding (e.g. acrylate), a significant amount of slip occurs, causing a smoothening of the measured 

strains. In contrast, with a chemically bonded coating (e.g. polyimide), the sensor has a much higher 

sensitivity and a significantly shorter activation length since slip is minimised. This type of fibres is 

commonly used to instrument plane surfaces such as steel using an appropriate adhesive. 

Additionally, some sensors are equipped with further protection, such as a slipping tube that needs 

to be removed before mounting. Such a tube may also be bonded and can then only be removed by 

mechanical impact with special pliers. For other types of sensors, the bare fibre is placed inside a tight 

metal casing and is only activated through friction and encased by a rather rigid and robust jacket con-

sisting of polyimide, occasionally also reinforced with metal inlays. These jackets vary in thickness and 

should be chosen appropriately since they significantly reduce the sensor's sensitivity: local strains are 

smeared over a significant length. The more robust sensors are mainly used for geotechnical and tun-

nelling applications, whereas others, usually with up to 3 mm in diameter, are suitable to be directly 

embedded in concrete. 

2.4 Best practice for strain measurements of concrete and steel using 
DFOS 

This section introduces the established practices for the application of DFOS on reinforced concrete at 

the Chair of Concrete Structures and Bridge Design at ETH Zurich. The best practice comprises (i) the 

fibre selection, (ii) the installation of the sensing fibre, (iii) data acquisition, (iv) post-processing of the 

raw data, and (v) the assessment of errors and bias. Fig. 2.2 presents an overview of the workflow steps, 

which are described in detail in Sections 2.4.1 to 2.4.5. This best practice reflects our experience with 
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DFOS since our first use back in 2015. It comprises exclusively the strain measurement. The details on 

how to derive additional properties from the data are discussed in a companion paper [28]. 

The application of fibre optical instrumentation aims at capturing the host material behaviour with 

minimum alteration. A stiff bond between the sensor and the host material and a precise alignment are 

therefore essential. In structural concrete applications, the glass fibres can be mounted on the concrete 

surface, inside the concrete or on the reinforcement. In either case, the instrumentation is able to meas-

ure compressive and tensile strains. However, due to the nature of reinforced concrete, where tension 

is mainly carried by the reinforcement and compression by the concrete, this work focuses on the meas-

urement of concrete compressive strains and tensile strains in ribbed reinforcing steel bars. 

2.4.1 Selection and installation of sensing fibres for reinforcing steel instrumentation 

Ribbed reinforcing steel bars are typically instrumented through an optical fibre glued onto the bar 

surface. The reinforcement deformations are transferred through several layers, starting from the bar 

(i.e. host material) to the glue, coating, cladding and finally, the fibre core, where the measurement 

takes place. Slip between these layers and the stiffness of each layer governs the difference between the 

actual strains in the host material and the measured strains in the fibre core. To minimise this undesirable 

difference, the thickness of the glue layer needs to be kept small, and the coating of the fibre should 

have a small thickness, high stiffness and little slip (i.e. single-mode fibres with a thin coating are most 

Fig. 2.2 - Workflow for fibre optical strain measurement on steel and concrete comprising the following steps: 
(i) fibre selection, (ii) installation on the host material, (iii), data acquisition and (iv) data post-pro-
cessing.

(i) fibre selection

...

choice of fibre

�H

x

target measurement

�H

x

w dx� �H�³

(ii) FOS installation

length of interest

glued protective tube

modelling clay

on surface

y
z

H
O2 H O2

x

�H

x

cast-in
(robust fibre)

z
y
x

protected 
fibre

(iii) data acquisition

sensor constellation in series

0 1 2 3 4 5
x [m]

0

2

4

6

8

10

12

�0
[�Å

] potential fibre
ruputre zone

superposition of data

(iv) data postprocessing 

y

z

filtering

0.5 1 1.5
x [m]

0

0.5

1

1.5

2

�0
[�Å

]

raw data
consolidated data
outlier removal
moving average

0.85 0.9 0.95 1 1.05 1.1
x [m]

1.3

1.4

1.5

1.6
window size

1. reduction of resolution 
and frequency 2. outlier removal 3. smoothing of data

0 100 200
0

5

10

�0(
x=

x 0)[
�Å

]

0 100 200
0

5

10

setting new reference states during testingreinforcing bar

concrete

acrylate coating

polyimide coating

polyimide coating, 
smoothed

rib�'�H

,act Pl

,act Al

optical fibre sensitivity

180°
config.

120°
config.

H
O2

�0(
x=

x 0)[
�Å

]

1. pause loading

[s]t�'

5. resume the measurement
with the new reference state

0 200
0

20

10

�0(
x=

x 0
)[

�Å
]

400
[s]t

elapsed time for
setting a new 
reference state

measurements with varying reference states:

[s]t�'

fixation of robust sensors before casting

2. wait for relaxation
3. stop data acquisition

4. set a new 
reference state

�H

xF F



2. Fundamentals on the application to concrete and reinforcing bars 

20 

suitable for this purpose). Using this type of fibre is essential when sharp strain gradients occur (e.g. 

when measuring plastic strains for steels with distinct yield plateaus, see Section 2.5.1). However, less 

sensitive sensors might also be used if relatively constant or linear strain profiles are of interest or even 

when the measured strains are to be integrated. Hence, the target strain profile that should be measured 

decides whether a specific sensor is appropriate or not (Fig. 2.2i). 

Even when using fibres with a thin coating, the potential slip and the coating stiffness are very de-

pendent on the coating material. Acrylate coatings are less stiff and can be removed by mechanical 

impact alone. When deformed, the glass fibre is prone to slip inside the coating. Polyimide coating, on 

the other hand, is bonded chemically to the glass (i.e. can only be removed by applying acid or heat 

impact) and shows very little slip. Hence, polyamide coated fibres should be used when local strain 

gradients are to be captured. The different behaviour of fibres with both coatings is shown on the right 

side of Fig. 2.2i. This figure shows strain measurements on a reinforcing bar using acrylate and polyi-

mide coated fibre optical sensors, respectively, installed inside the same groove. A significant difference 

can be observed in the activation length (i.e. the length over which the measurement smooths a strain 

discontinuity) between both coatings. Moreover, the polyimide coated fibre is sensitive enough to cap-

ture even local strain variations caused by the ribs. The causes for these local variations will be 

discussed in Section 2.5.1. These variations are usually irrelevant for the global structural behaviour 

and can be removed in the post-processing phase (it is recommended to average the strains over a length 

equal to the rib spacing, see the grey line on the right side of Fig. 2.2i). Whereas sensors with acrylate 

coating do not capture undesired local effects, they also miss local maxima or minima if these occur 

within a section smaller than twice the fibre activation length. 

The fibre optical sensors on reinforcing steel can be installed by gluing the bare glass fibre alongside 

the reinforcement's ridge or preferably inside a groove Fig. 2.2ii ) for better protection. The dimension 

of the groove should be kept as small as possible but be able to accommodate a protective tube at its 

ends. The groove should not go through the ribs and be machined without causing high temperatures 

(e.g. planed) to minimise the influence on the behaviour of the reinforcing bar. After removing oil and 

dirt residues in the groove, the fibre is placed inside with protective tubes at the ends (see details in Fig. 

2.2ii ). Modelling clay is used to fix the tubes and seal the groove. The fibre is straightened by applying 

tension using weights and fixed, e.g. with magnets. The groove is finally filled with epoxy. 

It is recommended to instrument the reinforcing bars with at least two opposite longitudinal fibres 

(Fig. 2.2ii) to account for potential bending effects. The average of the measured strains provides the 

mean strain of the reinforcing bar if the strain distribution is assumed to remain plane. Three fibres are, 

however, needed if the strain plane of the cross-sections is of interest (e.g. to measure bending effects). 

While the small grooves have a negligible influence on the behaviour of the reinforcing bars in most 

cases, the cross-sectional loss might be significant for bars of small diameters. The material properties 

of reinforcing bars with distinct microstructure (e.g. quenched and self-tempered bars) might also be 

slightly modified, since the groove removes part of the outer (martensitic) layer of the bar [31]. There-

fore, whenever stresses or forces are to be derived from the measured strains in bars of small diameters, 

it is good practice to determine the steel's constitutive law on grooved samples [17]. 
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2.4.2 Selection and installation of sensing fibres for concrete under compression 

The targeted measurement is also essential for choosing a suitable sensor type when instrumenting con-

crete. The sensor sensitivity should be appropriate for the intended application (i.e. do not smear strain 

peaks or gradients excessively). Limiting the sensor diameter and conducting tests to check its sensitiv-

ity in advance is recommended, particularly for jacketed sensors. 

The optical fibre can be cast-in or glued on the concrete surface to measure compressive strains (see 

Fig. 2.2ii). It is essential that the sensors are tensioned and fixed before casting or gluing to ensure their 

straightness, following similar operations as outlined in Section 2.4.1 for reinforcing bars or for robust 

sensors with springs as illustrated by Fig. 2.2ii. Robust sensors need to be used for cast-in applications 

to withstand the impact of aggregates during casting. The market provides specific jacketed sensors 

suitable for this use. Such sensors consist of a single-mode sensing fibre protected by one or several 

coating layers (see Fig. 2.1b). Removing the jackets to splice a connector or another sensor to the optical 

fibre is cumbersome. The splice is often a weak point that should be protected adequately. When directly 

glued on the concrete surface, fibres without jacketing and much higher sensitivity can be used (e.g. 

polyimide or acrylate coated fibres already described for instrumenting reinforcing bars, see Section 

2.4.1). The performance of sensors with and without jacketing will be compared in Section 2.5.2. 

2.4.3 Data acquisition 

In Section 2.3.2, the importance of low extrinsic attenuation for the quality of the measurement was 

emphasised. The fibre termination requires some preparation to favour refraction and keep disturbing 

attenuation low. It is recommended to cut it at a 45° angle and place it into water. Because water has a 

similar refraction index as the glass fibre core, the incident light is mainly refracted instead of reflected. 

Alternatively, a coreless glass fibre can be spliced at the end. While sensors with a suitable termination 

can also be acquired, the authors recommend these custom-made solutions given their proven reliability, 

simplicity and low cost. 

Multiple fibre optical sensors can be spliced to be interrogated together. If a significantly different 

strain measurement is expected in each sensor, the sensor order should be selected strategically. Fibre 

sections with the highest expected strains should be placed at the end (see Fig. 2.2iii) to minimise the 

noise in the remaining sensing length. In case of a fibre rupture, this also allows continuing to measure 

strains up to the fracture location. 

The correlation is often lost for (i) high strain gradients, (ii) strains close to the measurement range 

of the spectrometer and (iii) high extrinsic losses (see Section 2.3.2). Ideally, before correlation is lost, 

a new reference state should be set. From this new reference state, another ±�����¶������ ���P���P���F�D�Q���E�H���P�H�D�V��

ured. Absolute deformations can be computed in post-processing by superposing the data of the 

different reference strains. To avoid biases in this superposition, the following data acquisition steps are 

recommended: 

�x Set a new reference state before losses in the measurement take place: imputing lost data with the

last correlated value or by linear interpolation of neighbours is prone to errors in regions with high
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strain gradients. This is illustrated in Fig. 2.3a for a measurement of a reinforcing steel bar with a 

distinct yield plateau. 

�x DFOS acquisition needs to be stopped to generate a new reference state (Fig. 2.2iii). To minimise 

uncaptured deformations while the acquisitions is stopped, one should pause the loading and wait 

for a significant part of relaxation to be completed before starting the process of generating a new 

reference key. 

�x Superpose the strains of virtual gauges at similar locations: While some spectrometers keep the 

original sensors virtual gauges when generating a new reference state, others generate an entirely 

new sensor (i.e. the deformed fibre optical sensor is divided into new virtual gauges with the gauge 

pitch set in the first state). The latter is the case for the spectrometer used in this work, in which 

the location and number of gauges might change in each reference state. Superposing data of 

gauges with the same number might be inaccurate (as shown in Fig. 2.3b) for large sensing lengths, 

high strain levels and small gauge pitches. 

2.4.4 Data post-processing 

While the device used in this work generates strain measurements directly during data acquisition, 

other spectrometers (e.g. the ODiSI-A supplied by Luna Innovations Incorporated) produce primary 

data, which must be post-processed. For spectrometers setting identical virtual gauges for all reference 

states (e.g. the ODiSI-A device), performing the correlation in the post-processing allows minimising 

the measurement noise. Since any measurement can be correlated to any reference state, the optimum 

correlation is chosen for each measurement range, as shown in Fig. 2.4. 

Once the raw strain data is obtained, some post-processing steps are recommended (Fig. 2.2iv). The 

main steps are (i) reduction of the data to the length(s) of interest only, and down sampling the data 

(resolution and frequency) to suitable values (data consolidation), (ii ) filtering the data, starting with 

outlier removal and if necessary smoothening the data, (iii ) superposition of data measured with various 

 

Fig. 2.3 - Potential issues in DFOS measurements with multiple reference states: (a) loss of correlation when 
measuring steel with a yield plateau; (b) potential incorrect superposition when setting a new reference 
state that defines new virtual gauges with a different location. 
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reference states, (iv) deriving other values from the data and (v) plausibility checks. The details of each 

step are described in the following sections. 

2.4.4.1 Consolidation 

First, measurements at locations outside the length of interest should be removed to reduce the amount 

of data. Consolidation of data in space and/or time is further advised. For quasi-static structural concrete 

experiments, frequencies above 1 Hz and resolutions of 0.65 mm are excessive. Within the consolida-

tion process, larger virtual gauge lengths and smaller measurement frequencies are generated, e.g. by 

averaging or interpolating the original data. This allows reducing the noise of the data, as can be seen 

in the filtering part of Fig. 2.2iv and thinning out data points in which the correlation was lost. In the 

case of reinforcing bars, it is recommended to increase the (apparent) gauge spacing to a length equal 

to the rib spacing to mitigate the local effects due to the ribs discussed in Section 2.4.1. For concrete 

measurements, a value equal to the maximum aggregate size is recommended. The data is either com-

pletely consolidated to such a gauge spacing or just slightly reduced and filtered to reach the targeted 

apparent gauge spacing in the next step. 

2.4.4.2 Filtering  

When filtering data, a good practice is to remove outliers in the first step. The median m and standard 

�G�H�Y�L�D�W�L�R�Q���1���F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G���Z�L�W�K�L�Q���D���J�L�Y�H�Q���Z�L�Q�G�R�Z���D�U�R�X�Q�G���R�Q�H���S�D�U�W�L�F�X�O�D�U���U�H�V�X�O�W�����6�X�S�S�R�V�H���W�K�H���U�H�V�X�O�W��

deviates excessively, e.g. above ±n�1���I�U�R�P��m (in this study, a value n = 3 was considered). In that case, 

it is identified as an outlier. Such an outlier filter should be applied over the space and time domains. 

Fig. 2.2iv presents an example of data outlier removal (red curve). The result is highly sensitive to the 

chosen window size and multiplier n. These parameters should be set carefully. Actual discontinuities, 

e.g. at the onset of concrete cracking, should not be removed. The outlier removal can be performed

either before or after the data consolidation. As an alternative, Fischer et al. proposed to use the spectral 

shift quality for outlier detection and removal, which works well [19]. 

Filtering should be done as little as possible but as much as necessary and be clearly documented 

and reported. Excessive smoothening can shift local minima and maxima or bias their values similar to 

the low sensitivity of the sensor. The need for data smoothening depends on the intended use of the 

obtained strains. If they are integrated or averaged, there is no need to apply additional filters. This is 

also often the case when stresses are to be derived by considering a certain material constitutive law. 

However, data smoothening should still be applied if local effects such as the influence of ribs in rein-

forcing bars have not been totally removed within the consolidation phase. 

Fig. 2.4 - Restoring noisy data with a spectrometer maintaining the same virtual gauges in all reference states 
and a measurement correlation in the post-processing. 
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2.4.4.3 Superposition 

Relative strains of different reference steps need to be superimposed to get absolute strains. While 

the raw data could be superimposed, it is recommended to superimpose the filtered data for the sake of 

computational efficiency and to avoid summing up the noise of different measurements. If the last 

measurement of a reference step has correlation losses or noise that cannot be filtered out, the new 

reference state was set too late. In such cases, the only solution is either taking the last valid measure-

ment or interpolating using neighbouring results. However, this practice should be applied with caution 

and documented because it is prone to errors, as already discussed in Section 2.4.3. 

2.4.5 Further steps and assessment of errors and bias 

The post-processed strain data can be used to derive other quantities relevant for the structural behav-

iour. The derivation of stresses will be discussed in Section 2.6, while the calculation of other quantities 

such as bond shear stresses, slip or crack spacings are presented in a companion paper [28]. The com-

parison of these derived magnitudes to the results of other instrumentation constitutes a good 

plausibility check to assess potential measurement errors. Some possibilities are listed in the following. 

The measured local strains can be directly compared to strain gauge measurements or full-field dig-

ital image correlation (DIC). By integrating the DFOS strains, deformations, inclinations, or curvatures 

can be calculated, which can be compared to measurements from LVDTs, inclinometers or DIC. 

Stresses derived from the measured strains can be checked against engineering stresses determined from 

applied loads and geometrical information. This requires knowing precisely the constitutive law of the 

host material, which is particularly challenging for repeated loading and unloading cycles in the plastic 

range of the materials (see Section 2.6). 

2.5 Basic investigations of strain sensing on reinforcing steel and concrete 

This section presents experimental data used to establish and support the best practice introduced in 

Section 2.4. The study comprises tests on (i) bare reinforcing bars made of quenched, self-tempered 

steel and hot-rolled, cold-worked steel subjected to uniaxial tensile loading and (ii) the concrete com-

pression zone of a beam subjected to a constant bending moment. Table 2.1 summarises all specimens. 

The used spectrometer and main processing parameters were described in Section 2.4. 

2.5.1 Measurement of reinforcing steel strains 

When a reinforcing bar is deformed longitudinally, the resulting strains and stresses are not constant 

due to (i) the irregular ribbed surface and (ii) the non-homogeneous material properties over the cross-

section. The ribs induce slight variations in cross-sectional area along the bar axis and discontinuities 

that disturb the strain (stress) field and cause strain (stress) concentrations. Local strains are higher than 

the average strains (e.g. measured by an LVDT) in the inter-rib areas and lower at the ribs. In Section 

2.5.1.3, these phenomena are analysed for a bare reinforcing bar to allow for a correct interpretation of 

local strain variations captured by DFOS. 
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The production process influences the constitutive law of reinforcing steel, setting various chal-

lenges for DFOS instrumentation. Nowadays, two production processes of reinforcing bars are the most 

frequent. The first one consists of hot-rolled reinforcement that is cold-worked after slowly cooling 

down. Such cold-worked steel (CW) has a homogenous microstructure (ferrite and perlite), lacks a 

yielding plateau and has a lower strain at ultimate strength than it would have without being cold-

worked. In the second production process, steel is quenched, i.e. cooled down quickly with water (or 

air in some cases), after being hot-rolled, in such a way that the core remains hot enough to temper the 

outer layer after cooling. As a result, the core is a homogenous ferrite and perlite mixture with high 

ductility, while a martensitic external layer with higher strength and a bainite transition zone between 

the two [31] form. Unless coiled, quenched and self-tempered (QST) reinforcing steel exhibits a distinct 

yield plateau after the elastic phase, followed by hardening. Fig. 2.5 shows the behaviour of both rein-

forcing steel types qualitatively. 

While CW steel bars deform homogeneously throughout both the elastic and the inelastic phase (Fig. 

2.5c,d), QST steel starts yielding locally (Fig. 2.5a,b). The yielding front of QST bars, known as Lüders 

bands propagates through the reinforcing bar (state B) until the entire bar yields (state C). Hardening 

sets in at this point, and strains increase homogeneously over the bar length again (state D). During the 

yielding phase (state B), a di�V�F�R�Q�W�L�Q�X�L�W�\���I�U�R�P���0sy �W�R���0sh is produced at the Lüders band fronts. Since this 

strain jump is typically above the measuring range of the spectrometer, measuring QST bars in the 

plastic range with DFOS is cumbersome. Measurements for both types of reinforcing steel are presented 

and discussed in Sections 2.5.1.1 and 2.5.1.2. 

2.5.1.1 Cold-worked reinforcing steel 

The particularities of instrumenting cold-worked reinforcing steel are studied by means of specimen 

cw01. This test and specimen cw03 were conducted in the framework of a Master's Project Thesis [32]. 

The bar has a diameter of 14 mm, and its cross-sections determined by a surface scan are shown in 

Appendix 2.A (Fig. 2.A.1a). The test setup and instrumentation are shown in Fig. 2.6a. One side was 

instrumented with a polyimide coated fibre (PG) and the opposite side with an acrylate coated fibre 

(AG), both glued inside a 1 × 1 mm groove passing directly through the ribs. Additionally, two LVDTs 

Table 2.1 �± Overview of the experiments used for the basic investigations. 

Section Specimen Loading Investigations 

2.5.1.1 cw01 
Cold-worked ribbed steel bar,  
Ø = 14 mm 

Uniaxial  
tension 

Effect of ribs 

Comparison to LVDTs 

2.5.1.1 cw02 
Cold-worked ribbed steel bar,  
Ø = 20 mm 

Influence of the cold-working process 

2.5.1.2 qst01 
Quenched and self-tempered 
ribbed steel bar, Ø = 20 mm 

Steel yielding (Lüders bands)  

2.5.1.2 qst02 
Quenched and self-tempered 
ribbed steel bar, Ø = 26 mm 

Propagation of Lüders bands based on 3D-DIC 
measurements (no DFOS) 

2.5.1.3 cw03 
Quenched and self-tempered 
ribbed steel bar,  
Ø = 18 mm 

Influence of the ribs 

Comparison of FOS types 

Comparison to strain gauges 

Bar surface scan 

2.5.2 Nn 
Reinforced concrete beam, 
C25/30 

Pure bending 
Comparison of FOS types  

Comparison to 3D-DIC measurement 
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were placed over �#�$
$
$
$
$ and���%�&
$
$
$
$. The bar was tested under direct tension. The bar was unloaded and re-

�O�R�D�G�H�G���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\���W�K�H���I�R�O�O�R�Z�L�Q�J���D�Y�H�U�D�J�H���V�W�U�D�L�Q�V���O�H�Y�H�O�V�����L�����������Å����i.e. 60% of the yield strain, (ii) 

�������Å���D�Q�G�����L�L�L�������������Å����Fig. 2.6 presents an overview of the results for both fibre types. While the plots 

(b)�±(e) and (h)�±(i) focus on the DFOS measurements over the distance of the longer LVDT (i.e. �#�$
$
$
$
$),

the plots (f) and (g) present the results over the entire sensing length to analyse the fibre activation 

length (Lact). 

The local strain measurement with the polyimide coated fibre (Fig. 2.6b) confirm the qualitative 

behaviour presented in Fig. 2.5c and d. Local extreme values are visible in the raw data at a spacing 

similar to the rib spacing. The strains in the inter-rib area (yellow) are much higher than at the ribs 

(blue). Fig. 2.6h shows that their difference increases almost linearly with the applied strain level and 

amounts to around 40% of the mean strain. When using a moving average filter of a window size cor-

responding to the rib spacing (13 × 0.65 mm in this case) as recommended in Sections 2.4.4.1 and 

2.4.4.2 the influence of the ribs can be cancelled out while preserving other relevant local information. 

Fig. 2.5 - Deformation behaviour of ribbed reinforcing steel bars: (a) DFOS strain profiles of QST steel bar at 
deformation steps A (start of yielding), B (yielding), C (end of yielding) and D (hardening); (b) con-
stitutive material law of QST steel; (c) DFOS strain profiles of �&�:���V�W�H�H�O���E�D�U���D�W���G�H�I�R�U�P�D�W�L�R�Q���V�W�H�S�V���$�¶��
���O�L�Q�H�D�U���H�O�D�V�W�L�F�����D�Q�G���%�¶�����S�O�D�V�W�L�F�����D�Q�G�����G�����F�R�Q�V�W�L�W�X�W�L�Y�H���P�D�W�H�U�L�D�O���O�D�Z���R�I��the CW steel bar (QST refers to 
quenched and self-tempered steel, while CW refers to hot-rolled and cold-worked steel). 
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For instance, the strain disturbances visible after filtering in Fig. 2.6g coincide with visible defects on 

the bar caused by clamping during the slicing of the grooves. This clamping might have caused a local 

cold forming of the steel, which affects the steel behaviour locally. Besides local observations, the strain 

results can also be averaged to capture the mean behaviour over a certain distance (e.g. to derive material 

constitutive relationships, typically derived from mean strain results). Fig. 2.6c shows that the average 

strains derived from the local DFOS information (�B
$�¿�È�Ì) are in excellent agreement with the average 

strains measured by LVDTs (�B
$�Å�Ï�½�Í). 

The acrylate coated fibre captures the fluctuations caused by the ribs only slightly at high defor-

mations (Fig. 2.6d and h). Local strains (blue and yellow), mean DFOS strains and the engineering 

strains from the LVDT coincide very well in this case (Fig. 2.6e). The effect of the clamping defects 

measured by the polyimide fibre is almost invisible due to the lower sensitivity of the fibre. The different 

sensitivity of the used fibres can be better quantified when comparing their activation lengths (Fig. 2.6f 

and �J�������7�K�H���D�F�W�L�Y�D�W�L�R�Q���O�H�Q�J�W�K���Z�D�V���T�X�D�Q�W�L�I�L�H�G���D�V���W�K�H���O�H�Q�J�W�K���Z�L�W�K���D���V�W�U�D�L�Q���J�U�D�G�L�H�Q�W���K�L�J�K�H�U���W�K�D�Q�����������P���P2 

(filtered strains were used to avoid the local influence of the ribs). The activation length of the AG 

sensor in the elastic range was 70 mm, around five times larger than the activation length of the PG 

sensor. For both fibres, the activation length increases with the imposed strain level. It should be noted 

 

Fig. 2.6 - Cold-worked reinforcing bar cw01 tested under pure tension: (a) test setup with polyimide (PG) and 
acrylate coated fibres (AG); (b) and (d) raw and filtered strain distributions within �#�$
$
$
$
$ at selected load 
steps; (c) and (e) comparison of local strains at rib peaks and valleys with mean strains by LVDTs and 
DFOS, and resultant stress�±strain behaviour; (f) activation length at both ends of PG and AG fibres; 
(g) filtered strain distributions at the right end at various load steps; (h) strain difference between rib 
valley and peak and (i) secant modulus as a function of plastic strains. 
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that the right end of the AG fib�U�H�� �V�O�L�S�S�H�G�� �W�K�U�R�X�J�K�� �W�K�H�� �F�R�D�W�L�Q�J�� �D�W�� �D�� �V�W�U�D�L�Q�� �O�H�Y�H�O�� �R�I�� �R�Q�O�\�� �����Å���� �7�K�H�V�H��

observations support the recommendation of using polyimide coated fibres when instrumenting rein-

forcing steel bars. While the potential drawbacks of highly sensitive polyimide fibres can be 

compensated in the post-processing phase, acrylate coated fibres might fail to capture relevant infor-

mation. 

The use of DFOS to evaluate the stiffness of the reinforcement is shown in Fig. 2.6i. To this end, the 

secant modulus of each of the three unloading and reloading branches was quantified using the available 

sensors (average local fibre optical strains over the distance �#�$
$
$
$
$ were used). All sensors show consist-

ently a decrease in stiffness of the reinforcing bar with increasing plastic deformations (for a total strain 

�R�I�����������Å�����W�K�H���V�W�L�I�I�Q�H�V�V���R�I���W�K�H���X�Q�O�R�D�G�L�Q�J���E�U�D�Q�F�K���L�V���D�E�R�X�W�����������O�R�Z�H�U���W�K�D�Q���V�W�L�I�I�Q�H�V�V���L�Q���W�K�H���O�L�Q�H�D�U���H�O�D�V�W�L�F��

range). The use of true strains and stresses, accounting for the reduced cross-section due to yielding, 

leads to very similar results to the used engineering strains and stresses. 

A varying cold-working degree that leads to inhomogeneous strains (discussed for the clamping 

defects in cw01) may as well be generated during the fabrication of the reinforcement if the tolerances 

of the cold-working process result in a variable degree of stretching along the bar. Such is presumably 

the case of the reinforcing bar cw02 shown in Fig. 2.7. The bar was instrumented with two polyimide-

coated glass fibres (FOS1 and FOS2) glued in grooves in a 180° configuration and an LVDT. The 

results in Fig. 2.7a and c show that FOS captured a very distinct wave-like strain distribution after the 

onset of yielding. The wavelength is about 90 mm (i.e. not related to the rib spacing of around 12 mm). 

Fig. 2.7b shows that the difference between the maximum and the minimum strains increases linearly 

with the applied strain level. The measured local constitutive behaviour (Fig. 2.7b) shows that the re-

�J�L�R�Q�V���Z�L�W�K���O�R�Z�H�U���V�W�U�D�L�Q�V���U�H�P�D�L�Q���H�O�D�V�W�L�F���Z�K�H�U�H�D�V���R�W�K�H�U���S�D�U�W�V���U�H�D�F�K���V�W�U�D�L�Q�V���D�E�R�Y�H�������Å�����L���H�����Q�R�W���W�K�H���H�Q�W�Lre 

bar yields). The two fibre sensors measure similar strain distributions but opposite phases (Fig. 2.7c). 

Hence, their average results in fairly constant strains (see red series in Fig. 2.7c, in which only local 

peaks due to ribs are present). 

The observed strain distributions in cw02 are likely to be the result of uneven cold working. Three 

reinforcing bars of the same batch were tested, and all of them showed this particular strain distribution, 

which differs from the typical constant strain distribution of cold-worked reinforcing steel bars. Fig. 

2.7d�±f present a qualitative explanation for the observed deformation behaviour. A defect in the cold 

working process might have introduced a periodical asymmetry in the stretching of the hot-rolled steel. 

�3�O�D�V�W�L�F���K�L�Q�J�H�V���R�I���F�K�D�Q�J�L�Q�J���V�L�J�Q���K�D�Y�H���I�R�U�P�H�G�����7�K�L�V���Z�R�X�O�G���K�D�Y�H���O�H�G���W�R���Y�D�U�L�D�E�O�H���L�Q�L�W�L�D�O���V�W�U�D�L�Q�V�����0pl,0) in the 

bar and even within sections, despite they are expected to be constant in all cross-sections on average 

(Fig. 2.7f). �9�D�U�L�D�E�O�H���L�Q�L�W�L�D�O���V�W�U�D�L�Q�V���0pl,0 result in a different constitutive behaviour at each location. The 

regions with the hig�K�H�V�W���L�Q�L�W�L�D�O���S�O�D�V�W�L�F���G�H�I�R�U�P�D�W�L�R�Q�����0pl,0,max) have the largest yield strength but the lowest 

deformation capacity. Whereas yielding starts in those regions of the reinforcing bars with the lowest 

�L�Q�L�W�L�D�O���V�W�U�D�L�Q�V�����0pl,0,min), the areas with minimum deformation capacity (i.e. with highest initial strains 

and minimum measured strains) might fail first. 

This example highlights the necessity of instrumenting reinforcing bars with several sensors to cap-

ture their overall behaviour. While the observed variable strains within a cross-section might not be 

relevant in many cases, they are of interest when studying structures in which the local behaviour is 
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decisive (e.g. concrete structures with corroded reinforcing bars [33] or reinforcing bars with low duc-

tility) . 

2.5.1.2 Quenched and self-tempered steel 

This section discusses the results of DFOS on quenched and self-tempered steel (QST) bars by means 

of specimen qst01. In this test, a bar of diameter 20 mm was tested monotonically in direct tension. The 

instrumentation consisted of fibre optics �± a polyimide coated fibre glued inside a groove with epoxy 

(PG) �± and an LVDT installed over a distance of 300 mm. The extension of the yield plateau (�B�æ�Û
F

�B�æ�ì) of the steel was exceptionally small in this bar, which allowed measuring the yielding phase without 

losing correlation and data while setting a new reference. �B�æ�Û
F �B�æ�ì typically exceeds the measurement 

�U�D�Q�J�H���R�I���W�K�H���G�H�Y�L�F�H�����“�����Å�������O�H�D�G�L�Q�J���W�R���F�R�U�U�H�O�D�W�L�Rn and data losses, as discussed in Section 2.4.3. Fig. 

2.8a,b show how local strains jump suddenly from the yielding strain �Bsy to the hardening strain �Bsh, as 

already discussed in Section 2.5.1 (states A to C in Fig. 2.5a). It should be noted that no filtering was 

applied in this case to the fibre optic strain results to see more distinctly the Lüders bands front. 

 

Fig. 2.7 - Cold-worked reinforcing bar cw02 tested under direct tension: (a) Strain distribution of FOS1 at se-
lected load steps; (b) comparison of local strains at marked points to mean strains of LVDT and FOS 
over �#�$
$
$
$
$, and resultant stress�±strain behaviour; (c) strains distributions of FOS1&2 and their average 
�I�R�U�� �D�� ���Å�� �P�H�D�Q���� ���G���� �T�X�D�O�L�W�D�W�L�Y�H�� �H�[�S�O�D�Q�D�W�L�R�Q�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �O�R�F�D�O�� �V�W�U�H�V�V�±strain behaviour with initial 
strains; (e) uneven cold-�Z�R�U�N�L�Q�J���G�H�J�U�H�H���D�Q�G�����I�����T�X�D�O�L�W�D�W�L�Y�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���O�R�F�D�O���L�Q�L�W�L�D�O���V�W�U�D�L�Q�V�����0pl,0). 
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The Lüders bands progression in quenched and self-tempered reinforcing steel can also be measured 

through digital image correlation (DIC). Provided that a sufficient resolution and frequency are used, 

DIC can track plastic strains in bare bars regardless of the length of the yielding plateau, as shown in 

the following for test qst02. In this test, a bar of 26 mm in diameter was tested monotonically in direct 

tension as part of a larger experimental campaign [34]. The bar was speckled manually with a speckle 

size of 0.7 mm. The 3D-DIC system was composed of two Allied Vision Prosilica GT6600 cameras 

with a resolution of 28.8 MPx and Quioptic Rodagon 80 mm lenses with a baseline of 264 mm, which 

resulted in an average scale of 0.05 mm/px. The correlation was carried out with the software VIC-3D 

(Correlated solutions inc. [35]) using a subset size of 53 px, step size of 7 px and a strain filter size of 

9. The local strain results in Fig. 2.9a,b at four instances during yielding show the Lüders bands propa-

gation from the bottom to the top of the bar. As expected, the load stayed constant during the yielding 

phase (Fig. 2.9�H�������7�K�H���O�R�F�D�O���M�X�P�S�V���L�Q���W�K�H���V�W�U�D�L�Q�V���U�H�D�F�K�H�G���D�O�P�R�V�W�������Å�����+�H�Q�F�H�����P�H�D�V�X�U�L�Q�J���W�K�H���K�D�U�G�H�Q�L�Q�J��

phase of this bar with DFOS would have been challenging. These jumps are not only due to the yielding 

process but also due to the influence of the ribs. An analysis of average strains of the bar and at the 

inter-rib (see the location of DIC gauges in Fig. 2.9c) shows that the inter-rib strains are around 50% 

larger than the average strains (Fig. 2.9b). This difference is higher than for cold-worked reinforcement 

(see Fig. 2.6c, inter-rib strains are around 20% larger than mean strains). 

Fig. 2.8 - Quenched and self-tempered reinforcing bar qst01 tested under direct tension and instrumented with 
polyimide coated fibre glued inside a groove: (a) DFOS strain distribution at selected strain levels and 
(b) comparison of local DFOS strains at marked points with mean strains by LVDTs and DFOS, and
resultant stress-strain behaviour.

Fig. 2.9 - Progression of Lüders bands captured by DIC shown on specimen qst02: (a) strain field during yield-
ing (�B
$
L �s�u�© ); (b) strain distribution along the line slice in (a) at selected strain levels; (c) location 
of virtual gauges; (d) comparison of inter rib strains to mean strains over seven ribs, and (e) measured 
stress�±strain behaviour with virtual gauges of different length and location. 
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2.5.1.3 Influence of r ibs and fibre location (in groove/on surface) 

The results of Sections 2.5.1.1 and 2.5.1.2 show that the influence of the ribs cause local variations in 

the reinforcing bar strains. This section discusses the origin of these variations and the sensors' perfor-

mance depending on whether they are glued inside a groove or on the bar's surface. To this end, a cold-

worked reinforcing steel bar with a diameter of 18 mm (specimen cw03) was tested under direct tension. 

The bar was loaded and unloaded eleven times elastically up to a load of 76 kN and then loaded until 

failure in the 12th loading cycle. The cross-sections of the reinforcing bar within one complete rib pattern 

were determined by a surface scan and are shown in Appendix 2.A (Fig. 2.A.1b). 

Fig. 2.10a shows the 3D surface scan of the bar (front and backside) with the used instrumentation, 

which consisted of three fibre optical sensors and two strain gauges. Contrary to the recommendation 

in Section 2.4.1 of installing the FOS inside a groove not crossing the ribs, the sensors were installed 

differently in this case: 

�x PG is a polyimide coated fibre glued with epoxy inside a groove, crossing slightly the ribs.

�x An acrylate and a polyimide coated fibre (AS and PS, respectively) were glued with epoxy and

thickening agent onto the bar surface along its longitudinal ridge.

One cross-section was instrumented with two strain gauges (SG1 and SG2) of the Kyowa KFD-2-

C1-11 (120 ohm, 2 mm) type, at approximately 90° to the fibres (see Fig. 2.10a and c). The section of 

about 15 mm in which the ribs were milled to ensure a planar surface for gluing the gauges is marked 

in Fig. 2.10a. 

Fig. 2.10d presents the results for four selected steps of the experiment. The analysis of the general 

behaviour shows different strain results depending on the sensor location over the cross-section, which 

indicates that the bar experienced a certain amount of bending. The results are strongly disturbed where 

�W�K�H���U�L�E�V���Z�H�U�H���P�L�O�O�H�G�����I�U�R�P���������W�R���í���������P�P�������Z�K�H�U�H���P�H�D�Q���V�W�U�D�L�Q�V���D�U�H���K�L�J�K�H�U���W�K�D�Q���L�Q���W�K�H���Q�R�Q-milled region. 

This might be due to cross-sectional area loss and/or locally altered material properties due to the 

Fig. 2.10 - Influence of reinforcing bar geometry and local milling for installation of strain gauges on strain meas-
urements studied on specimen cw03 tested under direct tension: (a) surface scan with instrumentation 
(SG: strain gauges; PG: polyimide FOS in groove; PS: polyimide FOS on surface; AS: acrylate FOS 
on surface); (b) cross-sectional area distribution; (c) bar cross-section and projected total rib area 
(grey) with instrumentation and (d) strain measurements for selected steps (DFOS shows raw data 
with removed outliers). 



2. Fundamentals on the application to concrete and reinforcing bars 

32 

surface preparation. Besides the differences due to bending, the results of the fibres glued directly on 

the bar surface were noisier than for the fibre installed in a groove. Moreover, these sensors provided 

unsteady strain distributions in the milled region even during the elastic cycles (compare 1st and 2nd 

elastic cycles in Fig. 2.10d). The adhesive peeled off the bar surface at plastic deformations and might 

have even detached locally for elastic strains given the measured strains did not decrease at some sec-

tions much when unloading. These results justify the recommendation of installing the sensors inside a 

groove, cf. Section 2.4.1. 

The FOS installed inside a groove was the only one able to measure the local strain variations due 

to ribs. The results of this fibre show that the local strain maxima do not coincide with the maximal 

cross-sectional area (refer to Fig. 2.10b for the distribution of the cross-sectional area), but rather with 

the location of ribs and inter-rib spaces. In addition, the variation of cross-sectional area (around 1.5%) 

is much smaller than the measured strain variations at the ribs (about 15%). Therefore, the strain fluc-

tuations at the ribs should not be attributed to the varying cross-sectional area but to the ribs acting as 

discontinuities that disrupt the uniaxial strain state in a bar locally. 

When investigating the behaviour of cast-in bars, it is crucial to recognise that strain variations due 

to local load introduction at the ribs from the surrounding concrete (i.e. bond) overlap with the strain 

variation at the ribs observed in bare bars. Therefore, local bond at single ribs cannot be assessed by 

simply deriving the raw strain distribution of a bonded bar as proposed by other authors [10]. 

2.5.2 Measurement of concrete compressive strains 

This section presents and discusses the results from a four-point bending test (specimen Nn) in which 

the compression zone was instrumented with DFOS and a high-resolution 3D-DIC system. The test was 

part of a larger experimental campaign studying lap splices with conventional and ultra-high perfor-

mance fibre reinforced concrete [36]. 

2.5.2.1 Test Setup and Instrumentation 

Fig. 2.11a shows the geometry and reinforcement of the beam, as well as the test setup. The concrete 

had a compressive cylinder strength of 35.5 MPa, a tensile strength of 2.8 MPa (double-punch test) and 

an E-Modulus of 30.5 GPa. The reinforcement had a nominal yielding strength of 500 MPa and ductility 

class B (according to EN 1992-1-1 [37]). 

The front side was instrumented with three fibre optical sensors at different heights as shown in Fig. 

2.11a. The polyimide coated single-mode fibres (PS) were aligned in x-direction, tensioned with about 

�������Å���D�Q�G���W�K�H�Q���J�O�X�H�G���Z�L�W�K���D���O�L�T�X�L�G�����I�D�V�W-setting adhesive at heights z = 0, 25, and 40 mm from the bottom 

edge. Jacketed optical sensors (JC) were also cast in with a 30 mm concrete cover to the backside at 

z = 25 and 40 mm height. The JC sensors were 3.2 mm in diameter and consisted of a central single-

mode glass fibre inside a steel tubing coated with polyamide. The polyamide jacket had a ribbed struc-

ture for enhanced bond properties. The sensors installation and post-processing of results followed the 

recommendations given in Section 2.4. 

One 3D-DIC system tracked the displacements of the whole front side of the beam. These displace-

ments were used to determine the global crack pattern at the load F = 58 kN shown in Fig. 2.11a with 
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the Automated Crack Detection and Measurement software [26, 27]. This paper discusses only the re-

sults of a second high-resolution 3D-DIC system on the back. The DIC hardware and correlation 

software were identical to the ones described in Section 2.5.1.2 for test qst02. The baseline was 350 mm 

and the stereo angle 20°, resulting in an area of interest (AOI) of 200 × 150 mm (marked in Fig. 2.11a) 

and an average scale of 0.03 mm/px. The speckle size was 0.18 mm. The correlation was performed 

using a subset size of 21 px, a step size of 6 px and a strain filter size of 9. Specification of the front 

3D-DIC system can be found in the data repository. 

2.5.2.2 Test Results 

Fig. 2.11b presents the DIC results of strains in the longitudinal direction x at F = 58 kN (75% of the 

ultimate load). At z = 0, 25, and 40 mm these strains were averaged over a height of 10 mm and the 

resulting strain distributions are compared to the raw DFOS data in Fig. 2.11c. The results reveal strain 

concentrations in the compression zone. The strain concentrations could not be captured with the jack-

eted sensors, but the average strains over the AOI coincide very well for the three sensors (see Fig. 

2.11e). The location of the peaks varies, since the sensors had different locations over the cross-section 

(see Fig. 2.11a). The peaks of the DIC measurement are more pronounced and coincide very well with 

the location of cracks in the tension zone (x = 910, 970, and 1040 mm on the back and x = 855, 975, 

and 1035 mm on the front). Note that the middle crack formed almost through the entire section, but it 

was not visible at the front side. The compressive strains between the peaks are much lower and fairly 

constant in the constant bending zone. 

 

Fig. 2.11 - Measurement of concrete compressive strains with DFOS on specimen Nn: (a) geometry, test setup 
and instrumentation (dimensions in mm) with crack pattern and crack widths at F=58 kN (JC: cast 
jacketed FOS; PS: polyimide FOS on surface); (b) DIC strains in the longitudinal direction x at 
F = 58 kN; (c) strain results along the field of view of DIC at F = 58 kN; (d) complete DFOS strain 
distributions at F = 58, 77, and 71 kN (post-peak) and (e) evolution of average strains within the field 
of view of DIC. 



2. Fundamentals on the application to concrete and reinforcing bars 

34 

Fig. 2.11d shows the results of DFOS for the entire specimen at F = 58 kN, 77 kN, and 71 kN (post-

peak) with smoothed data for PS (moving average over 25 data points, i.e. 15.6 mm) and raw data for 

JC. The results of PS at 0 mm height over the left support are very noisy because the sensor was glued 

very close to the bearing plate, and local effects might have disturbed the strain field. Except in this 

area, the local peaks in PS are still distinguishable after data smoothing. Moreover, the strain profiles 

at various heights have peaks at the same locations. Smaller strain peaks also occur between two cracks, 

where micro cracks might have formed in the tension zone. The beam failed due to concrete crushing 

at x = 853 mm, where the highest compressive strains were measured (see Fig. 2.11d results for 

F = 77 kN). Concrete spalling prevented the glued polyimide coated fibres and the cast jacketed sensors 

from properly capturing the post-peak strains at the failure section (correlation was lost after spalling). 

2.5.2.3 Discussion 

This study has shown that measuring concrete compressive strains with DIC is very powerful, as it 

yields full-field strains results of the whole concrete surface. However, measuring strains with a similar 

sensitivity to DFOS limits DIC's maximum measuring distance to around 300 mm when using state-of-

the-art equipment. Moreover, DIC compressive measurements cannot measure after spalling takes 

place. Hence, DIC should be seen as an excellent complement to DFOS instrumentation, useful for local 

measurements or for detecting and measuring cracks. 

Fibre optical sensors with jackets cast into the concrete proved to be more robust to measure com-

pressive strains though much less sensitive than the sensors mounted to the surface. They can also 

capture better the post-peak behaviour since they are less susceptible to superficial spalling effects usu-

ally happening during the concrete crushing process. Hence, cast jacketed sensors are preferred to assess 

mean compressive strains (i.e. for standard applications). When local effects are to be investigated, 

more sensitive sensors are preferable. Further research is required to analyse the performance of cast in 

sensors with thinner jackets (e.g. 1 mm in diameter), which could offer robustness at improved sensi-

tivity with respect to the jacket sensors used in this study. 

The observed strain concentrations in the compressive zone at the cracks, even for strains of only 

���Å���� �L�V�� �D�� �Q�R�Y�H�O���I�L�Q�G�L�Q�J�� �Q�R�W���Y�L�V�L�E�O�H�� �Z�L�W�K���F�O�D�V�V�L�F�D�O���L�Q�V�W�U�X�P�Hntation technologies. Concrete constitutive 

relationships have been derived using average strains over a sample length much larger than the strain 

localisation zone. Moreover, beam cross-sections are typically assumed to remain plane in design, and 

possible variations of concrete compressive strains between two cracks have rarely been discussed. 

These new findings on the local behaviour might open the way for the development of new mechanical 

models that consistently capture the fracture process of concrete. 

2.6 From concrete and steel strains to stresses 

The direct use of DFOS strain data is manifold, but for many applications it is required to derive stresses 

from it. To do so, the constitutive material law should be assumed or, preferably, be measured by ma-

terial characterisation tests. This section discusses the challenges to estimate in a reliable manner the 

concrete and reinforcing steel stresses based on the measured strains. 



 2.7. Conclusions 

  35 

The results from Section 2.5 already showed potential drawbacks of the high accuracy and resolution 

of the DFOS measurement. Existing material laws describe and were determined from the mean mate-

rial behaviour over a certain length, which typically exceeds the virtual gauge lengths used in DFOS by 

orders of magnitude. Hence, these material constitutive relationships should not be used to derive 

stresses if the measured strains exhibit local effects that cannot be properly filtered out. For steel, such 

local strain fluctuations can be due to ribs or material inhomogeneity caused by production processes. 

For concrete, they may be strain concentrations in the compressive zone, e.g. at cracked cross-sections 

or due to concrete crushing. 

Other limitations arise from the accuracy of the considered constitutive relationships. This limitation 

applies to any conversion of strains to stresses, irrespective of the used strain measuring technology. 

While the uniaxial monotonic behaviour of the reinforcement and the concrete can be determined by 

material characterisation, the following aspects might affect the derivation of stresses in a reinforced 

concrete structure (non-exhaustive list): 

�x Cyclic behaviour: The derivation of stresses in a structure requires a constitutive model including 

the cyclic behaviour. This model is usually not known from the material characterisation. The 

accuracy of the unloading and reloading branches of existing cyclic models is much lower than for 

monotonic behaviour. The complexity of the constitutive relationships for cyclic loading has been 

discussed in Fig. 2.6i that shows that the stiffness of the unloading branches of a reinforcing steel 

�E�D�U���F�K�D�Q�J�H�V���D�V���D���I�X�Q�F�W�L�R�Q���R�I���S�O�D�V�W�L�F���G�H�I�R�U�P�D�W�L�R�Q�V�����1�H�J�O�H�F�W�L�Q�J���W�K�L�V���H�I�I�H�F�W���I�R�U���S�O�D�V�W�L�F���V�W�U�D�L�Q�V���R�I�����Å��

might lead to an error of around 15% when estimating the stresses. The modelling of the constitu-

tive law becomes even more challenging for embedded reinforcing bars, since (plastic) strains are 

highest at the cracked section and decrease with the distance to a crack. Therefore, each section 

within one crack element undergoes a different load history and may have a different plastic strain 

and a different constitutive law. 

�x Stress states different than uniaxial: Stress states of concrete and even reinforcement typically dif-

fer from the uniaxial loading applied in material characterisation. Concrete is known to have a 

constitutive behaviour different from the uniaxial response when confined or even when transver-

sally cracked. Hence, it is challenging to derive concrete compressive stresses except for the 

compression zone of a plane element. Cast-in bars are subjected to a triaxial stress state due to 

compressive force introductions at the ribs, which leads to a plastic response different than in the 

tensile tests of the bare reinforcing bar (this and further issues are discussed in the companion paper 

[28]). 

2.7 Conclusions 

This paper summarises the experience with distributed fibre optic strain sensing gained at the Chair of 

Concrete Structures and Bridge Design at ETH Zurich over the past six years. A concept for the reliable 

application of DFOS to experimental investigations of structural concrete has been established. The 

presented best practice of the chair comprises the choice of the suitable sensing fibre, the installation 

of the glass fibres on the host material, the data acquisition and the post-processing ranging from 
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filtering to the usage of the acquired data. This best practice was developed based on numerous exper-

imental campaigns. Merely a few exemplary tests are presented and discussed within this work. 

Distributed fibre optical strain measurements have proven to be a valuable tool in structural concrete 

research. Nevertheless, the data has to be questioned and used critically since it exceeds the typical 

resolutions of conventional instrumentation technologies. Existing models were typically calibrated on 

a global or average behaviour. Hence, DFOS data should be post-processed and filtered properly to 

eliminate local fluctuations and be able to use it together with existing models. The local information 

provided by DFOS is still very useful for research purposes as it can provide new insights into the 

behaviour of reinforced concrete that might lead to improved mechanical models. 

A good concept for the instrumentation is crucial for getting meaningful results. The right choice of 

the fibre optical sensor depends on the measurement goals and may require preliminary tests. A fibre 

optical sensor with a chemically bonded coating is preferable due to its high sensitivity. Fluctuations in 

the strain distribution caused by inhomogeneities (material properties, geometry, local deformation con-

centrations, etc.) can be detected and filtered out in the post-processing if necessary while maintaining 

the desired resolution. Jacketed fibres might be a good choice for measuring mean concrete compressive 

strains, as they can be cast inside concrete and are not susceptible to superficial spalling when concrete 

crushes. 

c-OFDR systems can measure beyond their measurement range of typically �����¶������ ��m/m if new 

reference states are acquired during testing, but local strain discontinuities above this range could still 

not be captured. Hence, measuring plastic strains of reinforcing bars with quenched, self-tempered steel 

(which typically has an extension of the yield plateaus larger than �����¶������ ���P���P�����L�V���F�K�D�O�O�H�Q�J�L�Q�J�����7�K�H��

risk of losing correlation could be minimised and the measurement range increased if the data acquisi-

tion systems would implement strain measurements with continuously and automatically updated 

reference states. 

When reinforcing steel bars are instrumented, the most reliable results are obtained by gluing the 

fibres inside a small longitudinal groove, which does not pass through the ribs. The groove should be 

planed and not cut into reinforcing steel to minimise heat ingress, which might cause undesired local 

alterations of material properties. Local bending and clamping should be avoided, e.g. by protecting the 

fibres ends inside plastic tubes. The results of DFOS measurements revealed that reinforcing bars with 

cold-worked steel may exhibit locally varying constitutive behaviour, most probably caused by a non-

uniform stretching process. These variations lead to local strain variations which might be misinter-

preted as cracks when such bars are cast in. Each reinforcing bar should be equipped with at least two 

fibre optical sensors to identify such behaviour and to enable a meaningful estimation of stresses from 

the mean measured strain. Local strain variations at the ribs were also observed for all studied steel 

types and increased proportionally with increasing mean deformations. These variations are not caused 

by the varying cross-sectional area but by the ribs acting as discontinuities that disrupt the uniaxial 

strain state in a bar locally. When investigating the behaviour of cast-in bars, it is crucial to recognise 

that strain variations due to local load introduction at the ribs from the surrounding concrete (i.e. bond) 

overlap with the strain variation at the ribs observed in bare bars. Therefore, local bond at single ribs 

cannot be assessed simply by deriving the raw strain distribution of a bonded bar. 
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The measurements on the compression zone of a reinforced concrete beam subjected to pure bending 

revealed that the compression strains at the crack sections exceed those between two cracks by an order 

of magnitude. These local maxima exhibit very narrow, sharp peaks, indicating that reinforced concrete 

segments between adjacent bending cracks behave almost as rigid bodies, with deformations and cur-

vatures localising at the crack sections already at moderate load levels. This behaviour has not been 

reported beforehand to the authors' knowledge, possibly due to the limitations of the instrumentation 

technologies used in the past. This and new findings of DFOS on the local behaviour might open the 

way for the development of refined and more consistent structural concrete models. 
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2.A Appendix 

A surface scan was made of specimens cw01 and cw03. Figure A1 presents ten equally spaced sections 

of both bars ranging over one repeating rib pattern. 

 

Fig. 2.A.1 - Variation of cross-sectional geometry showed on ten equally spaced cross-sections within a repeating 
rib pattern: (a) specimen cw01 �Î14 and (b) specimen cw03 �Î18 mm. 
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3 Applicability to reinforced concrete elements 

The content of this chapter coincides with the postprint version of the following article, differing from 

the published version only in terms of layout and formatting: 

Y. Lemcherreq, T. Galkovski, J. Mata-�)�D�O�F�y�Q�����D�Q�G���:�����.�D�X�I�P�D�Q�Q�����³Application of Distributed Fibre

Optical Sensing in Reinforced Concrete Elements Subjected to Monotonic and Cyclic Loading�´����

Sensors 2022, no.5:2023. https://doi.org/10.3390/s22052023. 

This second companion paper was drafted by the first author Y. Lemcherreq with inputs from 

T. Galkovski and J. Mata Falcón. All three authors contributed to the conceptualisation and visual rep-

resentation. The main contributions of T. Galkovski as the second author were the draft of Sections 

3.3.2 and 3.5.4, the collaboration on the draft of Section 3.4, the testing and evaluation of Specimens 

d14c and Nn, the design, preparation and testing of the steel plate in Section 3.3.1, and a revision of the 

draft. Y. Lemcherreq conducted the investigations presented in Sections 3.5.1 �± 3.5.3. J. Mata-Falcón 

and W. Kaufmann supervised the project and thoroughly revised the manuscript and proposed several 

linguistic changes increasing its clarity. 

Abstract 

Distributed fibre optical sensing (DFOS) is increasingly used in civil engineering research. For rein-

forced concrete structures, almost continuous information concerning the deformations of embedded 

reinforcing bars can be obtained. This information enables the validation of basic and conventional 

assumptions in the design and modelling of reinforced concrete, particularly regarding the interaction 

of concrete and reinforcing bars. However, this relatively new technology conceals some difficulties, 

which may lead to erroneous interpretations. This paper (i) discusses the selection of sensing fibres for 

reinforced concrete instrumentation, accounting for strain gradients and local anomalies caused by 

stress concentrations due to the reinforcing bar ribs; (ii) describes suitable methods for sensor installa-

tion, strain acquisition and post-processing of the data, as well as determining and validating structurally 

relevant entities; and (iii) presents the results obtained by applying DFOS with these methods in a va-

riety of experiments. The analysed experiments comprise a reinforced concrete tie, a pull-out test under 

cyclic load, and a flexural member in which the following mechanical relevant quantities are assessed: 

the initial strain state in reinforcing bars, normal and bond shear stresses, deflections as well as forces. 

These applications confirm the benefit of DFOS to better understand the bond behaviour, but also 

demonstrate that its application is intricate and the results may lead to erroneous conclusions unless 

evaluated meticulously.  
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3.1 Introduction 

The response of structural concrete members is governed by the interaction between the reinforcement 

and the surrounding concrete. Since the first use of reinforced concrete structures, researchers have been 

concerned with the understanding and proper modelling of this interaction. However, it was hardly 

possible to investigate the stress transfer between concrete and reinforcement experimentally due to 

limitations of the measurement technology available and the fact that the interface remains difficult to 

access without influencing its structural behaviour. The latest developments in measurement technol-

ogy, especially in fibre optical sensing, bear the potential to greatly improve the understanding of this 

interaction. 

Traditionally, the investigation of the concrete-to-steel interaction was carried out on pull-out tests 

with small bonded lengths. Under the assumption of nominal bond shear stresses of constant magnitude 

over the bonded area, these simple tests allow the deriving of bond stress�±slip relationships, which can 

then be used to model the stress transfer between concrete and reinforcement. Despite being widely 

used, the traditional experimental setup remains controversial, as it does not represent the stress condi-

tions in an actual structure: for instance, compression fields are generated by the bearing plate used in 

the tests, and the concrete cover exceeds practical values. Hence, many efforts were undertaken to study 

the steel strain variation directly in structural concrete elements. By using embedded electrical re-

sistance strain gauges, researchers succeeded in experimentally demonstrating the contribution of the 

concrete between the cracks (e.g. [1�±6]). In most experiments, strain gauges were glued to machined 

surfaces on the reinforcing bar (Fig. 3.1a). To not alter the interface with the instrumentation, some 

researchers bisected reinforcing bars along their axis, glued strain gauges in a longitudinal groove, and 

subsequently welded or glued the bars back together. With this labour-intensive and invasive instru-

mentation method, the strain distribution and bond behaviour could be investigated under more realistic 

conditions and even beyond the yielding of the reinforcement, whereas in standard pull-out tests, bond 

failure occurs before the yield strength of the reinforcement is reached. However, this method is costly 

and limited to large diameters since sufficient space is needed to accommodate the strain gauges and 

their wires. 

With the development of fibre optical sensors, the measurement of strain profiles using a series of 

strain gauges became less common. Initially, optical fibres were also designed as discrete sensors, typ-

ically using fibre Bragg gratings (FBG), in which sensors are written into an optical fibre. Temperature 

or strain changes over the grating length alter the properties of the reflected light, which is used to 

quantify the strain or temperature difference. Fundamentals on the functionality of FBG can be found 

in [7] and [8]. Such sensors, typically around 10 mm long [9], are comparable to a strain gauge chain 

with the major advantage of bearing a single wire and being smaller in size. Kenel et al. (2002) instru-

mented the reinforcement of a four-point bending test by gluing FBG sensors into a 1 x 1 mm2 groove 

carved in the bars by planing. Thereby, they obtained the steel strain distribution along the bar at 10.4 

mm spacing, reaching the plastic steel range [10,11]. In a recent study, Kaklauskas et al. (2019) com-

pared the two outlined methods (i.e. strain gauges inside the bar and FBG embedded in a groove on the 

bar) regarding the reliability and accuracy of the strain distribution [12]. In their tests on reinforcing 

bars embedded in concrete, the strain gauges and FBG were spaced at 30 mm and 20 mm, respectively. 

The study attested to both methods good accuracy, with FBG proving by far the more practical method. 
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However, anomalies in the FBG measurement were observed at the transition from embedded to bare 

bar, which according to the authors of the study, might be caused by altered bond conditions and would 

need further investigations. 

Although FBG is applicable over longer sensing distances and requires a significantly smaller intru-

sion of the host material, it only provides information at the locations of the sensors, i.e. critical locations 

might be missed unless a large number of gratings at small spacings is employed as by Kenel et al. [10], 

[11]. However, the latter is very expensive, as one single gauge (grating) costs around EUR 100. The 

development of the Rayleigh backscatter-based coherent Optical Frequency Domain Reflectometry 

(c- OFDR) overcomes this shortcoming: inexpensive standard glass fibres can be used to obtain contin-

uous strain measurements. The Rayleigh scatter is caused by a random fluctuation in the refraction 

index of the fibre and is an intrinsic property of each fibre. The collected scatter shows a spectral shift 

compared to the initial state when the fibre is exposed to an external change in strain or temperature 

[13,14]. Essentially, the fibre core acts as a sensor in c-OFDR, providing information along the entire 

fibre length. A high spatial resolution characterises this technology and allows for unmatched strain 

measurement with gauge lengths down to 0.65 mm. Moreover, c-OFDR enables the simultaneous ac-

quisition of global (average over numerous virtual gauges) and local deformation measurements. 

The c-OFDR based strain measurement has recently found broad application in civil engineering 

research [15], where it is commonly referred to as Distributed Fibre Optical Sensing (DFOS). While 

DFOS encompasses other distributed sensing methods, such as Optical Time Domain Reflectometry 

based on Raman-/Brillouin-backscatter, this acronym is used in the following synonymously with 

c- ODFR. In reinforced concrete structures, the distributed strain measurement of the reinforcement has

been used to study the reinforcement concrete interaction with unprecedented detail [16,17], in addition 

Fig. 3.1 - Methods to directly assess the strain distribution of reinforcing bars embedded in concrete (as exam-
ples without claiming completeness): (a) strain gauges glued on and inside a reinforcing bar [1�±6]; 
and (b) fibre optical sensors installed on a reinforcing bar using either fibre Bragg gratings (FBG) [10] 
or Distributed Fibre Optical Sensing (DFOS) [14,18,24,28]. 



3. Applicability to reinforced concrete elements

46 

to quantification of other phenomena such as crack [18�±21], shear [22] and load�±deformation behaviour 

[23]. Hereby, prior knowledge of the crack location or any other critical behaviour to instrument the 

reinforcement accordingly is no longer necessary. To validate DFOS measurements, two approaches 

were followed: (i) comparison of direct results to local deformations of strain gauges [20,24]; (ii) com-

parison of integrated DFOS strain values to crack widths or deflections measured with LVDTs or DIC 

[19,22]. In a further application, shrinkage strains of the uncracked specimens were measured to account 

for their influence on the response of the reinforced concrete ties [25], and code predictions for shrink-

age and creep strains were verified using DFOS [26]. Recently, Monsberger and Lienhart (2021) 

employed DFOS to extract the curvature and bending moment in structures by double integration of the 

obtained strains [27]. 

Despite the versatility of DFOS, most current applications are limited to small deformations and 

monotonic loading. The limitation to small deformations is provided by the measurement ranges of the 

spectrometers currently in use (typically up to 12,000 µm/m). Galkovski et al. (2021) reported the pos-

sibility to extend the measurement range of the spectrometer by setting intermediate reference states 

and superposing the data afterwards [28]. Their method enables measurement of strains up to 25,000 

µm/m. Note that the latter is particularly relevant when reinforcing bars exhibiting a yield plateau are 

instrumented, where local strains corresponding to the Lüders strain, typically exceeding the measure-

ment range of 12,000 µm/m occur immediately after reaching the yield limit. 

Only a few applications of DFOS under repeated and high cyclic loading are known to the authors. 

Broth and Hoult (2020) used nylon-coated fibres to assess the deformation of slender and deep rein-

forced concrete beams subjected to dynamic loads (3600 cycles of three and four-point bending applied 

at 1 Hz). The DFOS revealed a localised increase in strains with the number of cycles, attributed to the 

loss of tension stiffening. The dynamic loads and subsequent loading to failure did not cause an impair-

ment in the DFOS performance [29]. Fernandez et al. (2021) assessed the long-term performance of 

robust fibre optical cables with a steel tube embedded in concrete and subjected to different loading 

conditions. By comparing integrated values (i.e. deflection and crack width) to DIC measurements, they 

concluded that the DFOS measurement remained stable over time [30]. The deterioration of bond prop-

erties with increasing load cycles was investigated in the first application of DFOS with high cyclic 

loading [16]. In this study, the redistribution of bond shear stresses over the bond length was observed. 

However, an increase in anomalous measurements with the load cycles was reported. 

The present paper discusses the particularities of using DFOS to instrument reinforcing bars in RC. 

This comprises practical recommendations for new and experienced users. Procedures are proposed for 

instrumenting embedded reinforcing bars with DFOS, including methods to avoid damaging the fibres 

while casting. Furthermore, methods for the determination of steel stresses in the reinforcing bars, nom-

inal bond shear stresses between concrete and reinforcing bars, bond-slip and crack widths are 

presented, discussing potential problems and limitations. These comprise (i) the interpretation of local 

phenomena typically unaccounted for by conventional models, but captured by high-resolution DFOS, 

and the quantification of their impact on the above-mentioned values, and the global response of the 

elements, (ii) the difficulties of dealing with signal anomalies (i.e. noise and outliers) and establishing 

transparent post-processing methods to eliminate them, and (iii) accounting for the initial strain states 

that inevitably exist in structural concrete. Furthermore, the challenges arising in long-term and high 

cyclic tests are addressed. 
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3.2 Research significance 

The unprecedented high spatial resolution of DFOS sheds light on local and global phenomena, 

some of which might not be part of the intended investigations nor anticipated so that this advantage 

might turn into a drawback if the analyser is no longer able to interpret or trust the obtained strain 

measurements. The development of measurement anomalies, such as noise and outliers, renders proper 

interpretation of the results more challenging. Thus, it is not surprising that questions concerning meas-

urement reliability arise with the increasing use of this technology. The present paper discusses the 

accuracy and determines the challenges and limitations on simple elements in which the deformation 

response is largely understood and verifiable. Once the challenges regarding application methods and 

limitations are mastered, DFOS can be incorporated into complex experiments and structures with due 

care, providing valuable insights into their internal strain distributions and thus an understanding of 

their mechanical response. 

3.3 Selection of sensing fibres for reinforced concrete instrumentation 

The following section investigates the ability of various single-mode fibres to accurately measure 

some particular effects observed in reinforcing bars embedded in concrete, such as strain discontinuities 

at concrete cracks and strain gradients caused by the contribution of concrete in bearing tensile forces 

between cracks. Furthermore, the performance of these fibres under repeated loading is studied. Lastly, 

the strain profiles obtained with the fibres on reinforcing bars embedded in concrete will be analysed. 

These issues are discussed based on experimental results but without claiming generality or complete-

ness. 

All the DFOS data presented in this paper were acquired with the optical distributed sensor interro-

gator ODiSI-6104 supplied by Luna Innovations [31]. The optical fibres were connected to the 

interrogator via standoff cable and standard length remote module. The spatial resolution (gauge pitch) 

is customisable. It was set, unless stated otherwise, to the smallest possible value (0.65 mm) following 

the recommendations of the supplier to obtain the best possible measurement quality. The measurement 

frequency varied as it depends on the chosen gauge pitch and the length of the fibre optical sensor. 

Table 3.1 gives an overview of all the tests discussed in this paper and the fibres employed in each test. 

A two-component epoxy (Sikadur-���������<�R�X�Q�J�¶�V���0�R�G�X�O�X�V�����������*�3�D��[32]) is used for gluing. Although not 

Table 3.1 - Overview of the used fibre optical sensors in the presented experimental campaigns.

Coating 
material 

Model 
Manufacturer/ 

reseller 
Specimen Fibre denomination 

Acrylate 
Single-Mode Fibre 

E9/125 
Huber & Suhner AG, 

CH 
Steel plate, variable cross-section AS 

Specimen d14c AG 

Polyimide SM1500(9/125)P 
Fibrecore, 

Southhampton, UK 

Steel plate, variable cross-section PG & PS 

Specimen d14c PG 

RC tie ERH PG1 & PG2 

RC tie ERV PG1 & PG2 

Pull-out test PO PG1 & PG2 

Beam Nn PG1 & PG2 



3. Applicability to reinforced concrete elements

48 

explicitly studied in this paper, previous unpublished studies of the authors comparing different adhe-

sives have shown its suitability. For further studies on the matter, the reader is referred to [33,34]. 

3.3.1 Suitability for measuring strain gradients, discontinuities and repeated loading 

Much research has been carried out to investigate the suitability of various coating types, e.g. [19], 

[23,25]. Two types of coating are commonly used: (i) polyimide coating, which is chemically bonded 

to the fibre cladding and has high stiffness, exhibiting minimal slip to the glass fibre; and (ii) acrylate 

coating, which is mechanically bonded to the fibre cladding and exhibits significantly more slip. This 

section investigates the ability of fibres with these two different types of coating to reliably measure 

strain gradients and discontinuities and how repeated loading affects their measurement quality. 

3.3.1.1 Experimental setup and specimen layout 

For this purpose, a steel plate with changing cross-sectional geometry was tested under direct ten-

sion. The specimen was cut from a 10 mm thick S355 J2 steel plate. Its total length measured 1345 mm 

and the cross-section width varied between 30 and 120 mm. The cross-sectional area and hence, the 

resulting strains were chosen such that they represent typical strain conditions in a structural concrete 

element under tension. Discontinuities of the cross-section were used to simulate cracks, and a tapered 

cross-section simulated the tension stiffening effect. The advantage of using a steel plate is that the 

gradients and discontinuities do not change with the load cycles (provided that no fatigue cracks ap-

pear), whereas in an embedded reinforcing bar, new cracks may appear, and tension stiffening may also 

be affected by the deterioration of bond with repeated loading . 

The instrumented steel plate was tested under repeated tensile loading. Fig. 3.2a displays the layout 

and instrumentation of the specimen with fibre optical sensors (FOS). Both sides of the specimen con-

tained a longitudinal groove of 1 mm x 1 mm dimensions, in which one polyimide coated fibre was 

glued (PG) using a two-component epoxy (Sikadur-52 [32]). Next to the groove on both plate sides, 

another polyimide-coated (PS) and an acrylate coated (AS) fibre were glued on the surface, using the 

same adhesive with an added filler for better workability. Hence, the influence of various applications 

(i.e. glued inside a groove or on the surface) was investigated in addition to the influence of strain 

gradients, strain discontinuities, and fibre coatings. As this test represented a proof of concept, the setup 

was kept simple. However, a representative number of cycles was applied to gather information on the 

performance of DFOS under fatigue loading. The results were compared to conventional strain gauges 

of type TML PFL-10-11 (positioned according to Fig. 3.2a) and linear elastic finite element calcula-

tions. The latter were conducted with the software Abaqus/CAE 2019 [36]���� �D�V�V�X�P�L�Q�J�� �D�� �<�R�X�Q�J�¶�V��

Modulus of 200 GPa. The mesh size was varied according to the geometry of the plate, with a refined 

mesh at the smallest cross-sections and discontinuities. 

The test was carried out in a universal testing machine of the type Schenck 480 kN. The upper and 

lower load were set to 60.5 kN and 20 kN, respectively. The loading type altered between sequences of 

monotonic and dynamic loading. The monotonic loading was applied under displacement control with 

a constant rate (0.01 mm.s�í1). In contrast, regarding the dynamic cycles, loads of the same intensity 

were applied in a sinusoidal form at a frequency of 5 Hz under force control to ensure a constant load 

amplitude. The applied force, the machine displacement and the gauge strains were recorded 
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continuously, at a rate of 100 Hz in the dynamic cycles and 5 Hz in the monotonic cycles. The DFOS 

measurements (gauge spacing of 0.65 mm and a sampling frequency of 4.2 Hz) were only carried out 

during the monotonic cycles. A total of one million cycles were executed over seven days. The ambient 

temperature was recorded throughout the test duration. 

3.3.1.2 Results and discussion 

Fig. 3.2b illustrates the strain profile obtained with the different DFOS configurations, the discrete 

strain gauges values and the linear elastic calculation at the upper load level (F = 60.5 kN). The DFOS 

data shown here are raw data that were down-sampled to 1 Hz as were the other measurements. The 

Fig. 3.2 - Influence of discontinuities, strain gradients, and repeated load cycles on DFOS measurements in a 
steel plate: (a) specimen layout with instrumentation (AS: acrylate FOS on the surface; PG: polyimide 
FOS in a groove; PS: polyimide FOS on the surface; SG: strain gauge)�² dimensions in [mm]; (b) 
strain profiles and (c) difference between the DFOS strains and the strains simulated at the upper load 
of the first load cycle; (d) strain profiles and (e) difference between the DFOS strains at the upper load 
of the first and the millionth load cycle; (f) zoom to the marked window in (b); and (g) strain difference 
at point x = 967 mm and temperature evolution over the applied load cycles. 
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difference between the DFOS strain profiles and the one obtained from the simulation is provided in 

Fig. 3.2c. The results confirm the observations reported in the companion paper [28]: at the start and 

end of the length of interest, the polyimide coated fibres measured a sharp strain increase (i.e. short 

activation length), while the strains measured by the acrylate-coated fibres showed a gradual increase 

to the same level as the other two fibres (i.e. long activation length). The slip between fibre and coating 

causes this variance in the activation length and is also the reason why the acrylate coated fibre is unable 

to reproduce sharp changes in the strain profile (refer to Fig. 3.2f): unlike both polyimide-coated fibre 

types (PG and PS), the acrylate-coated fibre could not reproduce the plateau in the strain profile and 

measured lower maximum strains. 

Fig. 3.2d shows the strain profile at the upper load at the first and the millionth cycle. The strain 

profiles were similar, and none of the DFOS configurations displayed anomalous values. Thus, the 

applied load cycles did not affect the measurement quality. However, a shift in the strain profiles was 

observed. The difference between these strain profiles �B�Ç�@�5�4�2 
F �B�Ç�@�5 is shown in Fig. 3.2e. The strain

difference was almost uniform in the upper part (x > 700 mm) and increased gradually toward the lower 

end. To investigate the reason behind this small but non-negligible change, the development of the 

strain difference at around x = 967 mm over the load cycles was studied. Fig. 3.2g compares the devel-

opment of strain differences at this point of all configurations to the ambient temperature change. Both 

PG and PS displayed a strain difference of approxim�D�W�H�O�\�����������P���P���I�U�R�P���W�K�H���I�L�U�V�W���W�R���W�K�H���P�L�O�O�L�R�Q�W�K���F�\�F�O�H����

which corresponds to a temperature change of 3.4 K (assuming an expansion coefficient of 8.32 10�í6 

K �í1 based on the ODiSI-A user guide [37]), whereas AF exhibited a slightly higher value of 3.6 K. 

These values correspond well with the measured ambient temperature difference of 3.1 K at N = 106, as 

well as with the variation over the cycles. The reason for the gradient in �û�0 along the specimen might 

be that the repeated loading caused the piston, which was situated on the bottom end, to warm up and 

heat was transferred to the steel specimen. 

This example illustrates the ability of DFOS to measure strain gradients and discontinuities, which 

is essential in order to obtain meaningful measurements in structural concrete elements. The polyimide-

coated fibres are recommended as they demonstrate a higher accuracy, as reported in [23,28]. The re-

sults highlight the necessity of temperature compensation in long-term tests. The compensation for 

temperature changes in the host material itself is, however, challenging. Concerning repeated loading, 

the different coatings and application methods did not show a degradation of the measurement quality 

after one million load cycles. This is in contrast to the findings from [16], where an increase in anoma-

lous measurements with cycles was reported in measurements on reinforcing bars embedded in 

concrete. These anomalies may thus be related to the interaction of the reinforcing bars and the sur-

rounding concrete. 

3.3.2 Effect of reinforcing bar r ibs 

As outlined in the previous section, polyimide-coated fibres are better suited to measure strain gra-

dients than acrylate-coated fibres and show a higher accuracy. This confirms the findings of Mata-

Falcon et al., who also studied the performance of polyimide-coated and acrylate-coated fibre optical 

sensors by investigating their ability to measure strain gradients on a steel plate with variable cross-

sections [23], similar to the experiments presented in Section 3.3.1, concluding that polyimide-coated 
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fibres are preferable precisely due to their high sensitivity. On the other hand, it has been argued that 

the high sensitivity of polyimide-coated fibres was unfavourable for the investigation of embedded re-

inforcing bars [19] since strains exceeding the plausible range were measured, exhibiting jagged 

distributions with high measurement noise. Hence, it was concluded that nylon-coated fibre optical 

sensors, measuring smoother distributions and almost free of local peaks, were preferable. 

To address these contradicting conclusions, the authors investigated both types of fibre coatings on 

bare reinforcing bars and on reinforcing bars embedded in concrete. Based on the investigations on bare 

reinforcing bars, which are presented in a companion paper [28], it was concluded that fibre optical 

sensors with high sensitivity, i.e. polyimide-coated fibres, can measure strain gradients and local ex-

treme values more reliably, as they have a significantly shorter activation length. Furthermore, it was 

found that the jagged distributions of strains measured by such fibres are no artefact or measurement 

anomaly but rather caused by the presence of ribs and can be managed in the post-processing. These 

findings for bare bars are verified for cast-in reinforcing bars in the following. 

3.3.2.1 Experimental setup and specimen layout 

A short reinforcing bar embedded in concrete was tested in direct tension to investigate the fibre coating 

�L�Q�I�O�X�H�Q�F�H�����7�K�L�V���V�S�H�F�L�P�H�Q�����G�H�V�L�J�Q�D�W�H�G���D�V���G�����F�����Z�D�V���W�H�V�W�H�G���Z�L�W�K�L�Q���W�K�H���V�F�R�S�H���R�I���D���0�D�V�W�H�U�¶�V���3�U�R�M�H�F�W���7�K�H�V�L�V��

supervised by the authors [38]. Fig. 3.3a shows the reinforced concrete (RC) specimen with a centrically 

placed bar made of cold-worked steel. The dimensions of the concrete were L  × b × h = 

300 × 150 × 150 mm3. Self-compacting concrete with a maximum aggregate size of 16 mm was used, 

with an average compressive strength of 38 MPa after 28 days (Sikacrete ®-16 SCC [39]). The steel 

bar had a nominal diameter of 14 mm. It was instrumented with an acrylate-coated and a polyimide-

coated fibre optical sensor (AG and PG), respectively, both glued inside longitudinal grooves in a 180° 

configuration. The grooves were deliberately carved (by planning) such that they crossed the ribs at 

their peaks. The length of interest was 500 mm, extending 100 mm outside the concrete at both ends. 

The bar surface was milled over a length of 20 mm, from x = 125 to 145 mm, on opposite sides to mount 

two strain gauges. The strain gauges, located at a distance of 40 mm from the concrete edge, were sealed 

with a layer of silicone (Fig. 3.3d). Finally, ribs were removed using a lathe to obtain a cylindrical bar 

along 100 mm of the embedded part, allowing to study the influence of the ribs on the DFOS data. 

The specimen was tested in displacement control at 0.04 mm.s�í1 loading rate in a universal testing 

machine of type Schenck 480 kN. A total of 11 loading cycles in the elastic range of the reinforcing 

bar, with an upper load of F � ���������N�1���§����������Fy were applied, followed by two cycles in the plastic range 

before the specimen was loaded to failure. Only data from the first elastic cycle are presented and dis-

cussed here. 

3.3.2.2 Results and discussion 

Fig. 3.3b displays the strain distribution of the polyimide-coated (PG, black) and acrylate-coated (AG, 

blue) fibre optical sensors, respectively, at the upper load of the first cycle. It reveals bending action on 

the left side caused by the clamping and geometry tolerances of the bar. Mean strains and local peaks 

at the ribs measured using the PG sensor were slightly higher in the bare bar on the left side than on the 

right side. Over the embedded length, local peaks were more pronounced in the vicinity of the left 

concrete edge and correlated with the increase of the relative slip between concrete and reinforcement. 
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The local peaks seemed to increase with increasing slip. The ribless part biased the measurements in 

the right part of the embedded length and the latter effect was thus less pronounced on that side. In the 

measurements of AG, no significant local peaks could be observed in the bare parts, and only slight 

oscillations appeared in the embedded length. None of the fibres measured significant strain peaks in 

the ribless part. The sections where the strain gauges were located showed much smaller local peaks at 

the ribs. Moreover, the strain distribution had a local plateau, indicating that no load was transferred 

there to the concrete. The same applied to the embedded region without ribs. The much higher activation 

length of the acrylate-coated fibre was evident also in this test, particularly in the bare parts. 

The effect of the local disturbance by a rib is investigated in Fig. 3.3c for the sections marked red in 

Fig. 3.3a. These sections each span one rib spacing���O�å, one of them being located in the embedded part

and the other on the right part outside the concrete. Fig. 3.3c presents the strain difference �¿�Ý�å�Ü�Õ (dif-

ference between maximum and minimum strain measured within the length �O�å) against the mean strain

over the length �O�å in these sections for both sensors PG and AG for the first loading�±unloading cycle.

Both sensors displayed a smaller strain difference in the bare part compared to their embedded region. 

The sensor AG did not register a relevant strain difference in the bare part at all. In the embedded region, 

an increase in �¿�Ý�å�Ü�Õ with increasing mean strains could be observed for both sensors. However, the

strain differences �¿�Ý�å�Ü�Õ��measured by the sensor PG were an order of magnitude higher than those ob-

tained from the sensor AG. In contrast to the bare region, the peaks in the embedded region exhibited a 

hysteresis between loading and unloading. 

The wavelength of the undulations coincides with the rib spacing, and local peaks occur systemati-

cally at the inter-rib areas, as clearly demonstrated by the polyimide-coated fibre in this test, and thus 

cannot be considered as random noise. On the other hand, as these peaks also appear in the bare parts 

with ribs�² though with a smaller amplitude�±, attributing them to bond action alone [17] may be 

Fig. 3.3 - Embedded cold-worked reinforcing steel bar with a ribless section tested under direct tension (speci-
men d14c): (a) geometry and instrumentation (AG: acrylate-coated FOS in a groove, PG: polyimide-
coated FOS in a groove, and strain gauges)�² dimensions in [mm]; (b) DFOS strain distribution at the 
upper load; (c) local strain difference at the ribs marked in (b) against the mean strain within the rib 
lengths for AG and PG; and (d) detail of the mounted strain gauges and the fibre optical sensor PG 
before casting. 
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misleading. Specifically, assuming that the height of the peaks can be translated directly into a locally 

acting force between a single rib and the surrounding concrete is questionable: the local peaks appear 

to increase with increasing slip, but not necessarily only with increasing load. To conclusively under-

stand this behaviour, including the effects of bond, the reinforcing bar could be modelled as a three-

dimensional body, which is; however, beyond the scope of this paper. 

This test demonstrates that the use of conventional strain gauges to measure reinforcing steel strains 

inside concrete produces significant disturbances in the deformation behaviour of the reinforcement as, 

locally, bond is lost over the instrumented length. This is caused by the milled surfaces to accommodate 

strain gauges and the silicon employed to seal them (Fig. 3.3d). 

Furthermore, the suitability of polyimide-coated fibre optical sensors for applications in reinforced 

concrete members is demonstrated by the test. The mechanical origin of the jagged strain distribution 

can be attributed to the presence of ribs. Therefore, measurements with polyimide-coated fibres can be 

processed with a suitable filter to obtain mean strains over a rib spacing, which are representative for 

structural concrete applications while maintaining a short activation length and a high sensitivity [28]. 

Using fibre optical sensors with a slipping coating, such as an acrylate coating, thus cannot be justified 

by the advantage of obtaining smooth results. 

3.4 Application of DFOS on embedded reinforcing bars 

Specific procedures for the instrumentation of bare reinforcing bars, data acquisition, some general 

aspects for validations, and the determination of steel stresses are published in the companion paper 

[28]. These are equally valid for measurements in structural concrete elements. This section outlines 

the most important aspects to be considered when embedding DFOS-instrumented reinforcing bars in 

concrete, as well as methods for determining bond shear stresses, acting forces, bond-slip and crack 

widths. 

3.4.1 Installation of sensors 

For the measurement of strains in embedded reinforcing bars, it is recommended to use polyimide-

coated single-mode fibres with a thin coating. Their small size produces a negligible alteration of the 

interface between concrete and steel. The fibres can either be placed in a groove or attached along the 

longitudinal ridge. The authors prefer the first configuration as (i) the fragile fibre is protected from 

damage during casting and compaction, and (ii) it was observed in some cases, when glued directly on 

the bar, the adhesive cleaved to the concrete and delaminated from the bar. In other studies, a Teflon 

layer [17] or a silicon coating [19,33] was applied on the adhesive to prevent contact with the concrete. 

�+�R�Z�H�Y�H�U�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���D�X�W�K�R�U�V�¶���H�[�S�H�U�L�H�Q�F�H�����Z�K�H�Q���H�P�E�H�G�G�H�G���L�Q���D���J�U�R�R�Y�H���Z�L�W�K���V�X�I�I�L�F�L�H�Q�W���G�H�S�W�K���D�Q�G��

filled with a suitable adhesive, no further protection is needed. 

The bars should be instrumented with at least two fibres arranged on opposite sides to capture po-

tential bending effects. If the specimen and reinforcement layout permits, it is recommended to lead the 

fibre ends out of the concrete at a suitable location, i.e. away from areas with high stress concentration, 

such as supports or load introduction regions. The parts of the fibre located outside the formwork during 
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casting should be protected from mechanical damage (e.g. by a protective tube over the bare fibre and 

wrapping it in plastic bags). Fig. 3.4a�±e display some examples of instrumented embedded bars (b�±e 

before casting). Taking the fibre ends out of the concrete renders it easier to check their integrity visually 

(e.g. with a red testing laser) and, in the event of a break, to remobilise lost measuring sections by 

splicing a new connector to them. However, the reference state of the bare reinforcing bar measured 

before casting is no longer valid in such cases, as the fibre optical sensor needs to be reinstalled in the 

software. If the termination of the fibre is achieved with coreless glass fibre, it can also be placed inside 

the concrete. However, this requires appropriate protective measures and reduces the measuring system 

redundancy. 

In anchorage investigations, it would affect the structural behaviour and the measurement quality if 

the fibre was led out of the concrete at the embedded bar end, where large relative displacements be-

tween the reinforcing bar and the surrounding concrete occur. In such cases, it is preferable to loop the 

fibre around the bar end in a protective plastic tube that runs inside an indentation connecting the 

grooves on either side of the reinforcing bar at its end (Fig. 3.4e). 

3.4.2 Strain acquisition and post-processing of the data 

Once the concrete is cast, parts of the fibre are no longer accessible. The user should register the coor-

dinates of all relevant points that lay inside concrete beforehand (e.g. the lengths of interest and their 

relative position to each other; if additional strain gauges or other sensors are present, their position 

with respect to the fibre; or special points of interest or transitions). The local coordinates within the 

bar are important, in addition to the position of each bar in the specimen, i.e. in the global coordinate 

system. Precise positioning and documentation are essential for reproducibility and reliable data post-

processing. 

Furthermore, from the moment the concrete is poured into the formwork, the reinforcement deforms 

due to the concrete hardening process (hydration heat) and shrinkage. A reference measurement needs 

to be set before casting to quantify the resulting initial strain state of the composite element. Such 

shrinkage strain measurements with DFOS are presented and discussed in Section 3.5.1. 

Fig. 3.4 - Examples of instrumenting embedded reinforcing bars with DFOS: (a) leading out the fibre with sim-
ple protection; (b) passing couplers; (c) placing an instrumented reinforcing bar in the formwork; (d) 
leading out the fibres with additional protection and (e) instrumentation of bar ends (anchorage). 



3.4. Application of DFOS on embedded reinforcing bars 

55 

The fibre optical sensors on cast-in bars usually display more anomalous readings and require more 

post-processing than on bare steel. The user will usually have to identify and cancel out outliers and 

mitigate peaks resulting from local phenomena. Based on the analysis in Section 3.3.2 and the compan-

ion work [28], a moving average filter with a window size equal to the rib spacing of the instrumented 

bar, or a multiple of it, is recommended to smooth the local strain peaks due to the ribs of the reinforcing 

bars. Other post-processing techniques can be found in the literature, e.g. [40]. 

3.4.3 Derivation of slip, crack widths, normal and bond shear stresses 

3.4.3.1 Slip and crack width 

An interesting value that can be obtained directly from the quasi-continuous fibre measurements is 

the relative displacement between concrete and steel, denoted as slip �A�:�T�; (Fig. 3.5a). By integration of 

�W�K�H���V�W�U�D�L�Q�V���V�W�D�U�W�L�Q�J���I�U�R�P���D���O�R�F�D�W�L�R�Q���R�I���]�H�U�R���V�O�L�S�����D�����D�¶�������D�Q�G���V�X�E�W�U�D�F�W�L�Q�J���W�K�H���G�H�I�R�U�P�D�W�L�R�Q���R�I���W�K�H���F�R�Q�F�U�H�W�H����

the slip at each point is obtained: 

  (3.1) 

 

Fig. 3.5 - Structurally relevant results obtained from DFOS strain measurements on an embedded reinforcing 
steel bar: (a) simplified steel strain distribution in an RC tie for CW and QST steel, respectively, and 
the corresponding stress distribution; (b) from local stresses to a stress distribution and acting forces 
on a cross-section; (c) equilibrium on a differential steel element; and (d) local bond shear stresses 
based on equilibrium on a differential steel element. 
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In a reinforcing bar embedded in concrete and monotonically loaded in tension, the slip vanishes at 

the locations of the global strain minimum between two adjacent cracks. Note that due to its low tensile 

strength, the deformations of the uncracked concrete are very small compared to those of the steel and 

can usually be neglected. 

Adding up the slip from the adjacent crack elements on either side of a crack (obtained by integrating 

over �O�å�á�5 �t�¤  and �O�å�á�6 �t�¤ , respectively, as depicted in Fig. 3.5a) leads to the crack width:

(3.2) 

Slip and crack width, as integral values, are less prone to variations resulting from different post-

processing and smoothing methods than steel stresses and particularly bond shear stresses, as outlined 

in the following sub-section. However, defining the location of zero relative slip is challenging during 

unloading, as is the calculation of (residual) crack openings in such cases: with the decrease of the 

applied load, slip reversal occurs starting from the crack, along with a potential deterioration of the 

bond shear stresses [41,42]. These effects lead to an irregular residual strain profile after complete un-

loading, making it difficult to determine slip and crack width reliably. 

3.4.3.2 Normal stresses of reinforcing steel 

Once the acquired strain data have been post-processed, it can be employed to determine the stresses in 

the reinforcing bars, provided that the stress�±strain characteristics of the latter are known. Commonly, 

such constitutive laws for reinforcing bars are defined using the elongation of a base length containing 

a multitude of ribs. DFOS, on the other hand, distinguishes between strains at and between the ribs, but 

as observed by Galkovski et al. [28], mean local strains averaged over a length corresponding to the rib 

spacing coincide with the global strains. Hence, the virtual gauge spacing needs to be averaged over 

one rib spacing or a multiple of it to determine stresses from strains obtained by DFOS using common 

constitutive laws. 

For a realistic translation of strains into stresses, accurate knowledge of the stress�±strain character-

istics of the instrumented reinforcing bar is essential. Overly simplified constitutive models lead to 

biased results. Fig. 3.6 illustrates some commonly used stress�±strain relationships for reinforcement 

with varying degrees of accuracy. The first model (Fig. 3.6a), a bilinear idealisation, presents a strong 

simplification that has its justification in engineering practice but is inappropriate when accurate stress 

Fig. 3.6 - Stress�±strain characteristics of reinforcing steel in uniaxial tension: (a) bilinear idealisation; (b) ideal-
isation for cold-worked (CW) steel; (c) idealisation for quenched, self-tempered (QST) steel; (d) 
�F�R�P�S�D�U�L�V�R�Q���R�I���W�K�H���L�G�H�D�O�L�V�D�W�L�R�Q���I�R�U���4�6�7���W�R���D�X�W�K�R�U�¶�V���W�H�V�W���G�D�W�D�² the visualisation is limited to the marked 
area in (c). 
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calculation is essential and in any test where strains exceeding the yield limit are expected. Combining 

the high-resolution DFOS technology with such a crude idealisation cannot be justified. 

If the constitutive law of the reinforcing bar has been determined by material testing, the stresses 

can essentially be obtained from the strains directly using the experimentally observed stress�±strain 

relationship, suitably smoothed where appropriate and fitted to the average behaviour if several material 

tests have been carried out. However, this requires knowledge of the experimental stress�±strain curve 

of each reinforcing bar and cannot be used for comparison with model predictions, which are typically 

based on few parameters, i.e. �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���' �æ, yield strain �B�æ�ì, yield strength �P�æ�ì, and strain at the 

onset of hardening �B�æ�Û if a yield plateau is present. 

Alternatively, the model proposed by Ramberg and Osgood [43] (Fig. 3.6b) can be employed for 

cold-worked (CW) steel, which lacks a yield plateau: 

  (3.3) 

The parameters �G�Ô and �G�Õ are equal and correspond to the strain at the yielding point; they can, e.g. 

be fitted to experimental data by the least-squares method, which typically provides good agreement 

with the experimental curves over the entire strain hardening range. Since Eq. (3.3) cannot be solved 

for �P�Ì analytically, the stresses have to be determined numerically. Other models, such as proposed by 

Menegotto-Pinto [44], may be used as well. 

The deformation behaviour of steel reinforcing bars exhibiting a yield plateau, nowadays typically 

quenched and self-tempered (QST) straight bars, is accurately reproduced by the following expres-

sions [45]: 

  (3.4) 

  (3.5) 

 
 

where  
(3.6) 

The parameters �G�Ô�á�G�Õ and �G�Ö can be fitted to the experimental data. The corresponding stress�±strain 

relationship is displayed in Fig. 3.6c. Another suitable model can be found in [46]. The yield plateau 

and the gradual decrease of the hardening branch slope with increasing strain are captured well. Still, 

experimentally determined curves will deviate more or less from this idealisation. In particular, even 

for reinforcing bars of the same steel grade, the length of the yield plateau may vary significantly, and 

the transition from the linear elastic to the ideally plastic part in the model, i.e. at the onset of yielding, 

does not capture a flattening of the stress�±strain response frequently observed experimentally in QST 

reinforcing bars. Specifically, the actual strain �0sy*  at the onset of yielding (defined here as the point 

where the strains start increasing with almost no change in stress) is significantly higher than the 
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theoretical value of the yield strain �0sy (defined as the ratio of the dynamic yield strength, calculated 

considering the nominal bar diameter, to the secant modulus) (see Fig. 3.6d). This deviation can be 

explained by the interaction of distinct material layers with different microstructures present in QST 

reinforcing bars: when the perlitic/ferritic core, which has a pronounced yield plateau, reaches its yield 

limit, the outer martensitic layer, without yield plateau but having a higher yield limit, is still elastic. 

This causes the slope of the stress�±strain curve to decrease before a clear yield plateau is reached [47]. 

The parameters defining the material models should be determined in material characterisation tests, 

ideally on bars prepared identically as those used in the actual experiments (i.e. with grooves to accom-

modate optical fibre sensors). Still, the material parameters are subject to scatter and additionally 

depend on the methods used in the material characterisation. For instance, the yield limit and the tensile 

strength depend on the applied loading (displacement) rate, with relevant variations even within the 

strain rates allowed in standards for uniaxial tension tests on reinforcing bars [48]. Depending on the 

loading rates expected in the actual experiments, either the dynamic or the static yield limit and tensile 

strength may need to be employed to define the constitutive law. A method to account for strain rate 

dependency is proposed in [48]. While these effects basically also need to be accounted for when using 

traditional discrete strain gauges, they become more relevant when using DFOS due to the higher res-

olution and the possibility to obtain derivatives of the steel stresses with respect to the bar axis, which 

is sensitive to the shape of the stress�±strain relationship. 

Once the steel stresses have been obtained from the strain data, they can be used to determine the 

forces acting in instrumented parts of the tested specimens. To this end, the geometry and the loading 

type must be known. For instance, in elements (such as reinforcing bars) subjected to normal forces and 

uniaxial bending, which are instrumented with at least two fibres, following the common hypothesis of 

Euler�±Bernoulli, a plane can be fitted to the measured strains and subsequently, the stresses in the entire 

cross-section can be determined based on the procedures outlined above. Integration of the stresses then 

provides the normal force and bending moment acting on the cross-section (see Fig. 3.5b). Finally, force 

equilibrium on an infinitesimal bar element (see Fig. 3.5c) provides the shear force: 

(3.7) 

This allows, e.g. determining the contribution of reinforcing bars to shear force transfer in beams, also 

known as dowel action [17]. Furthermore, knowledge of the strain plane of the bar is sufficient to assess 

the curvature of the bar for the structural member and loading under investigation; note that in general 

cases with biaxial bending, at least three fibres are required to determine the strain plane. 

3.4.3.3 Bond shear stresses 

The load transferred from reinforcing bars to the concrete and vice versa is typically modelled by means 

of nominal bond shear stresses �2b, which are assumed to be uniformly distributed along the perimeter 

of the nominal cross-section of the reinforcing bar with diameter Ø (but generally varying along the bar 

axis). Formulating equilibrium on a differential bar element of length dx (refer to Fig. 3.5d), the bond 

shear stresses amount to: 

(3.8) 
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where �†�P�æ is the differential increase of steel stresses in the bar sections spaced at �†�T. Hence, bond 

shear stresses are directly proportional to the variation of normal steel stresses along the bar. Substitut-

ing dx by the DFOS sensor spacing and �G�1s by the difference in the steel stresses at consecutive sensors, 

bond shear stresses can thus readily be obtained from the variation of steel stresses along the reinforcing 

bar determined by DFOS. 

Three main aspects need to be considered when determining bond shear stresses using DFOS data. 

First, the local fluctuations in the stress distribution caused by the presence of ribs need to be eliminated, 

as stated previously. Deriving the stress distribution over the length amplifies the fluctuation and bond 

shear stresses with meaningless values and even changing signs within one rib spacing may result. 

Second, however, excessive smoothing of the data must be avoided, as this would attenuate global 

maxima and minima of the steel stresses, thereby reducing their difference and hence, the magnitude of 

the bond shear stresses, even if the latter are averaged over a certain length to obtain mean bond shear 

stresses. Lastly, the conversion of the measured strains to stresses needs to be carried out carefully and 

account for the particularities of the type of reinforcement used. Fig. 3.5a shows the expected strain 

distribution along a reinforcing bar consisting of CW and QST steel, respectively, embedded in cracked 

concrete and the corresponding stress distributions. While the stress distributions are similar (or even 

coincide if equal bond shear stresses are assumed in both cases), the strain distributions differ strongly 

at the transition from the elastic to the plastic range. Regarding CW steel, two distinct ranges are iden-

tifiable: the elastic range and the plastic range with a decreased stiffness. In contrast, for a QST steel 

(exhibiting a yield plateau), the strains in the section where the yield limit is reached are expected to 

increase drastically from the yield limit to the hardening strain [45,49]. This jump, also called discon-

tinuous yielding, can indeed be observed in bare reinforcing bars [28]. However, in embedded QST 

reinforcing bars, rather than a jump, a transition zone of a certain length, in which the strains gradually 

increase from the yield strain �0sy to the hardening strain �0sh, is observed using DFOS measurements. 

Applying the constitutive law of bare QST reinforcing bars in these transition zones would result in 

constant stresses �1sy and hence, zero bond shear stresses, contradicting the model predictions as ob-

served in Fig. 3.5a. This is further shown and discussed in Section 3.5.2. 

3.4.4 Validation and plausibility checks 

As outlined above, the post-processed strain data can be used to determine a number of further, struc-

turally relevant results. In addition to yielding insight into the mechanical behaviour�² representing the 

primary goal of determining these values�² they are useful to verify the plausibility and accuracy of the 

DFOS measurements. Some possibilities are listed in the following. 

For instance, the measured strains can be compared to discrete strain measurements such as electrical 

resistance strain gauges, digital image correlation (DIC) based strain data or average strains determined 

using linear variable displacement transformers (LVDT). In the latter case, mean DFOS strains over the 

same section as covered by the LVDT must be compared. 

By integrating the quasi-continuous strains, deformations can be calculated (similar to the determi-

nation of bond-slip) and, if at least two fibre optical sensors are installed, inclinations or curvatures can 

also be obtained. These values again can be compared to measurements obtained using other instru-

mentation, such as LVDTs, inclinometers, DIC, or actuator strokes of testing machines. 
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Finally, the steel stresses obtained from the measured strains can be compared with the stresses 

determined from applied loads and geometrical information, particularly in cracked cross-sections of 

�U�H�L�Q�I�R�U�F�H�G���F�R�Q�F�U�H�W�H���V�S�H�F�L�P�H�Q�V�����3�U�H�F�L�V�H���N�Q�R�Z�O�H�G�J�H���R�I���W�K�H���P�D�W�H�U�L�D�O�V�¶���F�R�Q�V�W�L�W�X�W�L�Y�H���O�D�Z�V���L�V���D���S�U�H�U�H�T�X�L�V�L�W�H��

for reliable comparisons. 

3.5 Examples of application in structural concrete experiments 

The following section presents examples of the application of DFOS in experiments on structural con-

crete elements. In the first example, the initial strain state in an embedded reinforcing bar (ERH) and 

its implications for DFOS measurements are discussed. Subsequently, the derivation of normal and 

bond shear stresses as outlined in Section 3.4.3 is applied to a similar specimen (ERV). The third ex-

ample is a pull-out test subjected to high-cyclic loading, in which DFOS was employed to assess the 

internal strain and stress state, particularly regarding the load transfer between reinforcing bar and con-

crete. Those tests are part of a larger experimental campaign conducted to assess the degradation of 

�E�R�Q�G���S�U�R�S�H�U�W�L�H�V���Z�L�W�K�L�Q���W�K�H���I�U�D�P�H�Z�R�U�N���R�I���W�K�H���I�L�U�V�W���D�X�W�K�R�U�¶�V���G�R�F�W�R�U�D�O���W�K�H�V�L�V�����Z�K�R�V�H���I�L�Q�G�L�Q�J�V���Z�L�O�O���E�H���S�X�E��

lished at a later date. For the sake of better readability, the specimens are referred to as ERH, ERV and 

PO in this paper, rather than S3-ZG-H03, S3-ZG-L03 and S2-PO-06, respectively, as used in the orig-

inal work. The final example is a beam (Nn) subjected to four-point bending, in which DFOS was 

applied to assess the curvature, the acting forces and the dowel action in the reinforcing bars. While a 

discussion of the structural behaviour in these experiments remains beyond the scope of this paper, they 

are included to show successful applications of DFOS measurement and validate the presented methods. 

3.5.1 Initial strain and stress state of reinforced concrete elements 

3.5.1.1 Shrinkage-induced strains 

Shrinkage designates the decrease in the volume of stress-free concrete. It consists of several contribu-

tions, with autogenous shrinkage and drying shrinkage being predominant [50]. The former is the result 

of the chemical hydration of cement without exchange with the environment and mainly occurs in the 

early stage of hardening. Its value depends on the water�±cement ratio and composition of the concrete. 

The latter, which is dominant in normal strength concrete, is caused by the loss of internal water of the 

hardened concrete to the environment and thus starts with the formwork removal or the end of curing. 

Its magnitude depends on humidity and temperature conditions as well as on the element geometry, the 

exposed surfaces and porosity. The total free (unrestrained) shrinkage �0cs, whose rate decreases over 

�W�L�P�H�����F�D�Q���U�H�D�F�K���Y�D�O�X�H�V���E�H�W�Z�H�H�Q�����������D�Q�G���������Å��[51]. 

In an unreinforced, perfectly unrestrained concrete specimen, shrinkage deformations would not 

cause any stresses. In reinforced concrete specimens, however, the deformations are internally re-

strained by the reinforcement even in the absence of external restraint. This internal restraintcauses 

tensile stresses in the concrete �û�1c,cs = Ec���0c,i and, by equilibrium, compressive stresses in the reinforce-

ment �û�1s,cs = �±Es���0s,i (Fig. 3.7a and b, respectively). In uncracked specimens without external restraint, 

the initial stress state caused by shrinkage can be determined by equilibrium, assuming that steel and 

concrete strains coincide �0c,i = �0s,i. Note that this relationship only applies as long as the tensile stresses 



3.5. Examples of application in structural concrete experiments 

61 

in the concrete do not exceed its tensile strength; otherwise, shrinkage cracks occur already in the un-

loaded state. However, internal restraint by the reinforcement alone is rarely sufficient to cause 

cracking. 

When studying the global response of structural concrete elements, this self-equilibrated initial stress 

state is often neglected, and the response of the element is assumed to start with the loading. However, 

the shrinkage-induced stresses can have a pronounced influence on the crack formation and stiffness: 

the initial tensile stresses in the concrete cause cracking at reduced loads than expected in initially stress-

free elements. The corresponding apparent tensile strength must not be confused with the effective con-

crete tensile strength. Moreover, neglecting the initial strains and stresses caused by shrinkage leads to 

an underestimation of the concrete tensile contribution between the cracks [52] and an overestimation 

of the tensile stresses in the reinforcement. 

Taking shrinkage stresses and strains into account is challenging, and without measurements on a 

specimen, only rough estimates are possible. Even if strain measurements are available, determining 

the initial stresses is not straightforward owing to the complex nature of the time-dependent processes 

and their dependence on the actual exposure and dimensions of a specimen. Standards provide empirical 

formulas to approximate free shrinkage, which though is subject to significant scatter. A better approx-

imation is obtained by shrinkage measurements on plain concrete specimens, which are cast using the 

same concrete and stored in the same conditions as the specimens under investigation. 

3.5.1.2 DFOS adjustment for shrinkage-induced strains 

For structural concrete elements instrumented with DFOS, the initial strains can easily be obtained. 

Sensors installed prior to casting indicate strain and temperature changes with respect to this reference 

state (i.e. strain change from bare to embedded state). In contrast to other strain measuring methods, no 

additional work steps are required. 

The measurement of shrinkage strains with DFOS is shown on Specimen ERH, consisting of a single 

bar with a nominal diameter of 20 mm cast in the centre of a concrete tie of 150 × 150 mm2 cross-section 

and 1000 mm length (Fig. 3.8). The reinforcing bar was instrumented with two polyimide-coated glass 

fibres (PG) glued inside 1 × 1 mm2 grooves in a 180° configuration. The concrete had a maximum ag-

gregate size of 16 mm and a compressive cylinder strength of 29.2 MPa after 28 days. After casting, 

the specimen was covered with a plastic sheet for curing, and the formwork was removed after seven 

days. The specimen was then stored under laboratory conditions until testing. 

 

Fig. 3.7 - Schematic representation of shrinkage-induced strain and stress in (a) concrete and (b) reinforcing 
bar. 
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Fig. 3.8b shows the shrinkage strains �0s,i captured with DFOS at an age of 150 d. The raw data�²

referring to the initial measurement before casting�² exhibited considerable variation. However, a sim-

ple moving average filter with a large window size of 130 mm cancels out the fluctuations (Fig. 3.8c). 

The correlation between the two instrumented sides (e.g. around x = 190, 500 and 900 mm) suggests a 

physical cause behind the observed strain fluctuations. The elapsed time between the reference state 

(before casting) and the shrinkage measurement can be excluded as a reason since the loose sensor 

sections outside the concrete did not reveal any anomalous readings. The most plausible explanations 

are (i) local strain variations between the shrinking cement paste and the aggregates that do not shrink 

and (ii) internal micro-cracking caused by the resulting restraint stresses. Indeed, non-shrinking parti-

cles, such as aggregates and unhydrated cement, restrain the shrinkage of the cement paste, which 

explains why shrinkage strains of concrete are much smaller than those of cement paste and decrease 

with the relative aggregate volume (see e.g. [53]). As the gauge pitch used was much smaller than the 

aggregate size, strain differences between aggregates and cement paste, as well as internal micro-cracks, 

were captured by DFOS. Further investigations would be necessary to clarify the causes. 

In the example given, a change in the ambient temperature was also measured by DFOS. This is 

recognisable on the vertical shift �û�0Temp in the loose sensor sections outside the concrete (Fig. 3.8b), and 

was compensated by shifting the data by this amount. This implies the assumption that inside the con-

crete, temperature changes corresponded to ambient temperature changes. A more accurate approach 

would be to install a loose fibre (for instance, in a tube) in the concrete, which would separately capture 

internal temperature developments. 

Fig. 3.8c illustrates the shrinkage strains following post-processing and the adjustment for tempera-

ture variation (the two lengths of interest and their mean value are only plotted inside the concrete). The 

smoothed strain profile is in agreement with findings from the literature [26]: a transition length is 

Fig. 3.8 - Initial strain state in an embedded reinforcing bar (Specimen ERH): (a) geometry and instrumentation 
(PG: polyimide FOS in a groove)�² dimensions in [mm]; (b) shrinkage strain measured by DFOS at 
an age of 150 d (raw data); (c) shrinkage strain after post-processing and (d) global response of an 
embedded reinforcing bar subjected to deformation controlled uniaxial tensile loading with and with-
out adjustment for shrinkage. 
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observed at both ends of the specimen, with shrinkage strains increasing toward the middle. This indi-

cates the development of bond shear stresses in those parts. In between, the strains are almost uniform, 

and the smoothed steel strains can be used to obtain steel stresses (following the procedure outlined in 

Section 3.4.3.2) as well as concrete stresses, assuming strain compatibility in the uncracked concrete, 

�0c,i = �0s,i. Note that the latter are caused by the difference between free shrinkage strain and observed 

strain, i.e. �1c,i = Ec·( �0cs �± �0c,i), where Ec �U�H�S�U�H�V�H�Q�W�V���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���F�R�Q�F�U�H�W�H�� 

For subsequent measurements, it is recommended to set a new reference state at the beginning of 

testing and superpose the smoothed shrinkage strains in the post-processing. Fig. 3.8d shows such cor-

rection of the global response of ERH subjected to uniaxial loading based on DFOS measurements. The 

applied load is plotted against the average strains   over the concrete length with and without shrinkage 

adjustment. The latter is performed by adding the smoothed shrinkage strain to the load-induced strains 

of each sensor and averaging the obtained strain profile over both sides of the reinforcing bar and the 

concrete length. It can be observed that neglecting the initial strains would lead to underestimating 

tension stiffening (the difference between the response of the embedded and the bare reinforcement). 

3.5.2 Normal and bond shear stress in reinforced concrete elements 

The derivation of normal and bond shear stresses as outlined in Section 3.4.3.2 is applied to an RC 

tie (ERV) subjected to uniaxial tensile loading. The specimen had identical dimensions, material prop-

erties and instrumentation as ERH (cf. Section 3.5.1). The reinforcing bar was a straight QST bar of the 

class B500B according to the Swiss Standard SIA 262:2013. Material characterisation tests were per-

formed on seven bars obtained from the same batch. The material tests were conducted deformation 

controlled at 0.04 mm.s�í1 and increased ten-fold after the onset of yielding. The obtained properties are 

provided in Table 3.2. The concrete properties were determined on cylinders and cubes after 28 days: 

compressive cylinder strength fc =29.2 MPa, tensile strength fct =2.7 MPa (determined with a double-

�S�X�Q�F�K���W�H�V�W�������D�Q�G���<�R�X�Q�J�¶�V���0�R�G�X�O�X�V Ec =28.5 GPa. 

In addition to the DFOS, one concrete surface of each RC tie was instrumented with a 3D-DIC 

system to track the global deformation of the specimen. A speckle pattern consisting of black circular 

points with a diameter of 1.2 mm was applied using a speckle roller. The images were captured at 1 Hz 

with two cameras (FLIR 12.3 MP) using 28 mm focal length Zeiss lenses with a baseline of 942.6 mm 

Table 3.2 - Mechanical properties of the reinforcing steel bar used in specimens ERV and ERH, mean values and 
coefficient of variation 

Property Notation Unit Mean value and standard deviation 

Nominal bar diameter Ø [mm] 20 

Effective diameter 1 Øeff [mm] 19.95 (±0.1%) 

Dynamic yield strength �1sy [MPa] 558.5 (±1.0%) 

Static yield strength �1sy,stat [MPa] 536.2 (±1.1%) 

Dynamic ultimate strength �1su [MPa] 666.9 (±0.6%) 

Static ultimate strength �1su,stat [MPa] 626.1 (±0.7%) 

Actual strain at onset of yielding �0sy*  �>�Å�@ 3.78 2 

Strain at onset of hardening �0sh �>�Å�@ 14.7 (±4.3%) 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V Es [GPa] 196.3 (±1.6%) 
1 determined by weighing the reinforcing bars.  
2 value determined on the investigated reinforcing bar 
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and a resulting resolution of 3.34 px/mm. The correlation was performed with the software VIC-3D 

(Correlated Solutions Inc., Colombia, SC, USA, [54]) using a subset size of 21 pixels and step size of 

6 pixels. The results were then used to determine the crack patterns and crack widths using the Auto-

mated Crack Detection and Measurement (ACDM) software [55]. 

The specimen ERV was tested at a concrete age of 191 d. The initial stress state (i.e. shrinkage 

induced stress) was measured before clamping the specimen in the universal testing machine. The load 

was applied to the reinforcing bar ends deformation controlled at a loading rate of 0.01 mm.s�í1. During 

the experiment, the DFOS measurements were tracked continuously. Once the measurement became 

unstable (i.e. rise in unrealistic readings due to local strains in the order of the measurement range of 

the spectrometer, see Section 3.1), the loading was set on hold and a new reference state was measured 

after two minutes break for steel relaxation as proposed in [28]. This procedure enabled strain measure-

ments beyond the yield limit. The test ended when the DFOS correlation was lost entirely, and the 

setting of a new reference state was no longer possible. 

Fig. 3.9a displays the specimen with the crack widths computed with ACDM at F = 175 kN. The 

locations where yielding started are indicated on the bar also shown in Fig. 3.9a (bottom). Fig. 3.9b 

exhibits the strain distribution of one sensor along the reinforcing bar for successive increasing load 

steps starting with the nucleation of the first yield section (YS). The measurements were adjusted for 

shrinkage as described in Section 3.5.1. Both raw and smoothed data are given. The latter was obtained 

by removing outliers, filling the missing values by linear interpolation and applying a moving average 

over 31 data points, i.e. 19.5 mm. The applied force is plotted against the average steel strains in Fig. 

3.9c. The latter was obtained by averaging the strains of both sensors over the concrete length. 

The impact of the material law employed to translate strains into stresses and further into bond shear 

stresses is discussed in the following, using half of the crack element between YS 3 and YS 5 at the two 

Fig. 3.9 - RC tie subjected to uniaxial loading (specimen ERV): (a) schematic representation of the tested spec-
imen with the crack patterns and crack widths at F = 175 kN (top) measured with DIC, and location 
of the yield sections (YS) along the bar (bottom); (b) DFOS strain distribution along the specimen; 
(c) load�±deformation curve.



3.5. Examples of application in structural concrete experiments 

65 

load steps marked in Fig. 3.9c (F = 150 kN and 178 kN). Fig. 3.10a,b top�±bottom illustrate the steel 

strain, steel stress, and bond shear stress profiles at these load steps. Fig. 3.10c shows three different 

idealisations of the stress�±strain relationship of the reinforcement, which are used to explore the influ-

ence of the yield limit as defining parameter: in the green and red models, the yield limit was defined 

as the static and the dynamic value obtained in the material tests, respectively. In the blue model, the 

kink in the stress�±strain relationship, as discussed in Section 3.4.3.2, was approximated by defining a 

line between the stress �1s,k where �W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���V�W�D�U�W�V���G�H�F�U�H�D�V�L�Q�J���D�Q�G���W�K�H���V�W�U�D�L�Q �0sy*  at the actual 

onset of yielding (Fig. 3.10c). Finally, the bond shear stresses were calculated for the three resulting 

stress profiles using Eq. (3.8). The results are plotted in the colours of the used material model (cf. Fig. 

3.10c). The strains were adjusted for the shrinkage as described in Section 3.5.1. The stresses were 

calculated using the idealisation for QST reinforcing bars as described by Eqs. (3.4)�±(3.6). 

As expected, the different models hardly have any influence on the results in the elastic range, except 

when the strain exceeds the strain �0s,k, hereafter the flattening of the blue stress�±strain relationship leads 

to minor stresses and stress gradients (Fig. 3.10a, middle). This leads to a drop in the bond shear stresses 

(blue line Fig. 3.10a, bottom). In contrast, a significant difference results for higher strains. In the load 

step under consideration, the strains of the crack element exceeded the yield limits (�0s,stat and �0sy) but 

were, except for areas close to the crack, below the hardening strain �0sh. Using the green and red models, 

this leads to a plateau in the stresses (Fig. 3.10b, middle) and therefore zero bond shear stresses (Fig. 

3.10b, bottom) over a major part of the crack element. The bond shear stresses only reappear next to 

the crack, where the strain surpassed the hardening limit  �0sh. The results of the third model (blue lines) 

show a stress variation over parts of the crack element and constant values around x = 65 to 105 mm, 

which results in zero bond shear stresses in this part as well. The vanishing bond shear stresses, contra-

dicting the commonly postulated bond shear stress�±slip relationships, are the result of the measured 

 

Fig. 3.10 - Derivation of normal steel and bond shear stresses from DFOS strain distribution in a half crack ele-
ment using various idealisation for QST steel behaviour: (a) and (b) strains, normal and bond shear 
stress distribution at F = 150 and 178 kN, respectively, and (c) the used idealisations based on the 
material characterisation tests of the reinforcing bar (grey lines). 
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gradual strain increase from the yield limit to the onset of hardening, whereas steel stresses are presumed 

to remain constant in this range (yield plateau). 

In a seminal paper, Shima et al. (1987) used strain gauges inside the reinforcing bar (as described in 

Section 3.1) to determine a bond stress�±slip relationship in the elastic and plastic range [49]. In their 

experiments, they noticed a significant drop in the bond shear stresses when the yield strains were ex-

ceeded. A transition zone between the elastic and plastic regions of the bar, as reported here, could not 

be identified since they measured the strains at discrete points spaced at five bar diameters; the yielding 

location was thus not precisely known. They then fitted a strain distribution to the measured values, 

using a second-order polynomial equation and an immediate jump from the yield strain �0sy to the strain 

at the onset of hardening �0sh, approximated the yield location at the centre between the last strain gauge 

with elastic strain and the first strain gauge with plastic values. The obtained strain distribution was 

then similar to the one illustrated in Fig. 3.5a. This assumption allowed them to separate the bar into 

elastic and plastic regions such that an unambiguous inference of stresses from the strains was possible. 

However, the strain distribution obtained with DFOS suggests a different behaviour. 

The disturbed regions with strains beyond the yield strain but inferior to the strain at the onset of 

hardening result in zero bond shear stress when applying the constitutive law presented in Section 

3.4.3.2, or any other stress�±strain relationship with a horizontal yield plateau. Modifying the stress�±

strain relationship measured for a bare bar by introducing a gradient in the yield plateau would cause 

bond shear stresses to appear in the plastic zone. However, their magnitude would depend on the as-

sumed slope of the yield plateau, which is difficult to determine. Therefore, an unbiased determination 

of the local bond shear stresses close to the yield point currently appears impossible. 

3.5.3 Pull-out test under cyclic loading 

This section describes the results of a pull-out test (PO) according to the RILEM standard [56]. Fig. 

3.11a shows the test setup, geometry of the specimen and its instrumentation. The reinforcing bar was 

a straight QST bar of the class B500B according to the Swiss Standard SIA 262:2013, and a normal 

strength concrete (fc =28 MPa) was used. The reinforcing bar was instrumented in a 180° configuration 

with polyimide-coated fibres (PG1 and PG2). In addition, the force F and the relative slip �/global at the 

unloaded end were measured. A sinusoidal load was applied at the free end of the reinforcing bar, 

oscillating at a frequency of 2.5 Hz between 20 and 60% of the ultimate bond strength (defined as the 

average ultimate strength of three monotonic pull-out tests previously conducted). DFOS measurements 

were taken in intermediate cycles ran in displacement control. The gauge pitch was set to 1.3 mm and 

the resulting measurement rate was 40 Hz. The experimental procedure was similar to the one outlined 

in Section 3.3.1. Additional details on the experimental campaign can be found in [16]. 

Fig. 3.11b,c illustrate the development of steel strains and bond shear stresses from the first (top 

row) to the millionth (bottom row) loading cycle. The former are obtained after removing outliers, re-

placing those by linearly interpolated values, and applying a moving average filter over 10.4 mm. Since 

loading was limited to the elastic range, the steel stress calculation was straightforward using the 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��determined in material characterisation tests. The bond shear stresses were calculated 

according to Section 3.4.3.3. It can be observed that between the first and millionth loading cycle, the 
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bond shear stress profile redistributed over the bonded length: the peak of bond shear stresses increased 

and shifted toward the unloaded end of the reinforcing bar with an increasing number of load cycles. 

To assess the plausibility of the results obtained with DFOS, the bond shear stress values were av-

eraged over the bonded length and compared to the nominal values obtained by dividing the applied 

load by the perimeter of the bonded length of the reinforcing bar. Fig. 3.11d shows the results for the 

first ten load cycles (top) and the loading up to failure (bottom) after the millionth cycle; note the dif-

ferent scales of the abscissa. The results show an excellent agreement between the two independent 

methods to determine the bond shear stresses. 

With the use of DFOS, it could be shown that the bond shear stresses were far from being constant 

over the bonded length of a pull-out test as often presumed given the short embedment length. Further-

more, their profiles vary with increasing number of load cycles, redistributing toward the unloaded end. 

The quality of DFOS in this test was not affected by the repeated loading action. 

3.5.4 Flexural Member 

In Section 3.4.3 it was outlined how DFOS can be applied to determine the curvature, deflections and 

forces of an instrumented specimen. This procedure is demonstrated using a reinforcing bar of specimen 

Nn, a four-point bending test carried out in the realm of an experimental campaign studying lap splices 

with conventional and ultra-high performance fibre reinforced concrete [57]. Some results of this spec-

imen, obtained from the instrumentation of the concrete compression zone, and specifications of the 

material properties are presented in the companion paper [28]. 

 

Fig. 3.11 - Pull-out test PO subjected to repeated tensile loading: (a) setup, geometry and instrumentation�² di-
mensions in [mm]; (b) strain distribution along the bonded length for selected increasing load steps 
from �(�à�Ü�á��to �(�à�Ô�ë for first (top) and millionth (bottom) load cycle; (c) corresponding bond shear stress 
distribution and (d) comparison of the nominal bond shear stress and the mean value obtained from 
both fibre optical sensors PG1 and PG2 for the first ten load cycles (top) and the loading to failure 
after the millionth load cycle (bottom) 
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Fig. 3.12a,b illustrate the experimental setup, the geometry and reinforcement layout, and the instru-

mentation of the investigated reinforcing bar relevant in the present context, consisting of two vertically 

aligned polyimide-coated fibre optical sensors PG1 and PG2. 

Fig. 3.12c top�±bottom shows (i) the strain profiles of both fibre optical sensors PG1 and PG2 for 

increasing load; (ii) the resulting curvature of the reinforcing bar 

(3.9) 

obtained assuming plane sections remaining plane, where zPG �| 16 mm is the inner lever arm between 

sensors PG1 and PG2; and (iii) the reinforcing bar deflection 

(3.10) 

(bottom) determined using the boundary conditions 

(3.11) 

Note that while the deflections of the reinforcing bar determined from Eq. (3.11) corresponded well 

with the measured vertical displacements of the beam, determining the deflections of a beam from the 

Fig. 3.12 - Fibre optical strain measurements on a flexural reinforcing bar of specimen Nn: (a) geometry and test 
setup with crack pattern and crack widths obtained with ACDM at the load F = 58 kN�² dimensions 
in [mm]; (b) cross-section with instrumented reinforcing bar with two vertically aligned polyimide-
coated fibre optical sensors glued inside a 1 x 1 mm2 groove (PG1 and PG2); (c) strains of both sensors 
and distribution of bar curvature and deflections derived from these strains over the entire length; and 
(d) calculated bar stresses from both FOS, and distribution of bending moment and shear force in the 
reinforcing bar over the right beam half.
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curvatures of a reinforcing bar is not recommended in practice, as the goodness of the results is highly 

dependent on the accurate knowledge of the small distance between the sensors zPG. 

Fig. 3.12d top�±down presents (i) the local stresses determined from PG1 and PG2 and the distribu-

tion of (ii) the bending moment of the bar, obtained again assuming plane sections remaining plane, and 

(iii) the shear force in the reinforcing bar. 

The instrumentation proved to be suitable to determine all derived parameters and revealed that the 

curvature of the reinforcing bar was localised at the cracks, rather than being uniform over longer dis-

tances as commonly assumed. The bending moment and the shear forces along the bar also depend on 

the location of cracks: at cracked sections, the local bending (and curvature) of the bar is highest. In the 

shear zones, the curvature and hence, the bending moment change signs between cracks, and the shear 

forces exhibit discontinuities at the cracks, indicating that part of the applied shear force is carried by 

the reinforcing bar, which is known as dowel action. For instance, for the highest shown load (light grey 

curve), the shear force at the crack at x = 1.65 m changes from about 2.3 kN on the left side of the crack 

to -1.9 kN on its right side, corresponding to a shear force of 4.2 kN carried by the reinforcing bar at 

the crack; note that the global shear force at this loading stage amounted to 73 kN. 

As expected, integral values, such as the bar deflection and the bending moment have a much 

smoother distribution than derivatives, such as the shear force in the reinforcing bar. 

3.6 Conclusions 

Distributed fibre optical sensing (DFOS) bears the potential to achieve a long-standing ambition of 

many researchers: to measure the internal strain distribution of RC structures with adequate resolution 

and effort, yet without biasing the behaviour. This paper, together with the companion paper [28], sum-

marises the experience gained at the Chair of Concrete Structures and Bridge Design at ETH Zurich 

using DFOS in experimental research. Based on this, practical recommendations for instrumentation 

and data post-processing are provided, addressing both new and experienced users. Furthermore, the 

paper reports interesting findings achieved with DFOS and highlights potential challenges in deriving 

mechanically relevant quantities from the strain data. 

For instrumenting reinforcing bars embedded in concrete, the use of fibres with a chemically bonded 

coating, placed inside a groove and covered with a two-component epoxy, has proven to lead to accurate 

results. However, the high spatial and temporal resolution makes it important to distinguish between 

global and local phenomena when analysing the acquired data and to select the size of the virtual sensor 

according to the target measurement. An example for measuring local deformations are the jagged strain 

distributions. As outlined in Section 3.3.2, in embedded reinforcing bars, these fluctuations are caused 

by the ribbed surface of the reinforcement as observed in bare bars [28], but superimposed by strain 

variations due to tension stiffening and amplified by the mechanical interlocking with the surrounding 

concrete. Applying a simple moving average filter with a filter size of at least one fold the rib spacing 

can mitigate these fluctuations. Optical fibres with a mechanically bonded coating deliver a smoother 

strain distribution but fail to measure sharp changes in the strain distributions. 
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The strain state of the reinforcement can be measured from the first contact with fresh concrete�²

provided that the fibre optical sensor is installed (i.e. a measurement of the initial backscatter is regis-

tered) before casting, such that subsequent measurements refer to the bare state. As discussed in Section 

3.5.1, this renders it possible to account for the influence of the initial stress state caused by the hydra-

tion heat and shrinkage of the concrete on the reinforcement strains, which is particularly relevant in 

studies dealing with the deformation behaviour of structural concrete under service loads, such as ten-

sion stiffening, residual deformations after unloading, or the effect of repeated loading. 

The strains induced in the fibres represent a combination of mechanically and thermally induced 

strains, as observed even in laboratory conditions (Sections 3.3.1 and 3.5.1). In long-term tests and field 

monitoring, temperature compensation is therefore mandatory. When shielded from mechanical impact, 

the strains measured on completely loose fibre parts should display strain values approximating zero 

(no change compared to the reference state). Deviations from this value are mainly due to ambient 

temperature changes and can thus be used to compensate for the resulting strains. However, this implies 

the assumption that the host material experiences the same temperature change as the ambience. While 

this assumption is reasonable for thin specimens and small temperature gradients, a more sophisticated 

temperature compensation, such as the installation of unrestrained sensors inside the concrete, might be 

necessary in some cases. 

In reinforced concrete elements, DFOS captures the variation of steel strains along an embedded 

reinforcing bar. The steel stresses can be obtained with knowledge of the stress�±strain relationship, and 

the bond shear stresses follow from equilibrium. The slip, i.e. the relative displacement between con-

crete and reinforcing bar, is obtained by integrating the strains along the bar and neglecting or 

approximating the minor concrete displacements. A local bond stress�±slip relationship can thus be ob-

tained. However, the magnitude of the bond shear stresses remains sensitive to the post-processing 

methods applied and depends strongly on the material law used to convert the measured strains to 

stresses. While the derived values in the elastic and fully plastic range are reliable and could be shown 

to correspond on average to the nominal bond stress obtained in pull-out tests (Section 3.5.3), the con-

version of strains close to the yield plateau of quenched and self-tempered reinforcing bars may lead to 

questionable steel and bond shear stresses (Section 3.5.2). This is because (i) the typically assumed 

constitutive law of this reinforcement might underestimate significantly the actual yield strain and (ii) 

when embedded in concrete the measured transition from elastic to plastic strains is not abrupt as is 

typically assumed [49], but occurs gradually according to the DFOS data. The reasons for the latter, in 

addition to its implications on structural behaviour, remain the subject of current research. 

Repeated loading (Sections 3.3.1 and 3.5.3) did not exhibit a detrimental effect on the performance 

of either fibre type investigated in this work. 
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4 Experimental investigation of bond and crack 
behaviour of reinforced concrete ties 

The content of this chapter coincides with the preprint of the following article, differing from the pub-

lished version only in terms of layout and formatting: 

T. Galkovski, J. Mata-�)�D�O�F�y�Q�����D�Q�G���:�����.�D�X�I�P�D�Q�Q�����³Experimental investigation of bond and crack

behaviour of reinforced concrete ties using distributed fibre optical sensing and digital image corre-

lation�´�� Engineering Structures, vol. 292, p. 116467, Oct. 2023, doi: 

10.1016/j.engstruct.2023.116467.. 

As the lead author, T. Galkovski conducted the literature review, carried out the experimental investi-

gation of Series 1, analysed the experimental data, validated the analyses, visualised the work and wrote 

the entire draft of the manuscript. The second author, J. Mata Falcón, contributed to the manuscript with 

a thorough revision and valuable feedback for its enhancement. The third author, Walter Kaufmann 

performed a careful review of the manuscript and proposed several linguistic changes increasing its 

clarity. 

Abstract 

The interaction of reinforcing steel and concrete is decisive for the structural behaviour of reinforced 

concrete (RC) in the serviceability and ultimate limit state. In the past decade, distributed fibre optical 

sensing (DFOS) and digital image correlation (DIC) have emerged as valuable tools to investigate and 

comprehend the mechanics of this interaction in more detail. This paper presents and discusses the 

results of an experimental campaign comprising 21 RC ties subjected to monotonic and cyclic uniaxial 

tension, where these refined instrumentation methods were utilised to study the influence of the rein-

forcing bar diameter, rib geometry and mechanical properties on the structural behaviour. Local strains 

were measured along the reinforcing bars with DFOS, from which the distributions of steel and bond 

stresses, as well as slip were derived. The crack pattern and kinematics on the surface were determined 

through DIC. The results allowed studying the influence of the deformation level, cyclic loading and 

the rib geometry on splitting and the magnitude of local and average bond stresses. The results indicate 

that the bond and crack behaviour depend on parameters typically neglected in design standards, such 

as the relative rib area, elastic steel stiffness, and bar diameter. Moreover, the observed average bond 

stresses in the elastic range were lower than proposed by design standards for serviceability verifica-

tions. These observations allow identifying weaknesses and inconsistencies in common bond models, 

serving as a starting point for improvements in modelling. 
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4.1 Introduction  

Reinforced concrete (RC) is a composite material where steel bars carry mainly tensile forces and con-

crete predominantly acts in compression. An adequate interaction between both components is a 

prerequisite for the structural performance of the composite material, which is highly relevant in the 

Serviceability Limit State (SLS) by governing the crack behaviour and stiffness of RC, as well as in the 

Ultimate Limit State (ULS), by influencing the deformation capacity and anchorage of bars. Accord-

ingly, the load transfer between concrete and steel, commonly referred to as bond, has been identified 

as a critical factor for efficient structural performance from the early beginnings of structural concrete 

application and research and was investigated thoroughly in the past century.  

As acknowledged by the recent state-of-the-art report fib Bulletin 72 [1], bond behaviour is highly 

complex and depends on many parameters including the bar diameter (Ø) and rib geometry as well as 

the mechanical properties of the reinforcing bars and the concrete, the loading type, the presence of 

confinement, and the load history. The state-of-the-art on bond in RC established throughout the last 

century is still subject to uncertainty, as the methods to assess bond were either limited, labour-inten-

sive, or prone to bias the results. Commonly, pull-out specimens were used, and are still standard today 

[2] to investigate the bond behaviour, determining so-called local bond stress-slip relationships based 

on global measurements, i.e. (i) the average bond stresses along the embedded length of the reinforcing 

bar back-calculated from the applied load and (ii) the relative displacement measured at the passive bar 

end. Extrapolating these bond stress�±slip relationships to more complex structures is not straightfor-

ward, given the particular conditions in a pull-out test, in which the introduced compressive stress and 

the embedment length influence the results. Moreover, the bond stresses are far from being uniformly 

distributed along the embedded length even in pull-out tests with short embedment lengths of merely 

5Ø [3]. In order to gain a better understanding of the bond behaviour, researchers used strain gauges 

glued onto [4] or inside [5�±7] the bars to determine steel strains from the early 1950s to current times. 

While these procedures allow measuring bond stresses in different conditions (e.g. lap splices), they 

may bias the behaviour of the reinforcing steel as well as the interface [8,9], are cost and labour-inten-

sive, and provide only limited, discrete information on steel strains. In addition, these measurements 

are often not suitable for the experimental investigation of tension chords since the crack locations are 

typically not known beforehand (natural scatter), and strain minima and maxima are not guaranteed to 

be captured. While semi-empirical models, typically accounting for the effect of various parameters by 

modifications to the standard bond stress-slip relationship, were fitted to such data and implemented in 

design codes, the limited direct experimental insight, combined with the complexity of the behaviour, 

has obstructed the development of more refined mechanical bond models.  

Over the past decade, distributed fibre optical sensing (DFOS) and digital image correlation (DIC) 

have emerged as valuable tools having the potential to improve the understanding of the mechanics of 

structural concrete. DFOS has proven particularly useful to study the local bond behaviour [8,9]. This 

measurement technology allows for quasi-continuously measuring strains up to 3�« 4% along reinforc-

ing bars instrumented with fibre optical sensors, assessing the strain distribution with a resolution down 

to 0.65 mm, frequencies above 1 Hz and hardly any interference on the behaviour, as the disturbance 

of the steel material behaviour is minimal and no ribs have to be removed [8, 9]. With the measured 

strains along the reinforcing bars and the constitutive law of the reinforcing steel, the steel stress profile 
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can be determined, from which the bond stress distribution can be obtained from equilibrium. DFOS 

has already been successfully applied in the experimental investigation of structural concrete by various 

authors investigating, e.g. the initial strain and stress state in RC, bond and reinforcement ratio in flex-

ural elements, cyclic loading, splitting, and the influence of the casting direction on bond [8�±16], and 

guidance for the application has been proposed and verified [8,9,15]. These studies have proven that 

DFOS is an invaluable tool for the experimental research of reinforced concrete and poses an important 

step forward. The sensing technique could lay the ground for enhanced modelling and leaner design, 

but its application at a structural level is still scarce.  

4.2 Research significance 

The application of distributed fibre optical sensing (DFOS) is relatively new and its use at a structural 

level is still limited to date. This study exploits the new possibilities offered by DFOS instrumentation 

to investigate mechanisms of local bond and internal cracking in detail and under more realistic condi-

tions than the commonly used pull-out tests. To this end, an experimental campaign consisting in 21 

RC ties loaded in uniaxial tension was carried out, in which the reinforcement strains were measured 

with DFOS and the crack kinematics were monitored with digital image correlation (DIC). Both tech-

nologies combined provide unprecedented insights into the bond behaviour [16], since the detailed 

internal information provided by DFOS is complemented by the assessment of the cracks at the surface 

by DIC, and the instrumentation can be applied to complex test setups with realistic boundary condi-

tions. The measurements allow verifying common modelling assumptions for bond in detail, 

particularly the development of bond stresses as a function of (i) the loading (level of applied load, 

monotonic or cyclic loading), (ii) the reinforcing bar characteristics (diameter, steel grade and relative 

rib area) and (iii) the crack development (spacing of main cracks, formation of longitudinal splitting 

cracks). The data provides a new understanding of local mechanical phenomena in bond, which has 

been investigated for over a century with limited means of instrumentation, setting a basis for further 

research in the field.   

4.3 Common modelling assumptions for bond 

As mentioned in the introduction, the complex local interaction of concrete and reinforcement is com-

monly modelled using so-called bond stress-slip relationships, relating nominal bond stresses (shear 

stresses assumed to be uniformly distributed around the perimeter of the reinforcing bar) to the slip 

���U�H�O�D�W�L�Y�H�� �G�L�V�S�O�D�F�H�P�H�Q�W�� �E�H�W�Z�H�H�Q�� �U�H�L�Q�I�R�U�F�L�Q�J�� �E�D�U�� �D�Q�G�� �F�R�Q�F�U�H�W�H������ �7�K�H�� �Q�R�P�L�Q�D�O�� �E�R�Q�G�� �V�W�U�H�V�V�H�V�� �2b in such 

relationships include forces transferred between concrete and reinforcement by different mechanisms. 

The commonly recognised stages of local bond development are summarised, e.g. in the fib Bulletin 10 

[17] (see Fig. 4.1). Stage I is governed by chemical adhesion ( ) at negligible

slip. For plain bars, a pull-out failure would follow immediately (Stage IVa). For deformed bars, Stage

II follows, where transverse micro-cracks originate at the tip of the ribs, causing slip and increasing

bond stresses by gradually activating the interlock between the reinforcing bar ribs and the concrete

keys. In Stage III, the concrete is crushed in front of the ribs, with the crushed concrete causing radial
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compressive stresses (wedging action) while the bond stresses keep increasing, . Lon-

gitudinal splitting cracks start forming radially in this range, as tangential tensile (hoop) stresses resist 

the radial compressive stresses. Depending on the level of confinement, two types of failure may happen 

in deformed bars: For low and medium levels of confinement, Stage III ends with the through-cracking 

of the splitting cracks (Stage IVb in Fig. 4.1); an abrupt loss of bond occurs in bars with low confine-

ment, while some residual bond strength at high slip might be activated in bars with medium 

confinement (partially shearing off concrete keys). For heavily confined deformed bars a bar pull-out 

failure occurs, with a residual strength corresponding to shearing off the concrete keys while splitting 

over the entire section is avoided (Stage IVc in Fig. 4.1).  

Defining the slip  as the difference of deformations between steel us and concrete uc, assuming a 

linear elastic behaviour of concrete and reinforcing steel, and formulating equilibrium on an axially 

loaded tension chord element of infinitesimal length dx (see Fig. 4.2), Kuuskoski [18] in 1950 derived 

the second-order differential equation: 

(4.1) 

where the subscripts s and c denote reinforcing steel and concrete, respectively, Ø = bar diameter, 

= bond shear stresses, qx = axial line load, A = cross-sectional area, �! = As/Ac = reinforcement ratio,

 = strains, and E = modulus of elasticity. 

Rehm [19] was the first author to publish a local bond stress-slip relationship  and solve the 

differential equation of bond (Eq. (4.1)). Depending on the assumed relationship, the complexity of the 

solution varies significantly, requiring numerical integration in general cases. Rehm already identified 

two causes of slip for deformed reinforcing bars: through (i) splitting of the concrete caused by wedging 

action of the reinforcing bar ribs and (ii) local concrete crushing in front of the ribs. He observed in 

pull-out experiments that the slip was insensitive to the rib flank angle in the range between 40 and 

105°. He reasoned that for these angles, the friction was sufficient to prevent relative displacements at 

the interface, such that the slip could be attributed entirely to concrete crushing in front of the ribs where 

the crushed concrete formed a cone with a face angle of 30 to 40°, explaining the similar behaviour for 

the entire range of rib face angles. Similar results were also reported by Lutz and Gergeley [20]. In 

contrast, Hamad found that increasing the rib flank angle from 30 to 90° slightly enhanced bond 

Fig. 4.1 - Stages of bond development defined in the fib Bulletin 10 shown on the average bond stress �± slip 
relationship. 
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strength, while an increase from 60 to 90° resulted in reduced slip and increased stiffness [21]. Rehm 

[19] proposed to use the relative rib area fR as a parameter to characterise the interlocking component 

of bond. While he used the ratio of rib height to rib spacing as an approximation, the following definition 

[17] is common today 

  
 

(4.2) 

where AR = area of a single rib projected into the plane perpendicular to the bar axis. This value had 

already been identified as a relevant parameter affecting bond more than a century ago [22] and several 

authors since then reported a high relative rib area fR to influence slip and bond strength beneficially if 

enough confinement is provided [23�±25]. However, most modern design codes merely specify a mini-

mum value of the relative rib area. The fib Model Code 2010 which requires fR �•�������������D�Q�G���V�W�D�W�H�V���W�K�D�W��

values above 0.14 may develop higher bond stresses, however, without quantifying them. The influence 

of the relative rib area in elements is experimentally investigated in this study for elements with low 

confinement in Section 4.4 and discussed at the end of Section 4.5.  

Tepfers pointed out that the large deformations of the reinforcement reported by Rehm cannot occur 

without the formation of internal transverse and splitting cracks in the surrounding concrete [26]. A 

formation of internal cracks was experimentally demonstrated by Goto [27] who injected ink in tested 

RC ties and thereby revealed the internal secondary crack pattern, with  internal conical cracks extend-

ing from the rib tips towards the main cracks, being longer the closer they were to the main cracks. 

Gambarova and Rosati, based on the results of pull-out tests on pre-split specimens [28], concluded that 

the bar diameter influences the magnitude of the bond stresses, with higher bond strength and stiffness 

in small-diameter bars. In addition, they observed that the width of the splitting cracks has a detrimental 

 

Fig. 4.2 - Differential tension chord element with (a) cross-sectional geometry; (b) general geometry with ap-
plied axial loads; and (c) steel, concrete, and bond shear stresses and axial line load acting on the 
separated steel and concrete elements. 
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effect on the structural performance in terms of slip and bond strength, being more pronounced for 

larger bar diameters.  

The above discussion and the comments made in the introduction highlight that modelling the com-

plex interaction of concrete and reinforcing bars by nominal bond shear stresses uniformly distributed 

around the reinforcing bar perimeter is a crude simplification. Bond stress-slip relationships are thus no 

unique constitutive relationships, which puts the relevance of the differential equation of bond, Eq. 

(4.1), in perspective. Furthermore, rather than the local distribution of stresses and strains, the global 

structural behaviour accounting for tension stiffening is typically relevant in design, i.e. deformations 

and crack widths. Since these global results are integrals of the strains over a crack element (CE, an 

element of a tension chord delimited by two adjoining cracks), they can be predicted using appropriate 

mean values. In particular, assuming bond stresses independent of the slip, the global structural behav-

iour can be determined from equilibrium without the need to solve the differential equation of bond. 

These considerations were the starting point for the establishment of the Tension Chord Model (TCM), 

originally proposed by Marti et al. [29] , which uses a stepped, rigid-perfectly plastic bond stress-slip 

relationship depending only on concrete strength and the steel stress: the nominal bond stresses are set 

to 2·fct and fct for steel stresses below and above the yield stress, respectively. Similar bond assumptions 

have been incorporated for the prediction of crack widths in modern design standards [30�±32], typically 

further simplified by assuming average bond stresses, i.e. constant nominal bond shear stresses over the 

parts of a reinforcing bar with same direction of slip. Current design codes and the TCM neglect the 

effect of the rib geometry, the bar diameter, the confinement and cyclic loading on the bond stresses. 

The influence of these factors is investigated in this study based on two series of experiments.  

4.4 Experimental campaign 

The experimental study consisted of two experimental series on RC ties loaded in uniaxial tension. The 

geometry of the specimens was kept constant, except for the length that was slightly larger in Series 2. 

The first series investigated the influence of the reinforcing bar diameter (and reinforcement ratio) and 

cyclic loading on the bond and crack behaviour using conventional deformed steel reinforcing bars. In 

the second series, the influence of the rib geometry and steel grade on the bond behaviour in the ser-

viceability limit state was examined. Table 4.1 provides an overview of the specimen configurations 

and applied loading. 

4.4.1 Specimens and materials 

4.4.1.1 Specimen configuration 

The overview of the eleven specimens of Series 1 is provided in Table 4.1. The codification of the 

specimens is composed of four terms: first the diameter is given, followed by the loading type, the 

reinforcing steel type and a sample count. There were three different loading types in Series 1: (i) mon-

otonic (M), (ii) cyclic loading that always stayed in tension (U), and (iii) reversed cyclic loading, i.e. 

negative lower bounds of the load Finf (R). More details of the cyclic loading are given in Section 4.4.2. 

All specimens of Series 1 were reinforced with a deformed bar of normal strength (codification ND �± 



 4.4. Experimental campaign 

  85 

B500B European steel type) with a diameter of either 14 or 20 mm. The length of these specimens was 

1360 mm (concrete) and 2000 mm (reinforcement), respectively, and their width was 150 mm. 

Another ten specimens were tested under a monotonically increasing axial load in Series 2 (see Table 

4.2). The reinforcing bar diameter was kept constant at Ø16 mm and three different reinforcement types 

were used: (i) normal-strength deformed reinforcing bars (ND), (ii) high-strength deformed reinforcing 

bars (HD) and (iii) high-strength steel rods (HM) with machined ribs, comprising a continuous spiral 

with a rib flank inclination of 63.43° to the bar axis (i.e. steeper than usual in deformed bars). The 

machined rib depth was varied to explore three different relative rib areas: (i) 7% (R07), i.e. a typical 

value for conventional deformed steel bars, (ii) 15% (R15), and (iii) 23% (R23). More details about the 

rib geometry are provided in Section 4.4.1.3. The nomenclature of the high-strength machined steel 

Table 4.1 - Specimen configurations in Series 1: diameter and amount of the reinforcement, type of loading with 
upper and lower bounds for the cyclic loading (Fsup, Finf), the number of cycles, and age at testing. 

Specimen Ø �!s loading F inf Fsup # cycles age at testing 
 

[mm] [%]  
 

[kN]  [kN]  [-] [d]  

Ø14.M.ND#1 
14 

0.68 

monotonic 

- -  25 

Ø14.M.ND#2 0.68 - -  26 

Ø20.M.ND#1 20 1.40 - -  39 

Ø14.U.ND#1 

14 

0.68 

cyclic �± un-
loading and 
reloading 

0, 0 45, 75 7, 3 40 

Ø14.U.ND#2 0.68 0 75 13 41 

Ø14.U.ND#3 0.68 0, 0, 0 83, 80, 85 1, 5, 6 41 

Ø20.U.ND#1 20 1.40 0, 0 35, 130 7, 10 42 

Ø14.R.ND#1 
14 

0.68 

cyclic �± re-
versed 
loading 

-40 70  8 53 

Ø14.R.ND#2 0.68 -40 83 8 56 

Ø20.R.ND#1 
20 

1.40 -70, -70 35, 130 7, 5 62 

Ø20.R.ND#2 1.40 -70 130 10 45 
 

Table 4.2 - Specimen configurations in Series 2: diameter and amount of the reinforcement, type of reinforcing 
steel, and age at testing. 

Specimen Ø �!s steel type age at testing 
 

[mm] [%]  
 

[d]  

Ø16.M.ND#1 
16 

0.89 normal-strength 
 deformed bar 

20 

Ø16.M.ND#2 0.89 25 

Ø16.M.HD#1 
16 

0.89 high-strength de-
formed bar 

26 

Ø16.M.HD#2 0.89 24 

Ø16.M.HM-R07#1 
17.6 / 16* 

0.89 

high-strength 
machined bar 

26 

Ø16.M.HM-R07#2 0.89 24 

Ø16.M.HM-R15#1 
19.2 / 16* 

0.89 27 

Ø16.M.HM-R15#2 0.89 25 

Ø16.M.HM-R23#1 
20.8 / 16* 

0.89 27 

Ø16.M.HM-R23#2 0.89 25 
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(HM) is followed by a term that defines the relative rib area. The length of the specimens in Series 2 

was 1500 mm (concrete) or 2100 mm (reinforcement), respectively, and the width remained the same 

as in Series 1 (150 mm).  

4.4.1.2 Concrete 

A concrete with a maximum aggregate size of 16 mm was used in both series. The concrete was deliv-

ered from a local ready-mix concrete supplier for each series separately. The secant modulus Ec at 

12 MPa and the uniaxial compressive strength fc were obtained from three standard cylinders with a 

height of 300 mm and a diameter of 150 mm. The tensile strength fct was determined from double punch 

tests [33] on four cylinders with a height and diameter of 150 mm. The mean values of the mechanical 

properties are summarised in Table 4.3. 

4.4.1.3 Reinforcing bars 

The material properties of the different reinforcing steels were determined on five to six tension tests 

on bare bars for each grade and are summarised in Table 4.4; note that while the bars of the HD and 

HM specimens were corrosion resistant (Top12 commercial name) and produced from special free cut-

ting steel to ease machining (ETG88), respectively, only their mechanical characteristics are relevant 

here. The static yield and ultimate strength fsy,stat and fsu,stat were determined after a 2 min hold allowing 

for steel relaxation. It can be seen that the machined bars (ETG88 commercial name) had similar me-

chanical properties as the high-strength deformed bars (Top12), except that the latter exhibited a 

nonlinear behaviour already at low stresses, causing a lower modulus of elasticity (determined between 

100 and 350 MPa). Table 4.4 also presents some geometrical characteristics including the maximum 

rib height hR, the rib spacing sR, the clear rib spacing sRc, and the relative rib area fR. Since the average 

value of the rib height was not measured, the relative rib area could only be precisely computed for the 

machined bars, which featured ribs of constant height. 

Table 4.3 - Concrete properties of both series. 

Series 
fc 

[MPa] 

fct 

[MPa] 

Ec 

[GPa] 

1 36.1 2.94 30.3 

2 33.6 3.20 29.1 

Table 4.4 - Material and geometrical properties of the reinforcing steel bars. 

Series Steel type Ø 

[mm] 

fsy,stat 

[MPa] 

fsy,dyn 

[MPa] 

fsu,stat 

[MPa] 

fsu,dyn 

[MPa] 

Es 

[GPa] 

�0su 

[�: ] 

Agt 

[�: ] 

hR 

[mm] 

sR 

[mm] 

sRc 

[mm] 

fR 

[-] 

1 B500B 14 494 517 584 621 192.3 111.7 77.6 1.4 6.5 4 - 

B500B 20 483 505 543 581 197.0 96.5 60.1 1.2 12 9 - 

2 B500B (ND) 16 515 540 578 611 198.5 68.2 49.2 1 9 6 - 

Top12 (HS) 16 696 721 865 903 168.0 81.4 56.1 1.2 10 6 - 

ETG88 (HM) 16 694 715 853 887 199.6 79.2 70.6 0.8 12 9.2 0.07

ETG88 (HM) 16 680 698 824 859 198.6 81.8 69.8 1.6 12 8.4 0.15

ETG88 (HM) 16 657 683 813 863 194.0 67.5 57.3 2.4 12 7.6 0.23
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4.4.2 Test setup and protocol 

All tests were performed in the structures laboratory at ETH Zurich using a Schenck universal testing 

machine. The test setup is illustrated in Fig. 4.3 a and b. The controlled displacement rate of the hy-

draulic actuator was initially  2 mm/min and was increased up to 7 mm/min in the last part of the plastic 

range (after �0s �§ 3%). Most specimens were loaded monotonically with a uniaxial tensile force to failure. 

For the other specimens, between one and three sets of cyclic loads were applied, after which they were 

monotonically loaded in uniaxial tension to failure. Table 4.1 defines the bounds of the load (Finf, Fsup) 

and the number of cycles for each set of applied cycles. For instance, in Ø14.U.ND#3, an initial load of 

83 kN was applied, followed by five cycles between 0 and 80 kN and six cycles between 0 and 85 kN, 

after which the specimen was loaded until failure (see graphical definition of cycles in Annex 4.A, Fig. 

4.A.1).

4.4.3 Measurement techniques and data evaluation 

The applied axial force Fx was measured directly by the load cell of the testing machine. For Series 1, 

the specimen deformations were measured with the optical 3D motion tracking system Optotrak Certus 

from NDI. Two sensors of the tracking system were attached at each clamping, and 18 sensors were 

attached to the back side of each specimen, as shown in Fig. 4.3c. The mean deformation of the speci-

men was computed based on the tracked 3D positions of the lowest and highest sensors on the specimen. 

The crack width was determined based on the relative movement between tracking sensors on both 

sides of a crack. 

Fig. 4.3 - Experimental setup with an installed specimen in the (a) front view and (b) pseudo-axonometric side 
view, including the DIC (Series 2 only) and DFOS measurement systems; (c) the Optotrak Certus 
measuring system from NDI on the specimen back (Series 1 only). 
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The deformations of the RC ties in Series 2 were tracked with DIC (see Section 4.4.3.1). In all 

specimens, the reinforcing bar strains were monitored with DFOS (see Section 4.4.3.2).  

4.4.3.1 Digital image correlation measurements (Series 2) 

Two opposite sides of the RC ties of Series 2 were analysed with 3D-DIC, which allowed for measuring 

the surface deformations of the specimens. Fig. 4.3b shows the DIC configuration. The equipment on 

the front side consisted of two FLIR Grasshopper®3 cameras (4096 x 3000 px) with MeVis lenses of 

25 mm focal length. The baseline was 1350 mm, the distance to the specimen 3010 mm, and the stereo 

angle 25.3°, resulting in a resolution of 2.3 px/mm. On the back, two Allied Vision Prosilica GT 

(6576 x 4384 px) with Zeiss 50 mm lenses were used with a baseline of 1500 mm, a distance of 

2430 mm to the specimen and a stereo angle of 34.3°, which leads to a resolution of 3.8 px/mm. A 

random speckle consisting of black dots of 2.5 mm was applied to both sides. The correlation was per-

formed with the commercial software VIC-3D (Correlated Solutions Inc. [34]). The correlation 

parameters were set to 19 px for the subset size, a step size of 6 px, and a strain filter size of 9. The zero 

displacement tests (ZDT) performed according to [16] estimated an average noise level of the in-plane 

�G�L�V�S�O�D�F�H�P�H�Q�W�V���1��U,V) around 0.011 mm. The crack kinematics were determined with the open-source 

�V�R�I�W�Z�D�U�H���µ�$�X�W�R�P�D�W�H�G���&�U�D�F�N���'�H�W�H�F�W�L�R�Q���D�Q�G���0�H�D�V�X�U�H�P�H�Q�W�����$�&�'�0����[35,36] based on the displacement 

and strain field measured with DIC. 

4.4.3.2 Distributed fibre optical sensing 

4.4.3.2.1 Equipment configuration 

The general procedure for measuring reinforcement strains with DFOS, including the instrumentation 

of the reinforcing bars, rekeying, and post-processing of the raw data, followed the recommendations 

of [8]. Prior to casting, two grooves (each 1 x 1 mm) were carved longitudinally in all bars on opposite 

sides of the cross-section. Subsequently, a glass fibre slightly pre-tensioned to ensure straightness was 

installed in each groove, fixed with plasticine and magnets, and glued with epoxy. For Series 1, the 

Optical Distributed Sensor Interrogator ODiSI-A from Luna Innovations Inc. [37] was used in combi-

nation with an acrylate-coated single-mode fibre (mode field diameter at 1550 nm of 9.2 ��m, cladding 

diameter 125 ��m). For Series 2, the ODiSI-6104 from Luna Innovations Inc. [38] and bend-insensitive, 

polyimide-coated fibre optical sensors were used (mode field diameter at 1550 nm of 9.8 ��m, cladding 

diameter 125 ��m). Further details of the used sensors and spectrometers are summarised in Table 4.5.  

4.4.3.2.2 Data post-processing 

The acquired strains were post-processed to remove local effects caused by ribs and to reduce noise. As 

a first step, the raw data of Series 2, where very small gauge lengths and spacings had been used at a 

high sampling frequency, were consolidated to reduce the spatial and temporal resolution: the gauge 

Table 4.5 - Description of fibre optical sensors and devices. 

Series Device Fibre optical sensor coating Gauge length Gauge spacing Measurement 
frequency 

1 ODiSI-A E9.2/125 acrylate 

(mechanical bond) 

5 mm 5 mm 1/3 Hz 

2 ODiSI-6 SM1250B3(9.8/125)P polyimide 
(chemical bond) 

0.65 mm 0.65 mm 6.25 Hz 
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spacing was increased by a factor of 5 (7 for specimen NS.14-II), and the sampling frequency was 

reduced to about 1 Hz. Such a data consolidation was not required in Series 1, where the gauge spacing 

and sampling frequency were set to appropriate values for data acquisition. After removing outliers as 

in [8] (i.e. values deviating more than three times the standard deviation of the median over a suitable 

window size), a low pass filter was used in addition to deal with the local disturbances caused by the 

ribs. The passband frequency of the low pass filter is �V�H�W���W�R�����������������W�K�H���V�W�R�S�E�D�Q�G���I�U�H�T�X�H�Q�F�\���W�R���������������ûx, 

�W�K�H���S�D�V�V�E�D�Q�G���U�L�S�S�O�H���W�R���������������W�K�H���V�W�R�S�E�D�Q�G���D�W�W�H�Q�X�D�W�L�R�Q���W�R���������D�Q�G���W�K�H���V�D�P�S�O�H���U�D�W�H���W�R�������ûx�����Z�K�H�U�H���ûx is the 

gauge spacing. As a last step, a moving average filter was applied with a window length corresponding 

to the rib spacing. 

The steel stresses, bond stresses (local and average) and the slip were then determined from the post-

processed steel strains following the procedure illustrated in Fig. 4.4�����,�Q���D���I�L�U�V�W���V�W�H�S�����W�K�H���V�W�H�H�O���V�W�U�H�V�V�H�V���1s 

were determined at each data point with the steel strain data and the material constitutive law. For the 

normal-strength reinforcing bars (B500B) the latter was modelled according to the three-parameter re-

lationship proposed by Ramberg and Osgood in 1943 [39], fitted to the curves of the material tests. For 

the high-strength steels (Top12), an eighth-order polynomial was used to fit the material characterisa-

tion tests since the non-linear elastic behaviour of this steel could not be captured by the Ramberg-

Osgood relationship (see Annex 4.B). The DFOS measurements of the machined bars (ETG88) were 

not evaluated in this study. For unloading and reloading, a linear elastic behaviour with stiffness Es was 

assumed for all steel types. 

The local bond shear stresses can be determined by formulating equilibrium (see Fig. 4.2) on a dis-

�F�U�H�W�H���E�D�U���H�O�H�P�H�Q�W���R�I���O�H�Q�J�W�K���ûx defined by two consecutive data points: 

(4.3) 

As a next step, average bond stresses can be computed. While determining average bond stresses in 

pull-out tests is straightforward because the averaging length is known beforehand (embedment length), 

this is not the case for RC ties because the averaging length is not known beforehand and varies during 

the test (the point of zero slip cannot be assumed to be at the center between two cracks). Therefore, the 

following methodology was used to calculate the slip and average bond stresses. In a first step, the 

tension chord was split into n crack elements (CE) bounded by cracks and specimen ends (referred to 

as Sections II). Each CE was further subdivided at the locations where the local bond stresses are zero 

(see Fig. 4.4a and b), i.e. where the sign of bond changes between two cracks (referred to as Sections 

I); note that the subscripts �³inf�  ́and �³sup�  ́denote the lower and upper parts of a CE. The number of CE 

and the length of the CE parts vary during the crack formation range. This is illustrated in Fig. 4.4a and 

b that show the definition of CE for an exemplary tension chord before and after the stabilisation of the 

crack pattern. Before reaching the fully cracked state, Sections I were defined as the locations closest 

to a Section II where the variation of the steel strain between consecutive data points did not exceed 

2 ���P���P���� �E�X�W���W�K�H���Q�X�P�E�H�U�L�Q�J�� �R�I�� �W�K�H�� �&�(�� �L�V���D�O�U�H�D�G�\�� �E�D�V�H�G�� �R�Q���W�K�H���I�X�O�O�\�� �F�U�D�F�N�H�G���V�W�D�W�H���� �7�K�H���D�Y�H�U�D�J�H�� �E�R�Q�G��

�V�W�U�H�V�V���2b,av in the lower and upper parts of CE i was then determined as the mean value of local bond 

stresses over the respective length:  
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(4.4) 

yielding negative values in the lower parts of the CE where steel stresses diminish in positive direc-

tion x. Finally, the slip and concrete stresses can be estimated. The slip is the difference in deformation 

between steel (us) and concrete (uc): 

(4.5) 

The concrete deformations in tension between the cracks were neglected, since they are much 

smaller than the deformations of the reinforcement. Therefore, the slip was obtained by integrating the 

reinforcement strains over the distance from Section I (zero slip) in the respective CE to the considered 

section: 

(4.6) 

Note that for �Hs > 0, negative slip (the reinforcing bars is moving downward with respect to the con-

crete) is correctly obtained for the lower parts of the CE since x < x(I i) (integration in the negative 

direction). Concrete stresses were obtained by integrating the local bond stresses over the distance from 

the closest Section II (zero concrete stresses) of each CE to the considered section and assumed to be 

distributed equally over the gross concrete area, i.e.: 

(4.7) 

where the minus sign before the integrals ensures positive concrete stresses over the entire CE since 

bond stresses are negative (positive) in the lower (upper) parts of the CE while integration is in the 

positive (negative) direction.  

Fig. 4.4 - Derivation of slip and bond stresses from the fibre optical post-processed measurements: division of 
a tension chord into CE (a) after the first crack and (b) after crack stabilisation; (c) calculation flow 
chart for a tension chord with n CE (Sections I refer to locations where the sign of bond changes, 
while Sections II refer to cracks and specimen ends). 
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4.4.3.2.3 Influence of initial strains on the measurement reliability 

The bars of Specimens Ø16.M.ND#1 and #2 came from a batch revealing a non-homogeneous initial 

strain state, similarly as observed by [8]. Fig. 4.5a shows the strain profiles in Test Ø16.M.ND#1 meas-

ured with both sensors (FOa in red and FOb in blue) and their mean value in black. Distinct 

discrepancies between the results of both sensors with a periodicity of 55 mm are visible in the plastic 

range. The disparities grow with increasing deformations, as shown in Fig. 4.5b, where the local strains 

of both fibres and their average value at x = 424 mm are plotted against the average strain �0s,mean of both 

sensors. It can be observed that the differences tend to stabilise after large plastic deformations have 

occurred (the slopes of the red and blue curves tend to be similar), indicating a more uniform defor-

mation behaviour in this range. These differences are presumably caused by the cold-working process 

leading to different initial strains (and consequently different constitutive behaviour) along the reinforc-

ing bar axis and over the cross-section. Fig. 4.5c shows the mean stress-local strain relationships. Based 

on the findings in [8], the average of FOa and FOb can be regarded as reliable, but it highlights the 

necessity of instrumenting bars with at least two optical sensors. 

4.5 Test results and discussion 

4.5.1 General observations 

This section discusses general results about the crack and load-deformation behaviour. Detailed anal-

yses of the bond behaviour are presented in the following sections, starting with general observations 

about local (Section 4.5.2) and nominal bond stresses (Section 4.5.3), followed by an investigation of 

three selected aspects: splitting (Section 4.5.4), cyclic loading (Section 4.5.5) and rib geometry (Section 

4.5.6). 

The response of the RC ties was characterised by an initially uncracked range, followed by a crack 

formation range. After stabilised cracking, the crack width increased quasi-linearly with the applied 

load until yielding occurred at the cracks. The specimens with Ø20 bars split during the elastic range, 

while all specimens with Ø16 and some with Ø12 split after steel yielding. During the plastic stage, the 

Fig. 4.5 - Irregularities in the deformation measurements of opposite fibre optical sensors for specimen 
Ø16.M.ND#1 probably due to an axially varying degree of cold-working: (a) strain profile during 
yielding; (b) local strains against mean local strains at x = 424 mm; and (c) mean steel stresses against 
local and mean steel strains at x = 424 mm. 
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yielding of the reinforcement progressed and eventually extended over the entire length of the specimen. 

The specimens failed in all cases due to steel rupture. In the instance of steel rupture, the concrete of all 

specimens made of machined bars (HM) split and spalled off entirely. Possible explanations for this 

behaviour are the high amount of energy stored in the specimens due to the steeply inclined ribs or that 

the steep, rather sharp ribs caused major internal cracking that severely disintegrated the surrounding 

concrete, causing the concrete to spall with the dynamic effects at bar rupture. 

Table 4.6 gives an overview of the crack and load-deformation behaviour of both test series. The 

initial steel strains caused by restraint shrinkage �0s0 were measured by DFOS by using the state before 

concrete casting as reference (mean value over the entire tension chord), while the concrete stresses at 

first cracking �1ct,cr were determined based on the cracking load Fcr assuming deformation compatibility 

over the cross-section: 

(4.8) 

where n = Ec/Es = modular ratio and �Vc0 = initial concrete stresses. The remaining values in Table 

4.6 (mean srm, minimum sr,min, and maximum crack spacing sr,max�����D�Q�G���P�H�D�Q���V�W�U�D�L�Q�V���0sm and crack widths 

wcr at selected maximum steel stresses) were determined based on the NDI (Series 1) and DIC (Series 

2) measurements.

Initial tensile concrete stresses are caused by material inhomogeneity, eccentricities and the restraint

provided by the reinforcing bars to the concrete contraction due to hydration heat and shrinkage. The 

latter can be determined by formulating equilibrium on a section of the tension chord assuming linear 

elastic behaviour and strain compatibility as [40]: 

(4.9) 

with �0cs = free shrinkage strain, and are accompanied by initial steel stresses �Vs0 = �Vc0·(1���Us)/�Us and 

corresponding initial steel strains �Hs0 = �Vs0/Es. As the latter are measured with DFOS, the initial steel 

and concrete stresses can also be determined experimentally if a homogeneous material behaviour is 

assumed. Consideration of these initial stresses and strains is essential in studying the behaviour of RC 

elements in the SLS [9].  

While Eq. (4.9) merely provides a rough estimation due to the large scatter of shrinkage and the 

further effects causing initial stresses, it indicates that the cracking load may be significantly reduced 

by initial stresses, and diminishes with increasing shrinkage (i.e. age of testing) and reinforcement ratio 

while the initial compressive steel stresses and strains increase. Indeed, the experimental results confirm 

these tendencies, see Table 4.6 and Fig. 4.6a and b: With the age of the specimens at testing, the initial 

compressive steel strains increased and the cracking load decreased (compare, e.g. specimens with 

�!s = 0.68%), and for specimens made of the same concrete, the initial steel strains were smaller at higher 

reinforcement ratios: The �!s = 1.40% samples had smaller concrete tensile stresses at cracking than the 
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�!s = 0.68% samples, and smaller initial steel strains. However, the observed cracking loads, in the range 

�R�I�������«���������R�I���W�K�H���P�D�W�H�U�L�D�O���W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K�����D�U�H���O�R�Z�H�U���W�K�D�Q���H�[�S�H�F�W�H�G���Z�K�H�Q���E�D�F�N-calculating them using 

Eq. (4.9)  and expected shrinkage strains, underlining that predictions of the first cracking load are 

subject to considerable uncertainty. Comparing the initial steel strains directly to the normalised crack-

ing stress, a correlation between the two can be observed (Fig. 4.6c). 

The mean crack widths and strains compiled in Table 4.6 are visualised in Fig. 4.6d and e. The 

samples with the lowest reinforcement amount (Series 1 with Ø14, �!s = 0.68%) exhibited the highest 

mean strains (once they cracked), and the largest crack widths. The remaining samples had comparable 

mean strains, but the samples with �!s = 1.40% (Series 1, Ø20) had larger crack widths than the samples 

with �!s = 0.89% (Series 2, Ø16). The mean crack spacings (illustrated in Fig. 4.6f) were within limits 

predicted by the TCM (i.e. between 0.5 and 1.0 times the theoretical maximum crack spacing sr0) except 

Fig. 4.6 - �*�H�Q�H�U�D�O���U�H�V�X�O�W�V���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���F�D�P�S�D�L�J�Q���V�R�U�W�H�G���E�\���U�H�L�Q�I�R�U�F�H�P�H�Q�W���U�D�W�L�R���!�����V�W�H�H�O���W�\�S�H�����D�Q�G���O�R�D�G�L�Q�J��
mode: (a) ratio of effective concrete tensile stress at cracking �1ct,cr to tensile strength fct against testing 
�D�J�H�������E�����D�Y�H�U�D�J�H���L�Q�L�W�L�D�O���V�W�H�H�O���V�W�U�D�L�Q�V���0s0 against testing age; (c) �1ct,cr �D�J�D�L�Q�V�W���0s0; (d) average crack widths 
(main cracks); (e) mean tension chord strains; (f) measured average crack spacing, as well as maxi-
mum crack spacing (srm0) and minimum crack spacing (0.5·srm0) predicted by the Tension Chord 
Model (TCM) [29]. 
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for specimen Ø16.M.HM-R23#2, which had a very high relative rib area. The mean crack spacing de-

creased about 43% with increasing relative rib area from HM.07 to HM.23. A more detailed analysis 

on the influence of the rib geometry on the bond behaviour, which is currently not considered by design 

codes and neglected by most bond models, is given in Section 4.5.6. 

The reversed loading (Finf < 0 kN) and the un- and reloading (Finf �• 0 kN) had no clear influence 

neither on the load-deformation behaviour nor on the crack behaviour. Its effect on the bond behaviour 

is studied in detail in Section 4.5.5. 

The specimens and debris were visually inspected after testing to better understand local effects 

influencing the bond behaviour. Fig. 4.7 shows two photos of the concrete interface with the reinforcing 

bar imprint. On the split-off piece in Fig. 4.7a, concrete crushing occurred in front of the ribs, as ob-

served by numerous authors [17,19,28]. Here, concrete crushing was rarely observed and only near the 

cracks where the slip was high. A micro-crack that originated from the rib tip can also be seen in Fig. 

4.7a; such micro-cracks in the inspected specimens were much less prominent than reported by Goto 

[27]. Fig. 4.7b shows a specimen with splitting failure. The marked splitting crack originated at the 

interface with the bar but did not reach the concrete surface. This observation implies that splitting starts 

internally and propagates to the concrete surface. The formation of splitting cracks and its influence on 

the bond behaviour will be discussed in Section 4.5.4. 

4.5.2 Local distribution of bond stresses between two cracks 

The local distribution of bond stresses is analysed in the following for selected specimens to verify 

some paradigms discussed in Section 4.3. The dependency on the load level, reinforcement strength 

and bar diameter is discussed based on the analysis of the following specimens: Ø20.M.ND#1, 

Ø14.U.ND#3, Ø16.M.ND#2, and Ø16.M.HD#2.  

First, two specimens that differ in bar diameter, reinforcement ratio and relative rib area are com-

pared. Fig. 4.8a shows the crack pattern of Ø14.U.ND#3 (left) and Ø20.M.ND#1 (right) after testing, 

and Fig. 4.8b the local bond stresses and the resulting concrete stresses for different load steps 

(Ø14.U.ND#3 only before cyclic loading, see Fig. 4.A.1a). The lines are blue for maximum strains 

�V�P�D�O�O�H�U�� �W�K�D�Q�� �W�K�H�� �O�L�Q�H�D�U�� �O�L�P�L�W�� �0s,el,lim���� �J�U�H�H�Q�� �E�H�W�Z�H�H�Q�� �0s,el,lim �D�Q�G�� �W�K�H�� �\�L�H�O�G�� �V�W�U�D�L�Q�� �0sy, and red for higher 

Fig. 4.7 - Internal inspection of selected specimens after testing: (a) concrete crushing at the ribs, micro-crack 
originating at the first rib from left; (b) splitting of specimen Ø20.M.ND#1. 



4. Experimental investigation of bond and crack behaviour of reinforced concrete ties

96 

�P�D�[�L�P�X�P���V�W�U�D�L�Q�V�����7�K�H���O�L�Q�H�D�U���O�L�P�L�W���0s,el,lim is defined as the strain at which the tangent stiffness of the 

steel starts to decrease (see the red curves in Fig. 4.10 for the definition of �0s,el,lim).  

�'�X�U�L�Q�J���W�K�H���O�L�Q�H�D�U���H�O�D�V�W�L�F���V�W�D�J�H�����W�K�H���L�Q�F�O�L�Q�D�W�L�R�Q���G�2b/dx close to the cracks remained relatively constant, 

while with increasing loading the peak bond stress rose and moved away from the crack. In the nonlinear 

elastic range, the inclination decreased either gradually (in the CE not showing splitting) or abruptly 

(wherever splitting took place). The crack element parts CE1,sup and CE3,inf of Specimen Ø14.U.ND#3 

and all of Ø20.M.ND#1, except CE3,inf and CE4,sup, exhibited a splitting failure. After splitting, the peak 

of bond stresses moved visibly away from the cracks. 

The peak bond shear stresses for the Ø14 bar (~3.4·fct) were 75% higher than for the Ø20 bar (~2·fct), 

which could be attributed to the smaller bar diameter or �± according to current standards ignoring the 

effect of the bar diameter on bond stresses �± the higher relative rib area. The maximum concrete tensile 

stresses reached about 0.8·fct in both cases for those CE with large crack spacings. The crack element 

parts of Ø14.U.ND#3 that split had higher peak bond stresses even after splitting than the ones that did 

not split. This observation is not in line with the local bond development of the fib Bulletin 10 [17], 

where the bond stresses of a split element are predicted to be smaller. 

Fig. 4.9 shows the local bond stresses observed in two specimen with a normal-strength and a high-

strength reinforcing bar of equal diameter (Ø16), with very similar relative rib area and made of the 

same concrete, Ø16.M.ND#2 and Ø16.M.HD#2. Most CE had splitting cracks, manifesting in a loss of 

bond over the splitting crack length and a shift of the bond stress peak towards the inside of the CE. 

Splitting is discussed in more detail in Section 4.5.4. The HD sample, with the nonlinear stress-strain 

Fig. 4.8 - Bond and concrete tensile stresses for two different bar diameters: (a) crack pattern after failure in 
which the transverse cracks not marked as main cracks correspond to secondary cracks induced by 
splitting; (b) development of local bond and concrete tensile stress distribution with increasing loading 
(blue: linear elastic, green: nonlinear elastic, and red: plastic steel at the crack). 
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relationship already at low stresses as described in Section 4.4.3.2.2, exhibited a fairly uniform distri-

bution of bond stresses and almost linearly varying concrete (and steel) stresses in the serviceability 

range, differing from the behaviour observed in all specimens with normal-strength reinforcement, 

which in SLS showed a distinct bond stress peak and hence, a more S-shaped concrete stress distribu-

tion. In the two specimens illustrated in Fig. 4.9, the maximum concrete tensile stresses correlated well 

with the crack spacing, reaching values up to 0.8·fct in the longest CE. Although both specimens had 

identical geometries, Specimen Ø16.M.ND#2 exhibited five and Ø16.M.HD#2 only three cracks. More-

over, after the formation of all cracks (green curves), Specimen Ø16.M.HD#2 exhibited even higher 

concrete tensile stresses than Ø16.M.ND#2: Cross-sections with concrete tensile stresses larger than 

0.6·fct cracked in Ø16.M.ND#2, but not in Ø16.M.HD#2. Ø16.M.HD#2 had a more uniform bond stress 

distribution and lower peak values. The different crack spacings seem thus mainly related to initial 

stresses, inhomogeneity of the specimens and the randomness of crack formation. It should be noted 

that even in a perfectly homogeneous tension chord there is an uncertainty of a factor of 2 for the crack 

spacing [29]. 

Table 4.7 compiles the concrete tensile stresses transferred to the cross-sections of the cracks by 

bond immediately before crack formation (�1ct,cr) for the four specimens shown in Fig. 4.8 and Fig. 4.9, 

obtained by integrating bond shear stresses using Eq. (4.7)�����7�K�H�\���U�D�Q�J�H�G���I�U�R�P�����������«��������·fct in Series 

Fig. 4.9 - Bond and tensile concrete stresses for two different steel types of same bar diameter: (a) cracks at 
F = 109 kN (ND) and 143 kN (HD); (b) development of local bond and concrete tensile stress distri-
bution with increasing loading (blue: linear elastic, green: nonlinear elastic, and red: plastic steel at 
the crack). 
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�������D�Q�G���I�U�R�P�����������«��������·fct ���+�'�����D�Q�G�����������«��������·fct (ND) in Series 2. In almost all cases, �1ct,cr increased 

between the first and the last crack, which might be attributed to material inhomogeneity and secondary 

bending effects. Even last cracks developed at concrete tensile stresses clearly below the material 

�V�W�U�H�Q�J�W�K�������������«��������·fct), which can be explained by the initial stresses present at the beginning of the 

tests (Section 4.5.1). Presumably for the same reason, the first cracking stresses determined with DFOS 

(Table 4.7) differ from those determined through the applied force (Table 4.6). This applies e.g. to 

Specimen Ø16.M.HD#2, in which cracking occurred at a location with a stress determined from DFOS 

measurements of only 0.44·fct, while the stress based on the applied load was considerably higher 

(0.52·fct); a similar stress was obtained in the cross-section with the highest concrete stresses (0.53·fct). 

4.5.3 Average bond stresses 

Using average bond stresses in design is preferable to the tedious and computationally inefficient inte-

gration of local bond stresses, provided that they realistically represent the structural behaviour. While 

average bond stresses can be obtained with conventional instrumentation, special test setups such as 

pull-out tests are required whose extrapolation to more complex structures is not straightforward, as 

discussed in Section 4.1.  

Alternatively, average bond stresses can be obtained from local bond stress measurements by inte-

gration, following the procedures outlined in Section 4.4.3.2.2 (see Eq. (4.4)). While until recently, 

measuring local bond stresses was cumbersome and often biasing the results, such measurements are 

readily possible using DFOS, allowing to obtain average bond stresses in structural elements. This is 

illustrated in the following for the specimens from the previous section, and the DFOS results are com-

pared to values commonly used in design. 

Fig. 4.10 presents the m�H�D�Q���Y�D�O�X�H�������D�Q�G���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q���1���R�I���W�K�H��average bond stresses of all CE, 

plotted against the maximum steel strain (left) or maximum steel stress (right), respectively. In the left 

column, the tangent stiffness of the reinforcing bar steel (from the constitutive law) is plotted against 

the steel strain, using the right ordinate. The linear limit strain �0s,el,lim (see Section 4.5.2) is indicated as 

well. It can be observed that the peak of average bond stresses was always reached at around 2�Å max-

imum steel strain. This coincides with the moment when the tangent stiffness of the normal-strength 

steel starts decreasing (�0s,el,lim). Beyond this value, bond stresses decrease, irrespective of whether split-

ting was observed or not.  

Table 4.7 - Concrete tensile stresses in cross-sections that were about to crack in chronological order for speci-
mens Ø14.U.ND#3, Ø20.M.ND#1, Ø16.M.ND#2, and Ø16.M.HD#2. The tensile stresses are 
determined through the integration of bond stresses. 

Specimen Ø14.U.ND#3 
(Series 1) 

Ø20.M.ND#1 
(Series 1) 

Ø16.M.ND#2 
(Series 2) 

Ø16.M.HD#2 
(Series 2) 

Crack # 1 2 1 2 3 1 2 3 4 5 1 2 3 

�1ct,cr / fct 0.62 0.64 0.55 0.64 0.85 0.41 0.55 0.48 0.66 0.77 0.44 0.60 0.59 
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Further, the maximum average bond stresses of the specimens with normal-strength steel bars were 

found to decrease with increasing bar diameter, from 1.58·fct for specimen Ø14.U.ND#3 (Ø14 mm) to 

1.50·fct for Ø16.M.ND#2 (Ø16 mm), and 1.27·fct for Ø20.M.ND#1 (Ø20 mm). The peak average bond 

stress in the specimen with high-strength reinforcement (1.26·fct in Ø16.M.HD#2) was 16% lower than 

in the specimen with identical properties but with normal-strength reinforcement (Ø16.M.ND#2). The 

average bond stress of the specimen with high-strength reinforcement also reached its peak at around 

2�Å���G�H�V�S�L�W�H���K�D�Y�L�Q�J���D���P�X�F�K���K�L�J�K�H�U���\�L�H�O�G���V�W�U�D�L�Q. It decreased already by 50% when the yield strain was 

 

Fig. 4.10 - Mean �Y�D�O�X�H�������D�Q�G���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q���1���R�I��the average bond stresses over all CE plotted against the 
maximum steel strain (left) and maximum steel stress (right), for Specimens (a)-(b) Ø20.M.ND#1; 
(c)-(d) Ø14.U.ND#3, (e)-(f) Ø16.M.ND#2; (g)-(h) Ø16.M.HD#2, with the tangent stiffness of the 
steel at the crack plotted in red in the left diagrams. 
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reached, remaining fairly constant after that. The splitting of these specimens was completed when steel 

strains at the crack reached about 5�Å. 

The behaviour in the plastic range of the specimens with normal-strength reinforcement varied signifi-

cantly depending on the bar diameter. The average bond stresses of the Ø20 mm bar dropped quite 

abruptly to ca. 40% of the peak value and remained fairly constant during yielding. This observation 

can be explained by the fact that the splitting of this specimen was completed in the nonlinear elastic 

range, even before the peak bond stress was reached. However, in the specimen with the Ø16 mm bar, 

the average stresses dropped progressively during yielding since progressive splitting during the plastic 

range occurred in this case (until the steel strains reached 10�Å��at the cracks, see Section 4.5.4.2). For 

the smallest bar diameter (Ø14 mm), no significant splitting was observed, and the average bond 

stresses decreased by only 20% in the plastic range. Then, the application of unloading and reloading 

cycles decreased the average bond stresses by another 23% relative to the peak load (see Section 4.5.5 

for further discussion).  

In Annex 4.C, Fig. 4.C.1, one additional specimen of each configuration is evaluated. The specimen 

Ø20.U.ND#1 was unloaded and reloaded in the elastic range. As can be expected, this cyclic loading 

caused a reduction of the maximum average bond stress compared to the identical, but monotonically 

loaded specimen Ø20.M.ND#1 �± i.e. by 27% (1.0·fct) (see also Section 4.5.5). However, the average 

bond stresses of Ø14.M.ND#1 were much lower than those of Ø14.U.ND#3, i.e. only 0.85·fct. 

Ø14.M.ND#1 had one crack more and shorter crack spacings. These results indicate that Ø14.M.ND#1 

might not be a reliable test and is thus not further discussed (see details in Annex 4.C). Ø16.M.ND#1 

and Ø16.M.HD#1 had similar average bond stresses as Ø16.M.ND#2 and Ø16.M.HD#2 (see Fig. 

4.C.1).

The experimental observations indicate that the average bond stresses are highly sensitive to the rein-

forcement strains and thus also to the reduction of its tangent stiffness; they reached their peak for 

around ���Å�� which coincides for normal-strength steel with the linear limit strain, and subsequently 

decreased with increasing deformation. With increasing bar diameter, the peak average bond stresses 

decreased and the post-peak bond deterioration was more pronounced, which confirms observations 

made by other authors [28]. The bond deterioration also correlates with the amount of CE parts 

Fig. 4.11 - Crack spacing with splitting occurrence for the specimens with Ø14 mm bars: (a) sorted by specimen 
and age at testing; (b) in ascending order. 
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exhibiting splitting, i.e. only 2 out of 6 for Ø14.U.ND#3, but 6 out of 8 for Ø20.M.ND#1, 10 out of 12 

for Ø16.M.ND#2 10 and 5 out of 8 for Ø16.M.HD#2, as the latter three suffered a much more pro-

nounced post-peak bond deterioration.  

Finally, the commonly assumed average bond stresses of 1.8, or 2.0·fct assumed in the elastic range by 

the Eurocode 2 (EN 1992-1-1 2004) and the fib Model Code 2010, or the SIA 262, respectively, could 

not be confirmed by the experiments. The observed peak average bond stresses amounted to around 

1.5·fct, with even lower values on average over the entire elastic range.  

4.5.4 Occurrence and relevance of splitting cracks 

The experimental results presented in the last section highlight that the occurrence of splitting has a key 

impact on the bond behaviour. This aspect is investigated in more detail in the following, considering 

potential influencing factors such as the crack spacing, local bond and concrete stresses in the absence 

of a confining reinforcement that would prevent spalling. 

4.5.4.1 Correlation between crack spacing and splitting 

All specimens with a reinforcing bar diameter Ø �t 16 mm exhibited splitting regardless of age at testing 

(shrinkage) and crack spacing. The specimens with Ø14 mm bars did not always split, and a correlation 

between splitting and crack spacing could be observed. This is illustrated by Fig. 4.11, which shows the 

crack spacings with an indication of splitting within the CE (observed at the surface) in red, sorted by 

(a) age at testing and (b) crack spacing. Clearly, splitting is more frequent at larger crack spacings. All

crack spacings were within the bounds predicted by the TCM (grey, dash-dotted lines). The graph could 

suggest that the crack spacing is quite important for the development of splitting cracks: all specimens 

with only two cracks split, while two out of three specimens with three cracks had no splitting at all and 

the third one only in two out of four sections between two cracks. 

4.5.4.2 Crack development after yielding 

Depending on reinforcement ratio, confinement, crack spacing, and material characteristics, longitudi-

nal splitting and secondary transverse cracks will form. In the tests, it could be observed that 

longitudinal splitting cracks originated from the main cracks and subsequently, with increasing defor-

mation, secondary transverse cracks formed at the tip of the longitudinal cracks (see Fig. 4.12). 

The crack development in the plastic range is investigated by means of Fig. 4.13, which shows the 

average bond stresses (mean value of all CE) against the steel strains at the crack for Specimens 

Ø16.M.ND#2 and Ø16.M.HD#2. The number of through-cracks registered by the back (left) and front 

DIC systems (right) is plotted on the left ordinate, and cracks are categorised as main, longitudinal 

Fig. 4.12 -  Formation of longitudinal splitting and secondary transverse cracks with increasing load from (a) to 
(c). ACDM results of the front DIC of Ø16.M.HD#2 from x = 980 to 1150 mm. 
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splitting, and secondary. The latter correspond to transverse cracks induced by splitting. All main cracks 

formed in the linear elastic range; NB the Ø20 mm normal-strength steel bar completed splitting before 

the plastic stage. 

In Specimen Ø16.M.ND#2 (normal-strength steel, Fig. 4.13a-b), all main cracks but one formed in 

the linear elastic range. A first longitudinal splitting crack appeared on the front side before the last 

main crack had formed. Bond stresses dropped significantly only after several longitudinal splitting 

cracks had formed and progressed gradually while mo�U�H�� �V�X�F�K�� �F�U�D�F�N�V�� �I�R�U�P�H�G�� ���X�Q�W�L�O�� �0s �| �����Å������ �0�R�V�W��

secondary transverse cracks started forming after that, while bond stresses kept decreasing. In Specimen 

Ø16.M.HD#2 (high-strength steel, Fig. 4.13c-d), main cracks formed in the elastic and plastic range 

(until �0s �§�����Å). Longitudinal splitting cracks appeared after all main cracks had formed, accompanied 

by an abrupt decrease of the bond stresses. Finally, secondary transverse cracks appeared without a 

clear effect on bond stresses. 

Established bond models determine the formation of new cracks based on the tensile concrete 

stresses (transferred by bond) and postulate a decrease of bond stresses after yielding. Hence, they can-

not explain the observed crack formation in the plastic range; this concerns both main cracks as well as 

splitting cracks if the radial compressive stresses causing splitting are related to the bond shear stresses. 

The results suggest that splitting is rather related to the deformations of the reinforcing bar than the 

bond stresses, and checking compatibility at the steel-to-concrete interface could explain and help 

Fig. 4.13 - Development of average bond stresses and number of main cracks, axial splitting cracks, and second-
ary transverse cracks against the steel strain at the crack for the crack pattern of Ø16.M.ND#2 at (a) 
the front and (b) the back, and for Ø16.M.HD#2 at (c) the front and (d) the back. Crack kinematics 
were determined from the DIC data using the ACDM software. 
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predict cracking in the plastic range. However, the formation of splitting cracks was completed at lower 

strains in the specimen with a high-strength but low-stiffness reinforcing bar, indicating that local steel 

strains are not the only factor influencing splitting. As discussed in Section 4.5.2, the larger crack spac-

ings and higher concrete tensile stresses in the high-strength specimen could also have affected the 

splitting behaviour. 

4.5.4.3 Influence of splitting on local and average bond stresses 

The differences in the local bond behaviour between parts with and without splitting cracks are exam-

ined in the following for the CE3,inf (no splitting) and CE5,inf (splitting) of Specimen Ø16.M.ND#2 (see 

Fig. 4.9a, left) for a direct comparison of the behaviour in both cases. Fig. 4.14 illustrates the develop-

ment of (a) the concrete tensile stress profile and (b) the local bond stress profile over the length of the 

CE parts, as well as (c) the bond stress-slip (steel elongation) relationship with increasing load.  

Both CE parts were initially bounded by a section I defined by constant steel strains and became 

considerably shorter at the formation of a neighbouring crack; beyond this point, their length was de-

fined by the location of bond stress reversal. The maximum concrete tensile stresses were very similar 

in both CE parts (~0.7·fct) before the formation of the neighbouring main crack, dropping significantly 

upon its formation as the transfer lengths shortened while the local bond stresses remained similar. At 

the end of the linear elastic range, CE5,inf that would split at a later stage had a longer transfer length 

Fig. 4.14 -  Comparison of the bond behaviour in CE parts without (left) and with (right) splitting cracks of spec-
imen Ø16.M.ND#2: (a) concrete tensile stresses (x denotes the distance to the crack); (b) bond shear 
stresses; (c) bond shear stress as a function of the steel elongation (the colour-mapping denotes the 
local steel strains with blue: linear elastic, green: nonlinear elastic, and red: plastic). 
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(105 vs 82 mm of CE3,inf) and higher peak bond stresses (2.91 vs 2.39·fct), which resulted in more than 

twice as high maximum concrete tensile stresses (0.53 vs 0.25·fct). The splitting of CE5,inf in the plastic 

stage could thus have been triggered by its higher peak bond shear stresses, longer transfer length, and 

higher concrete tensile stresses compared to CE3,inf, which did not split. 

As already observed in Sections 4.5.2 and 4.5.3, the local transition to the nonlinear elastic range 

caused a distinct decrease in the local peak and average bond stresses in both specimens. The decline 

was more significant in CE5,inf since simultaneous splitting occurred (47% drop with respect to 40% for 

the CE parts without splitting). The decrease in bond stresses was accompanied by an increase in the 

length of CE5,inf exhibiting splitting (consuming parts of the neighbouring element CE5,sup, which did 

not split), while the length of CE3,inf without splitting (like the neighbouring CE3,sup) remained fairly 

constant. The reinforcement elongation, which roughly corresponds to the slip (see Eq. (4.5)), was three 

times larger for the CE part without splitting (2.4 vs 0.8 mm). 

Evidently, splitting affects not only the local but also the average bond stresses, as highlighted in 

Section 4.5.3 by comparing the average behaviour of specimens with and without splitting. This analy-

sis is complemented in the following by comparing the average bond stresses of CE parts with and 

without splitting of a single specimen to enable a direct comparison. Fig. 4.15a shows the average bond 

stresses of CE3 and CE5 of Specimen Ø16.M.ND#2 and the comparison to the statistical values of all 

twelve CE parts of this specimen already shown in Fig. 4.10e, including the tangent stiffness of the 

reinforcing steel. Within these CE parts, splitting was observed only in CE5,inf (green curve). CE5,inf had 

average bond stresses higher than the mean behaviour plus the standard deviation in the elastic range. 

Upon splitting in the plastic range, the average bond stresses of CE5,inf dropped to the range of the mean 

minus the standard deviation. The decrease was significantly less pronounced in the elements without 

splitting in the plastic range (blue curves), with the average bond stresses at high strains in the range of 

the mean plus standard deviation. The loss of average bond stresses of CE3,inf from 5.2 to 2.6 MPa (1.61 

to 0.8·fct) in the linear elastic range is related to the formation of a neighbouring crack and a new CE 

part (CE3,sup), rendering CE3,inf much shorter. CE3,inf and CE3,sup exhibited distinctly lower average bond 

stresses than CE5,sup, which also did not split but is much longer (see Fig. 4.9 left). In Fig. 4.15b, the 

bond stress-slip behaviour of these crack elements is compared to the fib Model Code 2010 prediction 

Fig. 4.15 - Average bond stresses of CE3,inf, CE3,sup, and CE5,sup (no splitting) and CE5,inf (splitting): (a) against 
steel strains at the crack, compared to the mean behaviour and standard deviation of Specimen 
Ø16.M.ND#2; (b) against slip, compared to the fib Model for Code for Concrete Structures 2010 [32]. 
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for local bond behaviour [32]. The fib Model Code predicts much higher bond stresses and a very high 

slip at splitting. The ascending branch is modelled with an accurate stiffness. 

The results highlight that splitting affected the post-peak average bond stress behaviour in this case, 

though less pronouncedly than suggested by the fib Model Code 2010. The split crack element part has 

only slightly lower residual peak bond stresses than the ones that did not split. A considerable influence 

could be observed in the peak value of the average bond stresses. Other than predicted by the fib Model 

Code 2010, elements exhibiting splitting had higher peak values than elements that did not split. If the 

crack spacing was high, larger bond and concrete tensile stresses developed and splitting was more 

likely, while shorter CE parts had smaller bond stresses and did not split. Despite the reduction in the 

bond stresses, crack widths were still smaller in the short elements due to the shorter length over which 

steel strains are integrated.  

4.5.4.4 Influence of the bar diameter 

The discussions in the previous subsections focussed on a single specimen, which facilitates a direct 

comparison of CE exhibiting splitting or not, but does not allow to assess the effect of the reinforcing 

bar diameter nor the reinforcement ratio. In order to give further insights into the influence of splitting 

on the bond and crack behaviour, this section compares the results of tests with different bar diameters 

and reinforcement ratios. Note that these two effects are coupled in the experiments of this study since 

the concrete cross-section was kept constant, such that their influence cannot be investigated inde-

pendently. 

Table 4.8 shows characteristic results of the local and average bond behaviour of Specimens 

Ø14.U.ND#3 (only monotonic part), Ø20.M.ND#1, Ø16.M.ND#2 and Ø16.M.HD#2, including the 

maximum average bond s�W�U�H�V�V�H�V�� �2b,av,max���� �W�K�H�� �P�D�[�L�P�X�P�� �O�R�F�D�O�� �E�R�Q�G�� �V�W�U�H�V�V�H�V�� �2b,max, and the maximum 

�F�R�Q�F�U�H�W�H���W�H�Q�V�L�O�H���V�W�U�H�V�V�H�V���1ct,max. The average and local bond stresses of different CE parts are similar 

within one specimen but vary between the four specimens. The maximum bond stress of an element 

(marked in bold in Table 4.8) varied �E�H�W�Z�H�H�Q�� ���������«��������·fct in terms of average bond stresses and 

���������«��������·fct in terms of local bond stresses. However, the maximum concrete tensile stresses were 

�Y�H�U�\���V�L�P�L�O�D�U�����L�Q���W�K�H���U�D�Q�J�H�����������«��������·fct. 

The last column indicates whether splitting occurred. Ø14.U.ND#3 had much higher local and av-

erage bond stresses than Ø20.M.ND#1 and larger crack spacings but nevertheless exhibited clearly less 

splitting. Therefore, the magnitude of local and average bond stresses in the elastic range alone are no 

reliable indicators for splitting, even when the concrete geometry and properties are identical (see An-

nex 4.D for proof). The reinforcement ratio, or bar diameter in this case, is an equally significant factor 

for splitting; this can be explained by the observation that the load transferred to the concrete per unit 

length (�2b,av,max�7�Œ�7Ø) is proportional to the bar diameter. Therefore, bars of smaller diameters can transfer 

higher bond stresses without causing splitting. On the other hand, the results confirm the relevance of 

the crack spacing (see also Section 4.5.4.1): for larger crack spacings, bond stresses and concrete tensile 

stresses tend to be higher. The combination of large crack spacing and high concrete stresses appears 

to be decisive for splitting (see last three columns of Table 4.8). 
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Table 4.8 - Characteristic values of local and mean bond behaviour for each CE of specimens Ø14.U.ND#3, 
Ø20.M.ND#1, Ø16.M.ND#2, and Ø16.M.HD#2. 

Specimen and CE �2b,av,max �2b,av,max���Œ��Ø  �2b,max �1ct,max �1ct,max / fct  CE length 
(post-peak) 

Splitting 

[MPa] [-] [kN/m] [MPa] [-] [MPa] [-] [mm] 

Ø14.U.ND#3 CE1,inf 4.40 1.51 194 8.72 2.99 2.48 0.85 235 no 

CE1,sup 5.09 1.74 224 9.60 3.29 2.52 0.86 285 yes 

CE2,inf 4.61 1.58 203 8.16 2.79 2.23 0.76 195 no 

CE2,sup 4.84 1.66 213 12.17 4.17 1.71 0.59 185 no 

CE3,inf 5.41 1.85 238 10.60 3.63 2.35 0.80 275 yes 

CE3,sup 4.18 1.43 184 7.55 2.58 2.22 0.76 220 no 

Ø20.M.ND#1 CE1,inf 3.35 1.15 211 5.14 1.76 1.57 0.54 170 yes 

CE1,sup 4.17 1.43 262 7.29 2.50 2.06 0.71 145 yes 

CE2,inf 4.14 1.42 260 7.46 2.56 2.50 0.86 155 yes 

CE2,sup 4.21 1.44 264 6.96 2.38 2.11 0.72 170 yes 

CE3,inf 3.29 1.13 207 5.96 2.04 1.44 0.49 120 no 

CE3,sup 3.59 1.23 226 6.46 2.21 2.40 0.82 165 yes 

CE4,inf 4.04 1.38 254 7.79 2.67 2.47 0.85 300 yes 

CE4,sup 3.45 1.18 217 4.97 1.70 2.02 0.69 120 no 

Ø16.M.ND#2 CE1,inf  5.50 1.72 276 13.08 4.09 1.84 0.57 114 yes 

CE1,sup 5.29 1.65 266 10.04 3.14 1.91 0.60 178 yes 

CE2,inf 4.47 1.40 225 9.75 3.05 1.93 0.60 132 yes 

CE2,sup 4.49 1.40 226 11.66 3.64 1.11 0.35 87 no 

CE3,inf 5.15 1.61 259 11.42 3.57 2.33 0.73 87 no 

CE3,sup 4.05 1.27 204 11.03 3.45 0.92 0.29 87 no 

CE4,inf 5.03 1.57 253 12.53 3.92 1.45 0.45 119 yes 

CE4,sup 5.55 1.73 279 10.95 3.42 2.48 0.77 137 yes 

CE5,inf 6.80 2.13 342 12.81 4.00 2.28 0.71 137 yes 

CE5,sup 5.50 1.72 277 11.93 3.73 1.67 0.52 96 no 

CE6,inf 5.31 1.66 267 10.03 3.14 1.78 0.56 142 yes 

CE6,sup 4.34 1.36 218 10.74 3.36 1.99 0.62 174 yes 

Ø16.M.HD#2 CE1,inf  3.75 1.17 188 6.66 2.08 1.48 0.46 117 yes 

CE1,sup 4.14 1.29 208 8.41 2.63 1.41 0.44 150 yes 

CE2,inf 4.42 1.38 222 7.71 2.41 1.94 0.61 163 yes 

CE2,sup 4.23 1.32 212 6.85 2.14 1.63 0.51 157 yes 

CE3,inf 4.33 1.35 218 6.61 2.07 2.07 0.65 176 no 

CE3,sup 4.46 1.39 224 7.46 2.33 2.10 0.66 228 yes 

CE4,inf 4.39 1.37 220 9.02 2.82 2.43 0.76 101 yes 

CE4,sup 0.95 0.30 48 1.97 0.62 0.05 0.02 13 yes 

CE5,inf 3.39 1.06 170 5.60 1.75 1.22 0.38 160 yes 

CE5,sup 4.07 1.27 205 7.91 2.47 2.34 0.73 225 no 
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4.5.5 Influence of cyclic loading 

4.5.5.1 Unloading and reloading with plastic steel deformations 

Bond is not only affected by increasing loading and splitting but also by repeated unloading and reload-

ing (UR) cycles, which is discussed in the following. The distribution of concrete tensile stresses, bond 

shear stresses, and the bond stress-steel elongation behaviour in CE2,inf for Ø14.U.ND#3 (see Fig. 

4.A.1a, Table 4.1, and Fig. 4.8a, left) are investigated (N = 13 is the final loading cycle prior to loading

until failure). The results for a load F = 80 kN during (re)loading are shown in Fig. 4.16. The right and 

left parts of the figure differ only in the information given by the colour map, which on the left and right 

side denotes the cycle number and local reinforcement strain, respectively. The maximum steel strain 

�0s,max at the crack of the entire loading history (indicated for each cycle in the left legend) is observed to 

increase significantly with the applied cycles. At the same load, very different bond stresses and slips 

are observed, depending on the maximum deformation and the number of cycles that had preceded: 

while �0s,max increases only marginally between the 2nd and the 7th cycle, the peak average bond shear 

stress decreases from 6.5 MPa to 5.0 MPa (-23%), whereas the slip (steel elongation) increases only 

marginally from 0.77 to 0.79 mm. In the regions where the reinforcement was in the nonlinear elastic 

range, the bond deteriorated drastically with the cycles (from 7.2 to 2.2 MPa), while the maximum 

Fig. 4.16 - Influence of unloading and reloading cycles and increasing experienced maximum strain (left) and 
local strains (right) on the local bond behaviour for CE2,inf of Ø14.U.ND#3 (F = 80 kN): (a) concrete 
tensile stresses; (b) local bond stresses; (c) local bond stress �± steel deformation relationship (x denotes 
the distance to the crack; the colour-mapping corresponds to the cycle number as in Fig. 4.A.1a, while 
on the right it indicates the local reinforcement strain with blue: linear elastic, green: nonlinear elastic, 
and red: plastic).  
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experienced strain at the crack grew from 4.24 to 14.97�Å despite that the local strains did not change 

much between the cycles. These observations indicate that the deterioration of bond can be attributed 

to the influence of loading and unloading and to the increase in �0s,max. Two mechanical phenomena could 

explain this observation: (i) the formation and progression of internal cracks with increasing steel de-

formations, reducing the bearing capacity of the concrete by reducing and eventually impeding the 

formation of multiaxial stress states ensuring confinement, and (ii) the progressive local concrete crush-

ing in front of the ribs (see Fig. 4.7a), with the concrete disintegrating upon decompression when the 

specimen is unloaded, thereby irreversibly deteriorating the load transfer. These observations are in 

accordance with the observed reduction of the average bond stresses (-30%) during the cyclic loading 

(see Section 4.5.3 and Fig. 4.10c).  

The response of Specimen Ø14.U.ND#3 during one unloading cycle is discussed in the following. 

Fig. 4.17 shows the steel strains and elongations for the 7th unloading (i.e. from Fsup = 85 kN to 

Finf = 1 kN) along the specimen, excluding the edge parts. Fig. 4.17a and c illustrate the strains and slip 

at selected load levels upon reducing the load from Fsup to Finf, and Fig. 4.17b and d show the changes 

relative to the state at Fsup. After complete unloading, residual strains remained even in the linear elastic 

regions (e.g. at 835 mm). It can be seen that the bar unloaded over the entire length (and not only close 

to the crack) right from the beginning of the unloading branch. Determining bond stresses during cyclic 

loading including plastic steel strains is very challenging. The exact unloading and reloading constitu-

tive relationship of the reinforcement subjected to plastic deformations would have to be known [8]. 

While it would be highly interesting, such analyses are beyond the scope of this paper. Nonetheless, as 

confirmed by Fig. 4.17c, it can be concluded that slip reversal (i.e. a decrease of absolute slip) did not 

initiate at the cracks and progress towards the centre of the CE as postulated by common bond models 

for unlading [41,42] but occurred over the entire CE length simultaneously.  

Due to the reversal of bond stresses, the reduction in the steel strains upon unloading was higher at 

the crack than in the centre between cracks (see Fig. 4.17b), though the difference is relatively small, 

indicating low bond stresses resisting the slip reversal. The regions with splitting cracks, ranging from 

 

Fig. 4.17 - The 7th unloading of Specimen Ø14.U.ND#3 from 85 to 1 kN: (a) steel strains; (b) difference in steel 
strains relative to the upper load; (c) steel elongation; (d) difference in steel elongation relative to the 
upper load. 
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520 to 635 mm and from 1005 to 1150 mm, unloaded similarly to the cracked cross-section, indicating 

that even smaller bond stresses due to longitudinal splitting might have occurred.  

4.5.5.2 Unloading and reloading with elastic steel deformations 

This section analyses the response of Specimen Ø20.U.ND#1, in which the reinforcement remained 

elastic upon unloading and reloading over its entire length, thus avoiding the issues of cyclic loading in 

the plastic range. Fig. 4.18 shows the results of the first unloading from Fsup = 130 to Finf = 0 kN over 

the length of CE2,sup and CE3,inf. Prior to this unloading, six cycles with Fsup = 35 kN and Finf = 0 kN 

were applied where in the 2nd cycle, a first crack had formed (see Fig. 4.A.1b). The bond stress distri-

bution (Fig. 4.18b) shows that upon unloading, the sign of the bond stresses initially changed near the 

cracks and only later, at a stress below about 300 MPa, over the entire length. These observations con-

firm the modelling assumptions that, during unloading, the reinforcing bar moves back towards its 

original position (slip reversal with decrease of absolute slip) and the sign of bond stresses is reversed 

over a growing length with decreasing load [41,42]. 

Another observation is the residual stress state after unloading: Assuming that the cracks are stress-

free, the theoretical steel stresses at the crack F/As (dashed curves in Fig. 4.18a) should be 6 MPa at the 

lower load Finf = 0 kN (which was not exactly zero to ensure avoiding compression), but effectively 

amounted to 54 MPa. Between the cracks, even higher residual steel stresses around 90 MPa were ob-

served. While the latter can be explained by reversed bond stresses caused by slip reversal [41], the 

residual tensile stresses at the crack indicate that the cracks did not close entirely, causing compression 

on the crack surface and tension in the reinforcing bar (crack closure effect [43,44]). The residual steel 

stresses at the cracks further complicate the determination of the cyclic behaviour, as the steel stresses 

at the cracks cannot be determined by equilibrium assuming stress-free cracks.  

The effect of cycles in the elastic range was similar to that observed in the plastic steel range (Section 

4.5.5.1). Fig. 4.19a illustrates this observation in a boxplot of the average bond stresses of Ø20.U.ND#1 

during ten cycles between Fsup = 130 and Finf = 0 kN. At the first loading to Fmax, the median of all ten 

CE was 2.4 MPa = 0.81·fct. After only one cycle, it decreased by 12% to 2.1 MPa = 0.71·fct. After ten 

cycles, the median was 35% lower at 1.5 MPa = 0.53·fct, while the scatter of average bond stresses over 

the tension chord had slightly decreased. No significant additional bond degradation was observed be-

tween the 8th and 10th cycle. Fig. 4.19b illustrates the bond stress distribution of CE2,sup and CE3,inf during 

Fig. 4.18 - First unloading of two CE adjacent to a crack of specimen Ø20.U.ND#1 from 130 kN to 0 kN (pre-
ceded by six cycles in the uncracked state as shown in Fig. 4.A.1b): (a) steel stresses; (b) local bond 
stresses. 
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the ten cycles (same x-range as in Fig. 4.18 for comparison). Local deterioration of bond stresses is 

visible over the entire transfer length, being most pronounced near the local peak of CE2,sup, where local 

bond stresses were very high upon first loading. 

For Specimen Ø20.U.ND#1, the peak in the average bond stresses was as low as 1.0·fct, and was 

reached at a steel stress at the crack of �1s,max = 335 MPa (see Fig. 4.C.1b), i.e. after  the cycles in the 

uncracked state and prior to its first loading to Fsup,2 = 130 kN (�1s,max = 413 MPa) and the second set of 

cycles. Meanwhile, the maximum average bond stress of the monotonically loaded Specimen 

Ø20.M.ND#1 amounted to 1.27·fct (see Fig. 4.10). This indicates that the unloading and reloading in 

the uncracked stage at Fsup,1 = 35 kN (�1s,max = 111 MPa) (when only one crack had developed) already 

caused a bond deterioration that is visible for higher loads.  

A simple model accounting for the effect of unloading and reloading on bond could consist of a 

reduction factor for the average bond stresses (corresponding to 1/1.27 = 0.78 in Specimen 

Ø20.U.ND#1) over the entire transfer length. Such a factor (assuming a logarithmic decrease of the 

average bond stresses with the number of load cycles) has recently been proposed for fatigue loading 

in the elastic range [45]. However, further research is required to validate this approach and to consider 

other phenomena which have been observed to influence average bond stresses, such as the maximum 

steel strains of the loading history, splitting, and the bar diameter. 

4.5.6 Influence of rib geometry 

As discussed in Section 4.3, most bond models and current design codes do not account for the charac-

teristics of the deformed reinforcing bars, i.e. the rib geometry, despite that it has been known to be a 

decisive parameter for more than a century [22]. In order to quantify the impact of neglecting the effect 

of the rib geometry, this section investigates its influence on the serviceability behaviour of the speci-

mens of Series 2, which were cast with the same concrete and reinforced with bars of identical diameter 

but different relative rib areas and steel strength (see Table 4.2 and Fig. 4.20). As indicated in Section 

4.4.1.3, only the maximum rib height of the reinforcing bars was measured, what hinders a precise 

estimation of the rib area for deformed bars with variable rib height (ND and HD). The visual inspection 

of the �U�L�E���S�D�W�W�H�U�Q�V���R�I���6�H�U�L�H�V�������D�O�O�R�Z�V���H�V�W�L�P�D�W�L�Q�J���D�Q���D�Y�H�U�D�J�H���U�L�E���K�H�L�J�K�W���L�Q���W�K�H���R�U�G�H�U���R�I�������«���������R�I���W�K�H��

Fig. 4.19 - Mean bond degradation of CE2,sup and CE3,inf of Ø20.U.ND#1 during 10 cycles with an upper load of 
130 kN and a lower load of 0 kN: (a) boxplot; (b) local bond stress distribution. 
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maximum value reported in Table 4.4. This leads to values of the relative area of ca. 8.5% for the Ø16 

normal-strength deformed bar and to 7.0% for the Ø16 high-strength deformed bar (i.e. in the same 

order of magnitude than the machined bars with lower rib depth: R07). 

Fig. 4.21 summarises the average crack spacings (a) and crack widths at a steel stress of 430 MPa 

(b) of all specimens of Series 2 as a function of the relative rib area and steel type. The theoretical

maximum and minimum crack spacings predicted by the TCM (i.e. 50% and 100% of the theoretical 

maximum crack spacing srm0) when assuming Es = 205 GPa are included in Fig. 4.21a. The stress of 

430 MPa selected in Fig. 4.21b to calculate crack widths is a representative value for the SLS range 

(which corresponds to an expected maximum crack width of 0.5 mm according to the SIA 262 (2013) 

provisions [30]. Even though the crack spacings of all specimens were within the predicted range, all 

average crack widths were above the maximum predicted ones. The HD specimens (deformed Top12 

high-strength steel bars, fR �§ 7%, red) had a slightly smaller mean crack spacing than the HM-07 spec-

imens (machined ETG88 high-strength steel bars, fR = 7%, green). However, the crack widths in the 

HD specimens were even larger, which can be attributed to the lower stiffness of the Top12 steel. 

There is a clear trend of smaller crack spacings with higher relative rib areas, which could be bene-

ficial for the crack behaviour. However, such a trend could not be confirmed for the crack widths, which 

were similar for all specimens despite the wide range of relative rib areas. Presumably, increasing the 

size of the ribs favoured the occurrence of splitting cracks in the elastic range, which led to a significant 

Fig. 4.20 - Rib patterns of the reinforcing bars of Series 2. 

Fig. 4.21 - Influence of the relative rib area fR and the steel bar type on the crack behaviour of Series 2 (Ø16 mm, 
�! = 0.89%): (a) minimum, average, and maximum crack spacing with limits of theoretical crack spac-
ing according to the Tension Chord Model (TCM) [29]; (b) minimum, average, and maximum crack 
widths at a steel stress of F/As �A���1s,adm = 430 MPa, predicted by the TCM (Note: this stress corresponds 
to the maximum expected crack width of 0.5 mm according to SIA 262 [30]). 
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bond degradation counteracting the beneficial effect of the smaller crack spacing. Hence, to exploit the 

potential of bars with high relative rib areas to reduce crack widths, it is essential to provide sufficient 

confinement to avoid splitting and ensure higher bond stresses throughout the serviceability range, 

which is in agreement with previous observations [21,23�±25]. As a side note, the crack widths at a stress 

of 430 MPa exceeded the nominal value of 0.5 mm expected according to SIA 262 for this stress level, 

which can be attributed to (i) the reduced bond stresses due to splitting and (ii) the generally lower bond 

stresses observed also in elements that do not split compared to design values. However, in practice, 

structural elements have transverse reinforcement, ensuring confinement and improving bond with re-

spect to these RC ties. 

4.6 Summary of the main findings and conclusions 

Distributed fibre optical strain measurements (DFOS) and digital image correlation (DIC) are helpful 

tools to assess the structural behaviour of reinforced concrete structures and to validate models and their 

underlying assumptions. In particular, DFOS has been established as a powerful tool to investigate bond 

in reinforced concrete structures in practice-relevant experimental setups. The instrumentation only 

minimally affects the bond behaviour, provides results with high resolution, and is relatively time- and 

cost-efficient compared to other methods. This study successfully applied both measurement technolo-

gies to investigate the local and average bond behaviour of 21 RC ties with varying bar diameters, steel 

grades, relative rib areas, and loading histories.  

Although the distribution of bond stresses is not considered to be crucial for the calculation of global 

values such as crack spacing, crack widths, tension stiffening, and ductility, it is nevertheless important 

for the development of refined models as these results help to understand the failure modes and the load 

transfer mechanisms in general, and ultimately to quantify the average bond stress required for design 

purposes. The local measurements helped to understand the consequences on a local scale caused by 

load increase in general, and specifically by yielding, cyclic loading, and splitting. While steel and bond 

stresses could readily be determined for the monotonically loaded specimens and the cyclic tests limited 

to elastic steel stresses with high accuracy and resolution, this proved more difficult in the case of un-

loading after plastic deformations due to uncertainties in the constitutive behaviour (the steel stiffness 

and the hysteresis while unloading and reloading vary with the applied plastic deformations). Further 

research is needed to determine bond stresses from DFOS measurements reliably and eventually model 

bond more realistically in such cases. 

The experimental results highlighted that local and average bond stresses decrease starting with the 

nonlinearity of steel and on average reach values lower than those suggested by codes. In the linear 

elastic steel state, the local bond stress peak increases and moves away from the crack with increasing 

load while the bond stresses closer to the crack remain fairly constant. As the nonlinear range starts, the 

peak moves further towards the ideal cross-section and the bond stresses closer to the crack decrease. 

If splitting occurs, the peak and the slope decrease abruptly; the bond stresses might increase further 

away from the splitting crack again. 

When comparing several crack elements within one specimen, the average and local maximum bond 

stresses were observed to be higher in longer crack elements. With large crack spacings, the concrete 
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tensile stresses were also high, which appeared to favour splitting. This disproves the paradigm that 

elements experiencing splitting have lower local peak bond stresses than unconfined elements that do 

not split. On the contrary, the experimental results suggest the opposite, i.e. that splitting is caused by 

high bond stresses in combination with large crack spacing and concrete tensile stresses, with splitting 

causing lower bond stresses only in the post-peak phase. However, local bond stresses alone could not 

consistently explain the occurrence of splitting: Specimens with larger bar diameters were more prone 

to splitting despite the fact that bond stresses were observed to decrease with increasing bar diameter. 

However, the range of concrete tensile stresses �± or the bond stresses multiplied by the bar circumfer-

ence �± were very similar in most specimens regardless of the reinforcing bar diameter. To conclude, 

high concrete tensile stresses combined with large crack spacings appeared to trigger splitting. 

The steel stiffness appeared to influence bond and the cracking behaviour as well. The bond stress 

distribution in a specimen reinforced with a bar exhibiting nonlinear elastic deformations already at low 

stresses (HD, Top12) was more uniform, with a larger crack spacing compared to specimens reinforced 

with conventional bars (with nonlinear deformations only close to yielding) in an otherwise identical 

specimen. In the latter, local bond stress peaks were much higher, while the crack spacing and concrete 

tensile stresses were lower. Conclusively explaining this behaviour is not straightforward and requires 

further research. 

In the cyclic tests, slip reversal and unloading were observed immediately upon unloading over al-

most the entire length rather than gradually progressing from the cracks. After complete unloading in 

the elastic steel range, residual tensile stresses were observed in the steel bar at the cracks and a residual 

crack width remained. Unloading and reloading cycles had a detrimental effect on the bond stresses 

even when the cycles took place in the uncracked or crack formation stage. The deterioration did not 

become more severe after a small number of cycles (eight in the investigated specimen). Local bond 

stresses decreased due to unloading and reloading in the elastic range, while the slip was almost unaf-

fected. Previously applied plastic deformations also had a deteriorating effect on bond. 

The relative rib area was confirmed to be an important factor for crack control, which is largely 

neglected in current design codes (relying merely on a minimum value of this parameter). The higher 

the relative rib area was, the smaller the crack spacing, which could be related to higher initial bond 

stresses. However, the initial bond enhancement also favoured splitting and hence, crack widths were 

in a similar range regardless of the relative rib area. This indicates that providing sufficient confinement 

is essential to exploit the potential of reinforcing bars with high relative rib areas to reduce crack widths. 

The measured bond stresses were significantly lower than typical values specified by design codes, 

which were typically calibrated based on pull-out tests. This difference can be explained by the intrin-

sically different conditions between a pull-out test and a tension tie. In a pull-out test, the embedment 

length is much shorter and the stresses are transferred from the bar through the surrounding concrete to 

a bearing plate by compression (axial components) and potentially partly by friction at the bearing plate-

concrete interface (radial bursting stresses that are not carried by the concrete). Whereas in RC ties, 

bond stresses activate concrete in axial tension and potentially, a higher concrete confinement is mobi-

lised. While this explains the lower observed bond stresses, it must be noted that the specimens did not 

have any transverse reinforcement, which is almost always present in practical applications, providing 

at least partial confinement and enhancing bond. Further experiments on structural elements with 
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transverse reinforcement are required to validate the typical design values of bond used in serviceability 

verifications and quantify the effects of splitting and confinement.  
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Annex 

4.A Loading history for cyclic testing

The cyclic testing comprised one to three sets of cycles with constant lower and upper bound of the 

applied load Finf and Fsup (see Table 4.1). Such typical loading histories are exemplarily shown for 

Specimens Ø14.U.ND#3 and Ø20.U.ND#1 are shown in Fig. 4.A.1a and b. 

Fig. 4.A.1 - Loading history of (a) Ø14.U.ND#3 and (b) Ø20.U.ND#1: (i) applied load over time and (ii) load-
deformation behaviour of the RC ties. 
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4.B Constitutive modelling of high-strength steel 

The stress-strain relationship of the high-strength deformed reinforcing bars (grey lines in Fig. 4.B.1) 

was nonlinear already at low stresses, which cannot be captured by the Ramberg-Osgood [39] relation-

ship (Fig. 4.B.1a, blue). Therefore, an eighth-order polynomial was fitted to the test data (six direct steel 

tests) and used as constitutive law (Fig. 4.B.1b). 

 

 

4.C Average bond stresses 

To complement the results provided in the main part of the paper, average bond stresses of one addi-

tional specimen of each configuration are presented in Fig. 4.C.1.  

It can be observed that the bond stresses of Specimen Ø14.M.ND#1 were unexpectedly low. While 

this could have been caused by the number of cracks (this specimen had three cracks and shorter crack 

elements), a closer examination reveals two further issues, which can be observed in Fig. 4.C.2 illus-

trating (a) the steel stresses and (b) the bond stresses obtained using both fibres FOa and FOb as well 

as the mean values, including a comparison to the theoretical stress at the cracks (applied load divided 

by the steel area). The results indicate that (i) the specimen was subjected to significant bending action 

(due to eccentricities), and (ii) since the average stresses at the crack do not correspond to the theoretical 

value, the reinforcing bar presumably was from a separate batch, having a different constitutive law 

than those of the material tests. The results of Ø14.M.ND#1 should therefore be discarded. 

  

 

Fig. 4.B.1 - Constitutive modelling of the high-strength deformed reinforcing bars: (a) Ramberg-Osgood equation 
and (b) eighth-order polynomial fit (blue) against test data of six direct steel tests (grey). 



 Appendices 

  117 

 

  

 

Fig. 4.C.1 - Mean value and standard deviation of average bond stresses and tangent modulus of the bare steel 
with maximum steel strains and stresses: (a)-(b) Ø20.U.ND#1; (c)-(d), Ø14.M.ND#1; (e)-(f) 
Ø16.M.ND#1; (g)-(h) Ø16.M.HD#1. 



4. Experimental investigation of bond and crack behaviour of reinforced concrete ties 

118 

 

  

 

Fig. 4.C.2 - Quality of the fibre optical measurement of specimen Ø14.M.ND#1 examined on (a) the steel stresses 
and (b) the derived bond stresses. 
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4.D Extended analysis on the occurrence of splitting 

Additional results about the occurrence of splitting influenced by the bar diameter are presented in this 

Annex. Fig. 4.D.1 shows the influence of splitting on the mean and local bond stress of specimens 

Ø20.M.ND#1 (CE4,inf and CE4,sup) and Ø14.U.ND#3 (CE1,sup and CE3,inf). CE4,inf and CE4,sup were located 

between two neighbouring cracks. CE4,inf had higher average bond stresses than CE4,sup prior to splitting 

(Fig. 4.D.1a). Due to splitting, average bond stresses decreased about 75% in CE4,inf, first progressively 

and then abruptly, presumably when the crack reached the surface (through-crack), as the bond stress 

distribution in Fig. 4.D.1b suggests. CE4,sup did not split. However, its transfer length decreased due to 

the splitting of CE4,inf. This caused average stresses and local bond stresses to decrease also in CE4,sup. 

Fig. 4.D.1c and d show the average and local bond stresses of CE1,sup and CE3,inf of Ø14.U.ND#3. As 

splitting started, bond stresses close to the crack decreased while they increased further away. Bond 

stresses were larger for the Ø14 mm bar, before and after splitting, compared to the Ø20 mm bar.  

  

 

Fig. 4.D.1 - Splitting of CE4,inf (red) and CE4,sup (blue) of Specimen Ø20.M.ND#1 and CE1,sup (red) and CE3,inf 
(blue) of Specimen Ø14.U.ND#3: (a), (c) average bond stresses against the steel strains at the crack 
and (b), (d) bond stress distribution over the parts of the CE before and after splitting. 
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Notation 

Latin lower case 

b width 
fcm mean concrete cylinder compressive strength 
fct concrete tensile strength 

fR relative rib area 
fsu steel ultimate stress 
fsy steel yield stress 

hR rib height 

n modular ratio (=Es/Ec) 

sR rib spacing 

sr crack spacing 

sRc clear rib spacing 
u deformations in x direction 
x, y, z cartesian coordinates 

 

Latin upper case 

Agt steel strains at the ultimate strength 

AR area of the projection of a single rib 

Ec Elastic Modulus of concrete 
Es Elastic Modulus of steel 

F force, applied external load 

L length 

Ls the steel reinforcement length 

N cycle number 
 

Special characters 

Ø reinforcing bar diameter 
 

Greek lower case 

�/ slip 

�0 strains 

�� crack spacing factor according to the TCM 

�! reinforcement ratio 

�1 normal stresses 

�2b nominal bond shear stresses 
 

Indices 

av average 

c concrete 

el elastic 

inf lower part 

lim limit  



 Appendices 

  121 

m mean 

r crack 

s steel 

sup upper part 

u ultimate limit state 

y yielding 

0 regarding the initial state 
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5 Stress field model for bond in reinforced 
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As the lead author, T. Galkovski conducted the literature review, developed the proposed model and its 

extensions, validated the model against experimental data, visualised the work and wrote the entire draft 
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valuable feedback for its enhancement and structuring. The third author, Walter Kaufmann performed 

a careful review of the manuscript, validated the model and suggested changes for the presentation 

enhancing its clarity and proposed several linguistic changes increasing the manuscripts overall clarity. 

Abstract 

The interaction of the reinforcing bars and the surrounding concrete plays an important role in structural 

concrete as it is decisive for the reinforcing bar anchorage and the load-deformation behaviour, includ-

ing stiffness and deformation capacity. Therefore, understanding this interaction �± commonly known 

as bond �± is highly relevant to a safe and efficient structural concrete design. Bond depends on many 

parameters, which affect the local reinforcing bar-concrete interface as well as the global load transfer 

between the reinforcing bars and the surrounding concrete. The latter governs the formation of trans-

verse and longitudinal cracks and the activation of transverse confinement, which are as decisive for 

bond as the local interface characteristics. Nonetheless, most bond models and code provisions focus 

on the local interface and merely account for the global configuration by means of empirically calibrated 

factors accounting, e.g. for good or bad bond conditions in confined or unconfined situations, respec-

tively.  

This study investigates the potential of stress fields for modelling bond based on the lower-bound 

theorem of plasticity theory. Stress fields facilitate the investigation of the local interface and the global 

load transfer consistently in one model, providing valuable insight into the flow of forces. For simplic-

ity, the fundamental case of a concrete tie reinforced with one deformed steel bar is studied in this paper, 

superimposing axisymmetric discontinuous stress fields originating at each reinforcing bar rib. Each 

stress field consists of a triaxial nodal zone adjacent to a rib and a conical compression field that spreads 

the bond force radially, and is equilibrated along its outer perimeter by axial tensile stresses and 
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confining hoops. The model relies on geometric parameters and basic material properties. The valida-

tion against experiments on reinforced concrete ties shows a good correlation between the predicted 

and observed bond strength and the crack spacing. The predictions can be improved by assigning stiff-

nesses to the stress field components and requiring interface compatibility, i.e. ensuring contact between 

the concrete and the reinforcing bar at every rib. Even when assuming a simplified, linearly elastic 

constitutive behaviour for concrete, the consideration of interface compatibility allows for reproducing 

the steel strain dependency of the local and average bond stresses and the occurrence and impact of 

splitting cracks. 
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5.1 Introduction  

 The reliable prediction of bond is essential to the efficient and safe design of reinforced concrete (RC) 

members as it is highly relevant not only for serviceability, by governing the cracked member behaviour 

and thus its stiffness, but also for the ultimate limit state, by influencing reinforcement anchorage and 

the member deformation capacity. A broad consensus exists upon the main bond mechanisms in RC 

members subjected to uniaxial tension. However, the development of generally applicable, mechani-

cally sound models is hindered by the complex interaction of numerous influencing factors which affect 

the local reinforcing bar-concrete interfacial behaviour and the load transfer in the surrounding concrete. 

The local interface behaviour is governed by the interface characteristics, i.e. the diameter, rib pattern 

and deformations of the reinforcing bars, including their axial strains and relative displacement with 

respect to the concrete (referred to as bond slip) and the concrete strength. However, it is also strongly 

affected by the transverse confinement and the formation of transverse and longitudinal cracks. These 

effects depend on the global configuration of the member, which is characterised by the reinforcement 

ratio, the reinforcing bar spacing, the concrete cover thickness, transverse reinforcement if present, and 

the concrete strength, and governs the load transfer to the surrounding concrete. Hence, the global con-

figuration is as decisive for the load transfer between reinforcing bars and concrete as the local interface 

characteristics. 

Nonetheless, existing bond models and modern design codes [1�±3] typically focus on the local force 

transfer between reinforcing bars and the surrounding concrete at their interface. This highly complex 

force transfer is commonly modelled using nominal bond shear stresses uniformly distributed around 

the bar perimeter and varying along the bar axis as a function of either the nominal slip between concrete 

and steel or the steel stresses [1, 4]. This crude idealisation cannot provide a mechanical understanding 

of the local interface behaviour, but it is commonly used to analyse the load-deformation behaviour by 

solving the differential equation of bond (derived by Kuuskoski [5] and first solved by Rehm [6]), which 

presumes that the nominal bond shear stress-slip relationship is known and unique. . However, as out-

lined above, this assumption is strictly speaking mechanically ill-founded, as the behaviour depends as 

much on the global member configuration as the local interface characteristics. In fact, it has been ex-

perimentally shown that the bond shear stress-slip relationship varies considerably even along the short 

embedded length in standardised pull-out tests [7, 8], and that �± while it indeed strongly depends on the 

characteristics of the local interface (e.g. rib geometry [9�±11]) �± the relationship is strongly affected by 

the global member configuration, where longitudinal splitting cracks have been found to be particularly 

detrimental for bond [12].  

Moreover, bond shear stress-slip relationships are conventionally determined from pull-out tests 

based on averaged global measurements (i.e. applied load and nominal slip at the passive bar end), 

despite that such tests �± generating axial compression in the concrete surrounding the reinforcing bar �± 

are not representative of typical reinforced concrete members, where bond causes axial tensile stresses 

in the concrete between the cracks. This lacuna can be traced back to the difficulty in measuring the 

local interface behaviour. It can be mitigated by carrying out experiments on more representative spec-

imens, such as RC ties and measuring local steel strains. First such tests were carried out more than a 

century ago, providing small cavities in the concrete cover to enable access to the reinforcing bars and 

track the steel deformations [13�±15]. Later on, steel strains were measured by means of strain gauges 
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glued onto and inside reinforcing bars [16�±19], where the latter method minimises the bias of the inter-

face but is extremely laborious and expensive. Today, such measurements can be carried out efficiently 

using state-of-the-art distributed fibre optical sensing (DFOS) on reinforcing bars [20�±26]. Nonetheless, 

the bond shear stress-slip relationships obtained from such measurements are only representative of 

situations similar to the underlying experiments. While other configurations can be taken into account 

by semi-empirically calibrating the bond stresses and the bond stress-slip relationships, such approaches 

do not provide detailed mechanical insight into the force transfer, neither locally at the interface nor 

globally to the surrounding concrete.  

Nonlinear finite element analyses (NLFEA) have also been used to study bond by modelling the 

reinforcing bar, the surrounding concrete member and their interface. The behaviour of the interface 

can be modelled, e.g. by using nominal bond shear stresses as outlined above [27], or included in the 

proper NLFEA in more detailed investigations modelling the actual rib geometry or including interface 

elements [28, 29]. If the input parameters are suitably chosen �± typically calibrated on experiments �± 

such analyses yield realistic predictions of the load-deformation behaviour for a specific case under 

consideration [30�±32]. However, parametric studies are required to gain insight into the governing pa-

rameters and their effect, which is computationally expensive and questionable if the configuration 

differs from the one used to calibrate the input parameters. For these reasons, implementing such de-

tailed bond models in NLFEA of entire structures is hardly ever expedient. In these cases, modifying 

the stress-strain relationship of the reinforcement to account for the relevant effect of bond on a struc-

tural level �± i.e. tension stiffening �± is computationally much more efficient than modelling the interface 

[33, 34]. 

Stress field models �± either simple strut-and-tie models or more refined discontinuous stress fields 

�±are very useful for understanding the force transfer from the local reinforcing bar-concrete interface

to the surrounding concrete. Conceptual strut-and-tie models consisting of conical struts and tension 

hoops (rings), and wedge-shaped nodal zones at the ribs of deformed reinforcing bars were proposed 

many decades ago [35] to explain the mechanical bond behaviour. These models allow identifying the 

relevant parameters and, if combined with suitably calibrated strength criteria for the tensile hoops [35�±

37], can be used to predict the occurrence of longitudinal splitting cracks. Stress field models can also 

be used to study the load-deformation behaviour by assigning adequate member stiffnesses and opti-

mising the geometry to minimise complementary energy, i.e. maximise stiffness, where appropriate [38 

(Sec. 8.4.2.2), 39, 40]. However, a meaningful assignment of stiffnesses requires realistic concrete di-

mensions and hence, the existing conceptual strut-and-tie models are of limited use for this purpose. 

Instead, consistent stress fields according to the lower-bound theorem of plasticity theory �± satisfying 

equilibrium without infringing the yield conditions of the concrete �± are required. 

This paper presents such a stress field for the fundamental case of a concrete tie reinforced with one 

deformed steel bar. The proposed discontinuous axisymmetric concrete stress field between two cracks 

is composed of individual stress fields for each rib, which allows capturing local effects and the global 

load transfer. The model provides a good understanding of the flow of forces, the governing failure 

modes, the distribution of bond stresses, and how confinement could affect the force transfer while 

relying neither on empirical parameters nor on calibrated bond shear stress-slip relationships. More 

realistic bond stress distributions along the bar axis can be achieved by assigning stiffnesses to the stress 

field components and requiring interface compatibility, i.e. ensuring contact between the concrete and 



 5.2. Phenomenology of the reinforcing bar-concrete interaction 

  129 

the reinforcing bar at every rib. To this end, a simplified approach is proposed to estimate the axial and 

radial concrete deformations at the interface, assuming a linear elastic behaviour of the concrete. The 

proposed model is validated against experimental results of three RC ties where steel strains were meas-

ured quasi-continuously with DFOS and compared to the Swiss Code provisions [41] in terms of 

average and local bond stresses, crack spacing, the influence of the bar diameter and the occurrence of 

splitting. 

5.2 Phenomenology of the reinforcing bar-concrete interaction  

This section outlines relevant aspects of the reinforcing steel-concrete interaction in RC members sub-

jected to uniaxial tension, which serve as the foundation for the stress field model derived in Section 

5.3. The typical bond behaviour of structural concrete is discussed in the following for the particular 

case of an axisymmetric RC tie, which characteristics are shown in Fig. 5.1. The reinforcing bar of 

�Q�R�P�L�Q�D�O���G�L�D�P�H�W�H�U���‘���L�V���V�X�E�M�H�F�W�H�G���W�R���X�Q�L�D�[�L�D�O���W�H�Q�V�L�R�Q���D�Q�G���H�[�S�H�U�L�H�Q�F�H�V���W�K�H���K�L�J�K�H�V�W���V�W�H�H�O���V�W�U�H�V�V�H�V���1s,max at 

the crack, where the concrete is axially stress-�I�U�H�H�����L���H�����1c = 0. With increasing distance from the crack, 

the axial concrete tensile stresses increase as the load is transferred from the bar to the surrounding 

concrete. In contrast, the steel stresses and average steel deformations decrease, which is commonly 

known as the tension stiffening effect. Depending on the crack spacing sr, the average concrete tensile 

stresses at the centre between two adjacent cracks, referred to as ideal cross-section, vary between 0.5 

and 1.0 times the concrete tensile strength [4]. 

The governing bond mechanism for very low loads, at initial loading, is chemical adhesion [42]. At 

increasing load, the elongation of the reinforcing steel exceeds the strain capacity of the concrete, caus-

ing nonlinear deformations and discontinuities such as cracks, crushing, and slip between concrete and 

steel, leaving mechanical interlock at the ribs and friction as the primary load transfer mechanisms while 

adhesion vanishes [42]. The crack width varies across the concrete cover thickness since the crack 

width, which at the interface corresponds to the actual slip between reinforcing bar and concrete, in-

cludes a contribution of the concrete strains between the cracks (which is commonly included in the 

nominal slip, see Section 5.4). The crack width is typically defined at the concrete surface.  

 

Fig. 5.1 - RC tie characteristics: (a) geometry and stress resultants; (b) deformations over half of the crack spac-
ing sr. 
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In addition to the main cracks, radial splitting cracks and internal conical cracks originating at the 

rib tips can form, as illustrated in Fig. 5.1 (also called micro- or secondary cracks). Rehm [6] identified 

splitting caused by the wedging action of the ribs as one of two main contributors to slip, with concrete 

crushing at the ribs �± caused by the local load transfer �±  as the second one. The wedging action of 

deformed bars, acknowledged by numerous authors, e.g. [35, 43 (Ch. IV), 44], is often modelled by 

simple strut-and-tie models with conical compressive struts spreading the transferred load to the sur-

rounding concrete, where they activate axial concrete ties and circumferential tensile hoops [35, 36]. 

Tepfers derived analytical expressions to quantify the resistance of these tensile hoops assuming con-

stant nominal bond stresses along the bar axis. He assumed potentially cracked, linearly elastic or fully 

plastic concrete tensile hoops and found the resistance of linearly elastic tensile rings to be the highest 

if the internal zone was radially cracked (split) up to a radius of 0.486·rc, with rc = radius of the concrete 

cylinder. Schenkel developed stress fields for bond that extended the tensile hoop solutions of Tepfers 

for plastic and plastic-cracked behaviour [37]. He focused on anchorage and lap splices in RC elements 

and the case of small concrete cover without investigating the activation of axial tensile forces in the 

concrete. This is, however, a key component of the stress field presented in the next section.   

5.3 Discontinuous stress field for bond 

5.3.1 Main assumptions and simplifications 

The development of the discontinuous stress field model for bond focuses on an axisymmetric crack 

element, i.e. the part of an RC tie delimited by two adjacent main cracks (see Fig. 5.1a). The reinforcing 

bar ribs are modelled in a discrete manner and the load transfer between the reinforcement and the 

concrete is limited to mechanical interlocking at the ribs. The model assumes that at each rib, a conical 

compression field forms, which is equilibrated by annular discs acting as tensile hoops and an axial 

tension field (see Fig. 5.2). Conceptually, this corresponds to the simple strut-and-tie models for bond 

proposed many decades ago [35]. The detailed formulation of the stress field generated at each rib is 

inspired by the Dual-Cone stress field developed for partially loaded areas at ETH Zurich [45], 

 

Fig. 5.2 - Proposed stress field originating at one rib of the reinforcing bar. 
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particularly concerning the determination of the non-trivial concrete stress states in the vicinity of the 

rib (triaxial nodal zone) and the conical compression fields.  

The geometry of the RC tie is idealised as a concrete cylinder with radius rc that is reinforced with 

a concentric reinforcing bar and axisymmetric about the x-axis (i.e. the reinforcing bar axis), as shown 

in Fig. 5.1a. Due to symmetry, only half of the crack element is modelled. The ribs are equally spaced 

at the rib spacing sR, have a constant rib height hR�����D�Q�G���D�U�H���L�Q�F�O�L�Q�H�G���E�\����rib to the x-axis.  

The concrete is idealised as rigid-perfectly plastic in accordance with the theoretical basis of the 

Theory of Plasticity [44, 46] (see uniaxial behaviour in Fig. 5.3a), i.e. stresses below the plastic com-

pressive and tensile strengths fc and fct, respectively, are not inducing deformations. Although reinforced 

concrete is far from behaving in this way, a rigid-perfectly plastic idealisation results in a safe design 

when dimensioning and detailing appropriately, i.e. avoiding excessively high or low reinforcement 

ratios, limiting the inclination of compression struts and choosing the material strengths in a suitable 

manner (i.e. appropriate reduction factors) to account for the limited ductility of the materials. The 

plastic concrete compressive strength fc is defined as: 

  (5.1)  

where fc0 = �X�Q�L�D�[�L�D�O���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K���R�I���W�K�H���F�R�Q�F�U�H�W�H���D�Q�G����cc = effectiveness factor accounting for 

brittleness, softening effects (e.g. due to cracking), size effects, and loading conditions [46, 47]. In this 

study, where normal-strength concrete is assumed and compression takes place without transverse 

�F�U�D�F�N�V������cc = 1.0 is used. For the tensile strength, the effectiveness factor is needed due to the brittleness 

of concrete in tension [46]: 

  (5.2)  

where fctm = �P�H�D�Q���W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K���D�Q�G���I�D�F�W�R�U����ct =  �H�I�I�H�F�W�L�Y�H�Q�H�V�V�����Z�L�W�K����ct = 0.7 if a uniform tensile stress 

distribution is assumed (based on the observed maximum concrete tensile stresses reached in the RC 

ties observed in [48] and findings from [49]�������D�Q�G����ct =1.0 for a variable stress distribution, i.e. if the 

tensile strength is reached merely in a single point. 

In the proposed stress field, multiaxial stress states occur. This is, for instance, the case of the triaxial 

nodal zone forming adjacent to the rib or in areas where the conical compression field and the axial 

tension field intersect (see Fig. 5.2). A modified Mohr-Coulomb (MC) failure criterion is adopted as a 

suitable yield condition for such stress states, where the tensile strength is limited to fct (see Fig. 5.3b) 

[50]: 

 

Fig. 5.3 - Concrete constitutive idealisation: (a) actual and modelled constitutive behaviour under uniaxial com-
pression and tension; (b) multiaxial loading failure criterion (plane-strain state). 
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  (5.3)  

�Z�K�H�U�H���3 = �D�Q�J�O�H���R�I���L�Q�W�H�U�Q�D�O���I�U�L�F�W�L�R�Q�����W�D�N�H�Q���D�V���W�D�Q�3��� ��������������c = cohesion (taken as fc/4) [46] �D�Q�G���11�����12 

�D�Q�G�� �13= principal stresses. The compressive strength in uniaxial and plane stress states is given by 

Eq. (5.1). For triaxial stress states (plane strain), the triaxial compressive strength results from Eq. (5.3) 

as fc3 = �13 = fc + �����11. 

The force applied in the RC tie is selected in the model below the ultimate capacity of the reinforcing 

�E�D�U�����J�X�D�U�D�Q�W�H�H�L�Q�J���W�K�D�W���W�K�H���P�D�[�L�P�X�P���V�W�U�H�V�V���R�I���W�K�H���U�H�L�Q�I�R�U�F�L�Q�J���E�D�U���D�W���W�K�H���F�U�D�F�N�����1s,max) does not exceed its 

tensile strength (fsu). The stresses in the reinforcement between the cracks follow directly from equilib-

rium once the concrete stress field is defined. The consideration of the influence of the steel 

deformations on the force transferred between the concrete and the bar will be explored in Section 5.4.2. 

5.3.2 Conceptual development of the stress field 

Fig. 5.2 illustrates the axisymmetric discontinuous stress field for one rib, which comprises four com-

ponents whose shape and function are explained in the following before providing the detailed 

analytical formulation in Section 5.3.3. Such a stress field is developed consecutively at every rib 

i, starting from the main crack (see Fig. 5.4), and the stress fields of all ribs are superimposed to form 

the overall stress field. 

The concentrated load introduced by each rib results in a concrete nodal zone ABK which is a trun-

cated cone with a concentric cylindrical hole subjected to a triaxial stress state. The load transferred by 

�W�K�H���U�L�E���L�V���F�R�P�S�R�V�H�G���R�I���D�[�L�D�O���V�W�U�H�V�V�H�V���1x0 �D�F�W�L�Q�J���R�Q���W�K�H���D�Q�Q�X�O�X�V���$�.���D�Q�G���U�D�G�L�D�O���V�W�U�H�V�V�H�V���1r0 on the cylinder 

AB. Note that a similar nodal zone was proposed in [44, 51 (Ch. 1)] for a case with axial compression 

in the concrete (which would apply in a pull-�R�X�W���W�H�V�W���E�X�W���Q�R�W���L�Q���D���W�L�H�������7�K�H���L�Q�F�O�L�Q�D�W�L�R�Q�������W�R���W�K�H��x-axis 

�G�H�I�L�Q�H�V���W�K�H���V�L�]�H���R�I���W�K�H���Q�R�G�D�O���]�R�Q�H�����L�W���F�D�Q���Y�D�U�\���E�H�W�Z�H�H�Q���W�K�H���U�L�E���I�O�D�Q�N���L�Q�F�O�L�Q�D�W�L�R�Q����max = ��rib (nodal zone 

vanishes) a�Q�G����min = atan(hR/sRc) (nodal zone intersects adjacent rib), where sRc = clear rib spacing. The 

beneficial stress state in the triaxial zone allows the transfer of high, concentrated loads (see Section 

5.3.3.1).  

Along its discontinuity surface BK, the triaxial nodal zone is equilibrated by a uniaxial parallel com-

pression field forming a hollow cone (BEFK), which is conically truncated at both ends and hereafter 

ref�H�U�U�H�G���W�R���D�V���F�R�Q�L�F�D�O���F�R�P�S�U�H�V�V�L�R�Q���I�L�H�O�G�����,�W�V���S�U�L�Q�F�L�S�D�O���G�L�U�H�F�W�L�R�Q���33 = �.���L�V���J�H�Q�H�U�D�O�O�\���Q�R�W���S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R��

the surface BK, and the uniaxial stresses decrease inversely proportional to the radius along their tra-

jectories (see Section 5.3.3.2). The conical compression field spreads the loads radially to the outer 

contour surface EF, where they are diverted into axial tension and a radial component carried by annular 

disc�V���D�F�W�L�Q�J���D�V���W�H�Q�V�L�O�H���K�R�R�S�V�����7�K�H���F�R�Q�W�R�X�U���V�X�U�I�D�F�H���(�)���L�V���L�Q�F�O�L�Q�H�G���D�W���D�Q���D�Q�J�O�H�������W�R���W�K�H��r-axis; note that 

�G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���F�R�Q�I�L�J�X�U�D�W�L�R�Q�����W�K�H���D�Q�J�O�H�������F�D�Q���E�H���S�R�V�L�W�L�Y�H�����D�V���L�Q���W�K�H��labelled stress field in Fig. 5.4) or 

negative (as in the remaining stress fields in the same figure). The inner radius of the contour surface 

EF (Point E) is defined by the smallest radius at which axial tension can be activated by the rib under 

consideration, i.e. the outer radius (Point F) of the corresponding contour surface of the precedent rib 

except for the first rib. For the latter, the minimum radius rct,min where concrete may carry tension 
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superimposed with conical compression �± without this superposition governing failure �± is defined in 

Section 5.3.3.3. The axial component of the conical compression field is carried along EF by the hollow 

cylinder (EYZF) and in equilibrium with the corresponding stresses activated on the mirrored (symmet-

ric to the ideal section) side of the crack element. The radial component of the conical compression 

field is carried along EF by an annular disc loaded along its inner circumference (EQRF) subjected to 

radial compression (providing conventional confinement) and another annular disc loaded along its 

outer circumference (ESTF) subjected to radial tension (providing tensile confinement). 

This model can be used to find a suitable stress field for a given distribution of bond stresses along 

the crack element. However, the present paper focuses on the determination of the local bond stresses, 

which requires an additional criterion to determine the geometry of the stress field. To this end, the 

bond force transferred at every rib is maximised. Hence, when developing the stress field at a rib, the 

�W�K�U�H�H���Y�D�U�L�D�E�O�H�V���W�K�D�W���G�H�I�L�Q�H���W�K�H���V�W�U�H�V�V���I�L�H�O�G���R�I���W�K�H���U�L�E�����.���������D�Q�G���������D�U�H���V�H�W���W�R���P�D�[�L�P�L�V�H���W�K�H���O�R�D�G���W�U�D�Q�V�I�H�U��

while fulfilling geometrical boundary conditions without infringing the failure criteria. The develop-

ment of the stress field progresses to subsequent ribs until the axial tension field reaches the edge of the 

tie. This location, where the longitudinal tensile capacity of the tie is reached, corresponds to the ideal 

cross-section and determines the crack spacing sr. 

5.3.3 Analytical formulation of t he stress field 

5.3.3.1 Triaxial stress state in the nodal zone ABK, steel and bond stresses 

�7�K�H���V�W�U�H�V�V�H�V���D�F�W�L�Q�J���D�[�L�D�O�O�\���D�Q�G���U�D�G�L�D�O�O�\���R�Q���W�K�H���Q�R�G�D�O���]�R�Q�H���$�%�.���D�U�H���U�H�O�D�W�H�G���W�R���W�K�H���X�Q�L�D�[�L�D�O���V�W�U�H�V�V���1�.����of 

�W�K�H���F�R�Q�L�F�D�O���F�R�P�S�U�H�V�V�L�R�Q���I�L�H�O�G���D�F�W�L�Q�J���D�O�R�Q�J���%�.���D�Q�G���W�K�H���D�Q�J�O�H�V���.���D�Q�G �������*�H�Q�H�U�D�O�O�\�����Z�L�W�K�L�Q���$�%�.�����W�K�H���U�D�G�L�D�O��

�V�W�U�H�V�V�H�V���1r vary in the x-�G�L�U�H�F�W�L�R�Q���D�Q�G���W�K�H���D�[�L�D�O���V�W�U�H�V�V�H�V���1x vary in the r-direction due to the assumption 

 

Fig. 5.4 - Progressive development of the axisymmetric stress field until the fourth rib. 
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of a uniform uniaxial tension field in the hollow cylinder (EYZF), causing non-�X�Q�L�I�R�U�P���V�W�U�H�V�V�H�V���1x0, �1r0 

�D�Q�G�� �1�.�� along the boundaries of the nodal zone (see Section 5.3.3.2); the circumferential and radial 

stresses are assumed to coincide at each point within ABK. Equilibrium can be formulated at each point 

of the discontinuity surface BK in x- and r-direction (see Fig. 5.5a) as follows: 

  (5.4)  

  (5.5)  

The stresses in ABK need to satisfy the failure criterion provided by the yield condition in Eq.(5.3).  

The total bond force, i.e. the transferred axial load F�2��i at a specific rib i, which defines the force and 

stress variations in the reinforcing bar, can be calculated by integrating the axial stresses applied at the 

rib, or by considering vertical equilibrium of the conical compression field BEFK:  

  (5.6)  

�D�Q�G���W�K�H���Q�R�P�L�Q�D�O���E�R�Q�G���V�W�U�H�V�V�H�V���2b over the length of a rib spacing are thus: 

  (5.7)  

�7�K�H���L�Q�I�O�X�H�Q�F�H���R�I���.���D�Q�G�������R�Q���W�K�H���W�U�D�Q�V�I�H�U�Ued load are shown in Fig. 5.5b, where for illustration the 

�X�Q�L�D�[�L�D�O���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�V�V�H�V���1�.����along BK have been assumed to be uniform and equal to fc. It can be 

�R�E�V�H�U�Y�H�G���W�K�D�W���W�K�H���V�P�D�O�O�H�U���������L���H�����W�K�H���E�L�J�J�H�U���W�K�H���W�U�L�D�[�L�D�O���]�R�Q�H�����W�K�H���K�L�J�K�H�U���W�K�H���E�R�Q�G���V�W�U�H�V�V�H�V�����7�K�H���D�Q�J�O�H���.��

 

Fig. 5.5 - Nodal zone ABK: (a) equilibrium of the infinitesimal strut of width ds at the discontinuity BK; (b) 
�L�Q�I�O�X�H�Q�F�H���R�I���W�K�H���Y�D�U�L�D�W�L�R�Q���R�I���.���D�Q�G�������R�Q���W�K�H���O�R�D�G���W�U�D�Q�V�I�H�U���D�V�V�X�P�L�Q�J���1�.�� = fc (steel and concrete properties 
set to those of Specimen Ø16.M.ND#2, see Table 5.1). 
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�K�D�V���D���P�L�Q�R�U���L�Q�I�O�X�H�Q�F�H���E�X�W���E�H�F�R�P�H�V���P�R�U�H���V�L�J�Q�L�I�L�F�D�Q�W���I�R�U���O�D�U�J�H���������7�K�H���R�S�W�L�P�X�P���.���F�K�D�Q�J�H�V���G�H�S�H�Q�G�L�Q�J���R�Q��

���� 

5.3.3.2 Conical compression field BEFK 

�(�T�X�L�O�L�E�U�L�X�P���D�O�R�Q�J���(�)���G�H�S�H�Q�G�V���R�Q���.���D�Q�G��������Fig. 5.6). �$�V�V�X�P�L�Q�J���D���F�R�Q�V�W�D�Q�W���X�Q�L�D�[�L�D�O���V�W�U�H�V�V���1�.d along EF 

�D�Q�G���V�S�O�L�W�W�L�Q�J���L�W���L�Q�W�R���L�W�V���U�D�G�L�D�O���D�Q�G���D�[�L�D�O���F�R�P�S�R�Q�H�Q�W�V���1rd �D�Q�G���1xd, respectively, one gets: 

(5.8) 

(5.9) 

Dividing Eq. (5.9) by Eq. (5.8) yields the following relation between the radial and axial stresses in 

EF as a function o�I���W�K�H���D�Q�J�O�H�V���.���D�Q�G������ 

(5.10) 

�7�K�H���F�R�Q�V�W�D�Q�W���X�Q�L�D�[�L�D�O���V�W�U�H�V�V���1�.d along EF implies that this discontinuity is a contour surface of the 

stress field in BEFK as shown in Fig. 5.7�D�����P�H�D�Q�L�Q�J���W�K�D�W���1rd �D�Q�G���1xd are also constant along EF, which 

�U�H�V�X�O�W�V���L�Q���1�.�� varying along BK unless it is also a contour surface, which applies only if the extensions 

of EF and BK intersect the symmetry axis at the same location (all contour surfaces of BEFK are cones 

�Z�L�W�K�� �D�S�H�[�� �D�W���W�K�H�� �L�Q�W�H�U�V�H�F�W�L�R�Q�� �R�I�� �(�)�� �Z�L�W�K���W�K�H�� �V�\�P�P�H�W�U�\�� �D�[�L�V������ �7�K�H�� �X�Q�L�D�[�L�D�O�� �V�W�U�H�V�V�H�V�� �1�. in the conical 

compression field BEFK decrease inversely proportional to the radius along their trajectories for a con-

�V�W�D�Q�W���D�Q�J�O�H�� �R�I�� �L�Q�F�O�L�Q�D�W�L�R�Q���.���� �D�Q�G�� �F�D�Q���E�H�� �H�[�S�U�H�V�V�H�G���G�H�S�H�Q�G�L�Q�J�� �R�Q���W�K�H�� �V�W�U�H�V�V���1�.�G. To this end, the help 

�Y�D�U�L�D�E�O�H���� �Ð [0, 1] is introduced according to Fig. 5.7b�����7�K�H���X�Q�L�D�[�L�D�O���V�W�U�H�V�V�H�V���1�. in the conical compres-

sion field BEFK in any Point Q(x,r�����I�R�O�O�R�Z���I�U�R�P���1�.d as: 

(5.11) 

Fig. 5.6 - Conical compression field BEFK: (a) overview and geometry and (b) equilibrium at the discontinuity 
EF. 
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where xM and rM = coordinates of Point M and x = xM + (rM - r�����F�R�W�.����see Fig. 5.7b). With this and Eq. 

(5.8), Eq. (5.11) becomes: 

(5.12) 

�Z�K�H�U�H���W�K�H���F�R�R�U�G�L�Q�D�W�H�V���R�I���3�R�L�Q�W���0���F�D�Q���E�H���H�[�S�U�H�V�V�H�G���D�V���D���I�X�Q�F�W�L�R�Q���R�I������

(5.13) 

The maximum stresses in the conical compression field BEFK along BK are thus:

(5.14) 

where xN and rN = coordinates of Point N (see Fig. 5.7b), which can again be expressed as a function of 

���� 

(5.15) 

Eqs. (5.4),(5.5) and (5.14) allow determining the axial and radial stresses applied by the rib:

(5.16) 

(5.17) 

The �D�Q�Q�X�O�D�U���G�L�V�F�V�� �D�F�W�L�Q�J�� �D�V�� �K�R�R�S�V�� �F�D�U�U�\�� �W�K�H�� �U�D�G�L�D�O�� �V�W�U�H�V�V�H�V�� �1rd (see Section 5.3.3.4) and the axial 

�V�W�U�H�V�V�H�V�� �1xd activate the concrete in tension inside a hollow cylinder extending from EF to the ideal 

cross-section (see Section 5.3.3.3������ �7�K�H�� �D�[�L�D�O���W�H�Q�V�L�O�H�� �V�W�U�H�V�V�H�V�� �1xd are set equal to the plastic concrete 

tensile strength:  

(5.18) 

Fig. 5.7 - Stress distributions �L�Q���$�%�.���D�Q�G���%�(�)�.�������D�����V�W�U�H�V�V���G�L�V�W�U�L�E�X�W�L�R�Q�V���I�R�U���D�Q���D�V�V�X�P�H�G���G�L�V�W�U�L�E�X�W�L�R�Q���1xd = fct; 
(b) determination of stresses in an �L�Q�I�L�Q�L�W�H�V�L�P�D�O���V�W�U�X�W���D�V���D���I�X�Q�F�W�L�R�Q���R�I���Y�D�U�L�D�E�O�H���� �Ð [0, 1].
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5.3.3.3 Axial tension field 

As already introduced in the previous section, uniform axial tensile stresses corresponding to the plastic 

capacity (�1xd = fct) are assumed in the hollow cylinders of the axial tension field. This consideration 

simplifies the model but implies that the tie always fails by reaching its axial tensile capacity, which 

generally does not result in the maximum bond capacity. The impact of this assumption is discussed in 

Section 5.4, where an alternative procedure to capture cases where the failure of the concrete tensile 

hoops becomes governing is presented.  

The axial tension field generated by a specific rib intersects the conical compression fields of the 

subsequent ribs. Hence, both stress fields would need to be superimposed in order to verify the yield 

criterion. The model assumes that the inner part of the tie carries no tensile stresses over a radius rct,min, 

such that the region where the stress fields intersect is not governing and hence, the conical compression 

field can be verified only by checking that its maximum stress (at the boundary BK of the triaxial nodal 

zone) is below its uniaxial compressive strength. Details of the superposition of the stress fields are 

given in Appendix 5.A. As a result, the inner radius of the axial tensile hollow cylinder activated by the 

first rib is set equal to: 

  (5.19)  

Thereby, the inner part of the tie (r  < rct,min) carries no tensile stresses, since neither the axial tensile 

hollow cylinders nor the annular discs acting as hoops extend inside rct,min. This is plausible since the 

transfer of tensile stresses is impeded by the conical micro-cracks (see Fig. 5.1b) that are likely to occur 

in this region already at low loads.  

5.3.3.4 Annular discs acting as concrete tensile hoops 

The radial component of the conical compression field BEFK is equilibrated along the discontinuity EF 

�E�\���W�Z�R���D�Q�Q�X�O�D�U���G�L�V�F�V�������L�����D�Q���L�Q�Q�H�U���R�Q�H�����(�6�7�)�����O�R�D�G�H�G���Z�L�W�K���U�D�G�L�D�O���W�H�Q�V�L�R�Q���1rd,ID along its outer circumfer-

ence and (ii) an outer one (EQRF) loaded with radial compression �1rd,OD along its inner circumference 

(���r �1rd) = �1rd,ID + ���r �1rd,OD)). Both annular discs are subjected to tangential tension (�1�3) and radial tension 

�R�U���F�R�P�S�U�H�V�V�L�R�Q�����1r). The inner radius of the inner annular disc (r i,ID = rct,min) and the outer radius of the 

outer annular disc (ro,OD = rc) are constant. The radii defining the boundary between the inner and the 

 

Fig. 5.8 - Assumed stress field for the concrete tensile hoops formed by two annular discs with (a) external and 
(b) internal radial loading. 
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outer annular disc (ro,ID = r i,OD) vary slightly along the discontinuity EF (see Fig. 5.4). For the verifica-

tion, the average radius is considered.  

Several statically admissible stress solutions exist for a radially loaded annular disc. In this study, 

�W�K�H���W�D�Q�J�H�Q�W�L�D�O���V�W�U�H�V�V�H�V�����1�3) are assumed to be constant (see Fig. 5.8), resulting in: 

  (5.20)  

  (5.21)  

The distribution of the applied radial load between the inner and the outer disk can be freely chosen 

as long as the tensile stresses given in Eqs. (5.20) and (5.21) do not exceed the concrete tensile capacity 

defined by Eq. (5.2) ���Q�R�W�H���W�K�D�W���I�R�U���W�K�H���W�D�Q�J�H�Q�W�L�D�O���V�W�U�H�V�V�H�V����ct = ���������D�S�S�O�L�H�V�����Z�K�L�O�H����ct = 1.0 is to be used 

for the radial stress in the inner annular disc). If the radial tension of the inner annular disc is not gov-

erning (which is the case in the following examples), the radial stresses are split between both annular 

�G�L�V�F�V���V�X�F�K���W�K�D�W���W�K�H���W�D�Q�J�H�Q�W�L�D�O���V�W�U�H�V�V�H�V���L�Q���W�K�H���L�Q�Q�H�U���D�Q�G���W�K�H���R�X�W�H�U���G�L�V�F���D�U�H���H�T�X�D�O�����1�3,ID = �1�3,OD = �1�3). 

The model could include the contribution of transverse reinforcement (e.g. transverse stirrups or 

fibre-reinforced concrete) to capture the corresponding enhancement of bond due to the additional con-

finement. However, while the bursting force resisted by the confining reinforcement could essentially 

be modelled as in the Dual-Cone stress field for partial area loading [45], modelling of the confining 

action in the uncracked state is not straightforward, since at low radial deformations, the stresses in the 

confining reinforcement may be considerably below the yield stress.  

 

Fig. 5.9 - �6�F�K�H�P�D�W�L�F�� �R�Y�H�U�Y�L�H�Z�� �R�I�� �W�K�H�� �P�R�G�H�O�� �F�R�P�S�R�Q�H�Q�W�V���� �G�L�V�F�R�Q�W�L�Q�X�R�X�V�� �V�W�U�H�V�V�� �I�L�H�O�G�� �Z�L�W�K�� �Y�D�U�\�L�Q�J�� �.���� ������ ���� �D�Q�G��
failure criteria. 
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5.3.4 Numerical solution process 

The main equations and assumptions of the model are summarised in Fig. 5.9. The stress field model 

comprises the equilibrium equations, geometrical boundary conditions, and the yield conditions of the 

materials. The analytical model, which has been implemented in Matlab, is consecutively solved at 

every rib, starting from the rib adjacent to the main crack (where the steel stress is known), until the 

total axial tensile capacity is reached. The geometry of the stress field at each rib is defined by the 

�Y�D�U�L�D�E�O�H�V���.������ �D�Q�G���������Z�K�L�F�K���D�U�H���Y�D�U�L�H�G���D�W���D���G�L�V�F�U�H�W�H���V�W�H�S���V�L�]�H�����,�Q�L�W�L�D�O�O�\�����D�O�O���D�G�P�L�V�V�L�E�O�H���V�R�O�X�W�L�R�Q�V���D�W���W�K�H���U�L�E��

�D�U�H���G�H�W�H�U�P�L�Q�H�G�����)�U�R�P���W�K�L�V���V�H�W���R�I���D�G�P�L�V�V�L�E�O�H���^�.�������������`-combinations, the solution with the highest bond 

force transfer is selected as the optimum. Finally, the steel stress in the successive rib is determined, 

and the process is repeated until the ideal cross-section has been reached or the total force applied to 

the tie has been anchored (if the applied force is below the cracking load of the tie). The resulting stress 

fields are independent of the applied load (even if the reinforcing bar yields) as long as it is equal to or 

higher than the cracking load. 

5.3.5 Results and discussion 

The stress field is used to model the behaviour of a series of concrete tie experiments conducted by the 

authors [52]. The experiments were instrumented with distributed fibre optical sensing (DFOS), which 

provided distributed steel strain measurements from which local results of bond and slip were calcu-

lated. Three concrete ties with a length of 1360 mm (first tie) and 1500 mm (remaining two ties), 

respectively, reinforced with normal-strength cold-worked deformed steel bars of diameter 14, 16 and 

20 mm are discussed in the following, namely specimens Ø14.U.ND#3, Ø16.M.ND#2 and 

Ø20.M.ND#1 [52]. As these specimens had a square cross-section of 150 x 150 mm2, a circular section 

with an equivalent radius rc,eq = 84.6 mm of equal cross-sectional area is considered in the stress field 

model. In this way, the tensile capacity of the concrete cross-section is well-modelled, but the confine-

ment of the concrete cover might be overpredicted. The material and geometrical properties of the 

reinforcing steel and concrete are summarised in Table 5.1. For the model validation, the model results 

are compared to the experimental data corresponding to the load step with the highest average bond 

�V�W�U�H�V�V�H�V�����I�R�U���D�O�O���F�U�D�F�N���H�O�H�P�H�Q�W�V���R�I���H�D�F�K���W�L�H�������«�������G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���V�S�H�F�L�P�H�Q�������7�K�H���U�H�V�X�O�W�V���D�U�H���I�X�U�W�K�H�U��

compared to the predictions by the Swiss Standard SIA 262:2013 [41], which is based on the Tension 

Chord Model (TCM) [4]. The TCM allows analytically solving the differential equation of bond [5], 

assuming a stepped rigid-�S�O�D�V�W�L�F�� �E�R�Q�G�� �V�K�H�D�U�� �V�W�U�H�V�V�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �Z�L�W�K�� �E�R�Q�G�� �V�W�U�H�V�V�H�V�� �2b0 = 2·fctm and 

�2b1 = fctm for elastic and plastic steel stresses, respectively, independent of the nominal slip.  

 

Table 5.1 - Material and geometrical properties of the RC ties from [48] used for validating the stress field. 

specimen Ø  

[mm] 

fsy 

[MPa] 

fsu 

[MPa] 

Es 

[GPa] 

�0su 

�>�Å�@ 

Agt  

�>�Å�@ 

hR,max 

[mm] 

hR 

[mm] 

sR 

[mm] 

fR 

[%]  

��rib 

[°]  

fc 

[MPa] 

fct 

[MPa] 

Ec 

[GPa] 

Ø14.U.ND#3 14 517 621 192.3 112 78 1.4 0.9 6.5 14.7 40 36.1 2.94 30.3 

Ø16.M.ND#2 16 540 611 198.5 68 49 1 0.6 9 8.5 65 33.6 3.20 29.1 

Ø20.M.ND#1 20 505 581 197.0 97 60 1.2 0.9 12 7.7 39 36.1 2.94 30.3 
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The resulting stress fields are shown in Fig. 5.10a. The solutions are representative of any load within 

the cracked elastic range of the RC ties. The stress field is represented twice: on the left side, the conical 

compression field is plotted on the front, while the right side focuses on the annular discs acting as 

�K�R�R�S�V�����)�R�U���W�K�H���I�L�U�V�W���W�K�U�H�H���U�L�E�V�����W�K�H���L�Q�F�O�L�Q�D�W�L�R�Q���R�I���W�K�H���F�R�P�S�U�H�V�V�L�R�Q���I�L�H�O�G���.���Z�D�V���O�L�P�L�W�H�G���W�R�������ƒ���E�D�V�H�G���R�Q��

experimental observations of internal micro-cracking of RC ties and shear keys [47,52]. The resulting 

inclin�D�W�L�R�Q�V���R�I���W�K�H���U�H�P�D�L�Q�L�Q�J���U�L�E�V���D�U�H���E�H�W�Z�H�H�Q�������ž���W�R�������ž�����,�Q���D�O�O���F�D�V�H�V�����W�K�H���R�S�W�L�P�D�O���Y�D�O�X�H�V���R�I�������D�U�H���Q�H�J�D��

tive for the ribs near the crack, while positive values result further away. All resulting stress fields have 

some minor local discontinuities which are caused by (i) the step size of 1° used to vary the geometrical 

�Y�D�U�L�D�E�O�H�V���D�Q�G�����L�L�����W�K�H���F�K�D�Q�J�H���L�Q���U�H�J�L�P�H�V�����H���J�����W�K�H���F�K�D�Q�J�H���I�U�R�P���Q�H�J�D�W�L�Y�H���W�R���S�R�V�L�W�L�Y�H����: the uniaxial com-

pressive strength at the boundary BK of the triaxial node becomes governing at a certain radius rE for 

�D�O�O���D�G�P�L�V�V�L�E�O�H���Q�H�J�D�W�L�Y�H���L�Q�F�O�L�Q�D�W�L�R�Q�V���������+�H�Q�F�H�����R�Q�O�\���V�R�O�X�W�L�R�Q�V���Z�L�W�K���D���S�R�V�L�W�L�Y�H�������U�H�P�D�L�Q���S�R�V�V�L�E�O�H�����Z�K�L�F�K��

results in a pronounced drop of the local bond capacity (see Fig. 5.10f). This discontinuity can be ex-

�S�O�D�L�Q�H�G���E�\���W�K�H���I�D�F�W���W�K�D�W���Q�R���V�P�R�R�W�K���W�U�D�Q�V�L�W�L�R�Q���I�U�R�P���Q�H�J�D�W�L�Y�H���W�R���S�R�V�L�W�L�Y�H���L�Q�F�O�L�Q�D�W�L�R�Q�V�������L�V���S�R�V�V�L�E�O�H�����V�L�Q�F�H��

�D�U�R�X�Q�G����� �����W�K�H���D�Q�Q�X�O�D�U���G�L�V�F�V���S�U�R�Y�L�G�L�Q�J���F�R�Q�I�L�Q�H�P�H�Q�W���D�U�H���D�[�L�D�O�O�\���Y�H�U�\���W�K�L�Q�����V�X�F�K���W�K�D�W���D�Ol admissible so-

�O�X�W�L�R�Q�V���K�D�Y�H���D���S�U�R�Q�R�X�Q�F�H�G���Q�H�J�D�W�L�Y�H���R�U���S�R�V�L�W�L�Y�H���L�Q�F�O�L�Q�D�W�L�R�Q���������,�I���Q�R���V�R�O�X�W�L�R�Q���Z�L�W�K���Q�H�J�D�W�L�Y�H�������L�V���D�G�P�L�V�V�L�E�O�H��

�V�L�Q�F�H���W�K�H���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�V�V���D�O�R�Q�J���%�.���L�V���J�R�Y�H�U�Q�L�Q�J���������W�K�X�V���M�X�P�S�V���I�U�R�P���D���Q�H�J�D�W�L�Y�H���W�R���D���S�R�V�L�W�L�Y�H���Y�D�O�X�H����

The associated drop in the bond force is due to the much higher capacity of conical compression fields 

�Z�L�W�K���D���Q�H�J�D�W�L�Y�H���L�Q�F�O�L�Q�D�W�L�R�Q���������D�V���W�K�H�V�H���D�F�W�L�Y�D�W�H���W�K�L�F�N�H�U-walled hollow cylinders in axial tension (see, e.g. 

Fig. 5.4), with both the cylinder wall thickness (and thus the total transferred load) as well as the thick-

�Q�H�V�V���R�I���W�K�H���D�Q�Q�X�O�D�U���G�L�V�F�V�����D�Q�G���W�K�X�V���W�K�H���F�R�Q�I�L�Q�H�P�H�Q�W�����L�Q�F�U�H�D�V�L�Q�J���D�V�������W�D�N�H�V���R�Q���D���P�R�U�H���Q�H�J�D�W�L�Y�H���Y�D�O�X�H�����2�Q��

the �F�R�Q�W�U�D�U�\�����I�R�U���S�R�V�L�W�L�Y�H���D�G�P�L�V�V�L�E�O�H���L�Q�F�O�L�Q�D�W�L�R�Q�V�������P�X�F�K���W�K�L�Q�Q�H�U-walled hollow cylinders can be acti-

�Y�D�W�H�G�����I�R�U���W�K�H���V�D�P�H���.���D�Q�G���������D�Q�G�����P�R�U�H���L�P�S�R�U�W�D�Q�W�O�\�����D�W���U�H�O�D�W�L�Y�H�O�\���V�P�D�O�O���S�R�V�L�W�L�Y�H���L�Q�F�O�L�Q�D�W�L�R�Q�V���������Z�K�H�U�H���W�K�H��

cylinder wall thickness (and thus the total transferred load) would still be relatively large, the confining 

discs are axially thin (hence provide limited confinement) as mentioned above. 

Fig. 5.10b and c illustrate the resulting local bond stresses and average concrete tensile stresses 

(integral of bond stresses divided by the concrete cross-sectional area) of the rigid-plastic stress field 

(SF) and compares them to experimental data (EXP) and the Tension Chord Model (TCM). The varia-

tion of the experimental results of all crack elements within each tie highlights the inherent scatter. It 

can be observed that the stress field is capable of reproducing the increase of the bond stresses near the 

crack. This build-up of bond is primarily linked to geometry: the available concrete volume (required 

for the load transfer) increases with the distance from the crack. The experimentally observed bond 

stresses decrease progressively after reaching the peak at x �§ rc. Neither the peak nor the subsequent 

decreasing branch could be accurately predicted with the stress fields. The systematically lower peak 

bond stresses are caused by the conical compression fields locally reaching their capacity, which does 

not correspond with the experimental results. Modelling solutions to address the latter disagreement are 

discussed in Section 5.4.1. 

The limitations in capturing the local bond behaviour are, however, not reflected in the global be-

haviour. The concrete tensile stresses match the experimental data quite well and better than the TCM. 

The crack spacing (sr�����D�Q�G���D�Y�H�U�D�J�H���E�R�Q�G���V�W�U�H�V�V�����2b,av) can also be reproduced reasonably well (Fig. 5.10d 

and e). Furthermore, the stress field captures the trend of smaller crack spacing and lower average bond 

strength with increasing bar diameter (NB Ø16.M.ND#2 had a higher concrete tensile strength than the 

other specimens). The TCM is capable of modelling the former effect, but not the latter. Although the 
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Fig. 5.10 - Results of the stress field model for the RC ties of various bar diameters defined Table 5.1: (a) stress 
fields with highlighted conical compression fields (left) and tensile annular discs (right); (b) bond 
stress distributions; (c) average axial concrete stress distributions; (d) crack spacings; (e) maximum 
average bond stresses (experimental data (EXP), stress field (SF), and Tension Chord Model (TCM) 
[4]); (f) stresses in the stress field compared to corresponding strengths (governing stresses); (g) 
graphic legend of the stresses shown in (f). 
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average bond stresses derived with the stress field are rather in the upper range of the experimental 

values, they are still more accurate than the values assumed in the TCM. While the TCM provides 

excellent minimum and maximum crack spacing predictions, it overestimates the bond strength of these 

unconfined RC ties, particularly for the case of large diameters (or a high reinforcement ratio, respec-

tively). 

5.4 Exploration of possible model extensions 

The stress field presented in Section 3 has the potential to adequately reproduce average bond strengths 

and maximum crack spacings while accounting for geometrical parameters such as the concrete cover, 

the bar radius, the rib height and rib spacing. However, one main limitation of the model is the assump-

�W�L�R�Q���W�K�D�W���W�K�H���D�[�L�D�O���W�H�Q�V�L�O�H���V�W�U�H�V�V�H�V���1xd activated by each rib are set equal to the plastic concrete tensile 

strength, which has been observed to yield unrealistically low predictions of the local bond when the 

�P�D�[�L�P�X�P���F�D�S�D�F�L�W�\���R�I���W�K�H���F�R�Q�L�F�D�O���F�R�P�S�U�H�V�V�L�R�Q���I�L�H�O�G���Z�L�W�K���� < 0º is governing. Another limitation is that 

the model cannot capture phenomena related to concrete and steel deformations, such as the reduced 

bond strength at large (inelastic) reinforcement strains and the descending branch in the bond stress 

distribution, see Fig. 5.10b.  

 

Fig. 5.11 - Schematic overview of the discontinuous stress field model including two main extensions: (i) adjust-
ment of the �D�[�L�D�O���F�R�Q�F�U�H�W�H���W�H�Q�V�L�O�H���V�W�U�H�V�V�H�V���1xd �L�Q���F�D�V�H���R�I���D���U�H�J�L�P�H���F�K�D�Q�J�H���I�U�R�P���Q�H�J�D�W�L�Y�H���W�R���S�R�V�L�W�L�Y�H������
with a significant bond decrease (brown, see Section 5.4.1), and (ii) interface compatibility (grey, see 
Section 5.4.2). 



 5.4. Exploration of possible model extensions 

  143 

These model limitations are addressed in the following by two modifications (see Fig. 5.11). In 

Section 5.4.1�����W�K�H���D�[�L�D�O���W�H�Q�V�L�O�H���V�W�U�H�V�V�H�V���1xd activated by each rib are reduced in order to avoid failures of 

the conical compression �I�L�H�O�G���D�Q�G���I�L�Q�G���V�R�O�X�W�L�R�Q�V�� �Z�L�W�K���Q�H�J�D�W�L�Y�H���L�Q�F�O�L�Q�D�W�L�R�Q�V������ �O�H�D�G�L�Q�J�� �W�R���K�L�J�K�H�U bond 

stresses. In Section 5.4.2, stiffnesses are assigned to the reinforcing bar and the concrete and a simplified 

interface compatibility condition is introduced, such that the load and steel deformation dependencies 

of bond can be captured by the model. 

5.4.1 Reduced axial tensile stresses 

In Section 5.3.5, it was shown that local bond may decrease pronouncedly if the uniaxial compressive 

strength in the conical compression field becomes governing, which does not reflect the experimentally 

observed behaviour. In such cases, a more realistic stress field can be developed by reducing the axial 

concrete tensile stress activated by the corresponding ribs to  a value below the concrete tensile strength 

���1xd,i �”  fct). This extension of the solution space of admissible stress fields is examined for the 7th rib of 

Specimen Ø14.U.ND#3 (see Fig. 5.10�D�������7�K�H���E�R�Q�G���V�W�U�H�V�V�H�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���D���X�W�L�O�L�V�D�W�L�R�Q���R�I���1xd,i = fct/3, 

�1xd,i = fct�������D�Q�G���1xd,i = fct  in the axial hollow cylinder are shown in Fig. 5.12a-�F�����Z�L�W�K���W�K�H���D�Q�J�O�H�������V�H�W���W�R��

its minimum admissible value. The original solution space (Fig. 5.12a) is enhanced by the reduction of 

the axial tensile stress to 50% and 33% of the tensile strength (Fig. 5.12b and c, respectively), providing 

feasible solutions with larger bond strength, i.e. �V�R�O�X�W�L�R�Q�V���Z�L�W�K�������������ž�����+�R�Z�H�Y�H�U�����W�K�L�V���P�H�D�V�X�U�H���D�I�I�H�F�W�V��

the successive ribs as the hollow cylinder becomes thicker, reducing the remaining space for the hollow 

cylinders activated by successive ribs. 

The application of the extended model, where not all ribs necessarily activate the full axial tensile 

capacity of the concrete (i.e. �1xd,i �” fct), is explored hereafter. To utilise the capacity of the concrete in 

axial tension, the r-coordinate of Point E corresponding to Rib i+1 is set equal to that of Point E of the 

preceding Rib i (rE,i+1 = rE,i ) if Rib i �G�R�H�V�� �Q�R�W���D�F�W�L�Y�D�W�H�� �W�K�H�� �I�X�O�O���D�[�L�D�O���W�H�Q�V�L�O�H�� �V�W�U�H�Q�J�W�K�����1xd,i �” fct ). The 

hollow cylinders activated by subsequent ribs may thus overlap. Generally, the axial tensile capacity of 

�W�K�H���F�R�Q�F�U�H�W�H���L�V���I�X�O�O�\���H�[�S�O�R�L�W�H�G�����™�1xd,i = fct); the axial tensi�O�H���V�W�U�H�V�V���L�V���K�R�Z�H�Y�H�U���O�R�F�D�O�O�\���U�H�G�X�F�H�G�����1xd,i < fct) 

in case the conical compression field becomes decisive and bond stresses would otherwise decrease 

abruptly. Fig. 5.13a illustrates the resulting stress field for Specimen Ø14.U.ND#3, where the axial 

�W�H�Q�V�L�O�H���V�W�U�H�V�V���Z�D�V���U�H�G�X�F�H�G���D�W���W�K�H���U�H�V�S�H�F�W�L�Y�H���U�L�E�V���X�Q�W�L�O���D���I�H�D�V�L�E�O�H���V�R�O�X�W�L�R�Q���Z�L�W�K�������������ž���Z�D�V���I�R�X�Q�G�����$�V���D��

reference, for the 8th �U�L�E�����1xd,8 was set to 0.5·fct, and the 9th rib utilised the remaining capacity of the 

 

Fig. 5.12 - Resulting bond stresses in the admissible solution space at the 7th rib of Specimen Ø14.U.ND#3 for 
��min and corresponding optimal stress field geometry at EF: (a) �1xd,i = fct; (b) �1xd,i = fct/2; (c) �1xd,i = fct/3. 
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�K�R�O�O�R�Z���F�\�O�L�Q�G�H�U�����$���U�H�G�X�F�W�L�R�Q���R�I���W�K�H���D�[�L�D�O���W�H�Q�V�L�O�H���V�W�U�H�V�V�����1xd,i < fct) was applied from the 8th to the 15th 

rib.  

Fig. 5.13b compares the resulting bond stress distribution (orange) to that of the stress field assuming 

�1xd,i = fct ���E�O�D�F�N�����D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D�����J�U�H�\�������7�K�H���V�W�U�H�V�V���I�L�H�O�G���Z�L�W�K���1xd,i �”  fct  captures higher and more 

�U�H�D�O�L�V�W�L�F���E�R�Q�G���V�W�U�H�V�V���Y�D�O�X�H�V���W�K�D�Q���Z�K�H�Q���D�V�V�X�P�L�Q�J���1xd,i = fct�����7�K�H���P�R�U�H���H�I�I�L�F�L�H�Q�W���V�R�O�X�W�L�R�Q�V���Z�L�W�K���� < 0º found 

�Z�L�W�K���1xd,i �”  fct  are also reflected in the much higher utilisation of the uniaxial compressive strength in 

the conical compression fields (Fig. 5.13c, compare to Fig. 5.10f).  

�7�K�H���F�K�R�V�H�Q���Y�D�O�X�H���R�I���1xd,i highly affects the solution space of the subsequent rib i+1. Hence, a simple 

maximisation of the transferred load at each rib (starting at the main crack and proceeding towards the 

�L�G�H�D�O���V�H�F�W�L�R�Q�����E�\���R�S�W�L�P�L�V�L�Q�J���1xd,i would yield unrealistic results with a strongly jagged bond stress dis-

tribution: the bond force at a specific rib could be maximised with low axial tensile stresses and very 

flat conical compression fields (large angle �.), which would however strongly impair the possible ge-

ometries and bond strengths of the compression fields in the following ribs. Such issues were 

circumvented in the stress field shown in Fig. 5.13�E���E�\���O�L�P�L�W�L�Q�J���W�K�H���L�Q�F�O�L�Q�D�W�L�R�Q���.���R�I���W�K�H����th strut, which 

caused a slight decrease of the bond stresses at the 6th rib but enabled much higher bond forces at the 

7th �U�L�E�� �H�Y�H�Q�� �Z�L�W�K�R�X�W�� �U�H�G�X�F�L�Q�J�� �1xd,7 (see black and orange curve in Fig. 5.13b before the bond stress 

drops). This somewhat arbitrary choice, similar to the manual �V�H�O�H�F�W�L�R�Q���R�I���1xd,i < fct , highlights that 

�G�H�V�S�L�W�H���W�K�D�W���R�S�W�L�P�L�V�L�Q�J���1xd,i appears to be promising, further work would be required to find an objective 

optimisation approach that automatically develops meaningful stress fields. This is however beyond the 

scope of this paper. 

 

Fig. 5.13 - Stress field development �I�R�U���6�S�H�F�L�P�H�Q���‘�������8���1�'�������Z�L�W�K���1xd,i �”  fct: (a) stress field topology; (b) bond 
stress distribution �F�R�P�S�D�U�H�G���W�R���W�K�H���V�W�U�H�V�V���I�L�H�O�G���V�R�O�X�W�L�R�Q���Z�L�W�K���1xd,i = fct and experimental data; (c) gov-
erning stresses. 
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5.4.2 Compatibility at the reinforcing bar -concrete interface 

The rigid-plastic stress fields developed in the previous sections aim at maximising the force transfer at 

each rib for the given configuration without considering deformations, hence they disregard compati-

bility. While this can be justified based on the lower bound theorem of plasticity theory, the results are 

of limited use for load-deformation analyses and serviceability considerations such as estimating crack 

widths. Furthermore, the rigid-plastic stress fields cannot capture the well-known, experimentally sub-

stantiated strong impact of high steel deformations: bond stresses decrease significantly at large steel 

strains, i.e. when the reinforcement yields. This is reflected in established models such as the TCM, 

where the bond stresses are reduced to half of the initial value once the reinforcement yields [4].  

These shortcomings of the rigid-plastic stress fields are addressed in the following by assigning 

stiffnesses to the reinforcing bar and the concrete and introducing a simplified compatibility condition 

requiring contact between the concrete and the reinforcing bar at every rib. Note that unlike compati-

bility -based stress fields [33] or more general nonlinear finite element analyses, these simple model 

extensions �± in the following referred to as interface compatibility �± do not ensure a continuous com-

patible stress field satisfying the stress-strain relationship at each point, as is evident, when considering 

the stress discontinuities at the conical boundaries of the conical compression field. However, the model 

with interface compatibility maintains the clear mechanical meaning of all components as in the rigid-

plastic stress field, and despite being a crude idealisation �± essentially corresponding to a Level 2  ap-

proximation according to [54] �± enables a more realistic consideration of the force transfer between 

reinforcing bars and surrounding concrete and facilitates carrying out approximate load-deformation 

analyses. 

5.4.2.1 Main assumptions for interface compatibility 

Fig. 5.11 illustrates the workflow in the development of the stress field considering interface compati-

bility, which is based on the rigid-plastic stress field presented in Section 5.3 and adopts the use of 

reduced axial tensile stresses introduced in Section 5.4.1. For all admissible rigid-plastic stress fields 

evaluated according to these previous sections, the steel and concrete deformations and deformation 

increments at the interface are estimated as further outlined below, discarding solutions where the axial 

steel deformations and concrete displacements at the interface differ by more than a specified threshold 

(tolerance). From the remaining set of admissible solutions, the stress field with the highest bond stress 

is chosen. 

The reinforcing bar is assigned a suitable stress-strain relationship. In this study, the relationship pro-

posed by Ramberg-Osgood [55] for cold-worked reinforcing bars is used, as it represents well the 

constitutive behaviour of the reinforcement in the experiments used for validating the model [52]. The 

steel displacements consist of the elongation of the reinforcing bar, corresponding to the integral of 

steel strains from the ideal section to the rib under consideration. In the model, these displacements are 

determined rib-wise, with Rib i contributing 

  (5.22)  

�Z�K�H�U�H���0s,i+1 = steel strains between Rib i and i+ 1 obtained from the steel stresses (which are constant 

between the ribs) and the stress-strain relationship of the reinforcing bar. The total steel displacement 
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at Rib i then corresponds to the sum of the contributions of all ribs between Rib i and the ideal cross-

section. 

The concrete in the conical compression field and in the axial tensile hollow cylinders is modelled 

as linearly elastic in tension and compression, which is a reasonable approximation since high concrete 

stresses occur only within a short length along the conical compression fields. On the other hand, the 

deformations of the annular discs acting as hoops are neglected (i.e. the radial coordinates of the points 

E and F of the rigid-plastic stress field are maintained) since the stresses and deformations of these discs 

are subject to considerable uncertainty (load sharing of inner and outer annular disc, internal splitting 

and conical micro-cracks in inner part of the tie r  < rct,min, see Fig. 5.1b and Section 5.3.3.3). The small 

deformations of the triaxial nodal zone ABK are also neglected, as well as the contribution of conical 

micro-cracks (see Fig. 5.1b) caused by the discontinuity between the conical compression fields (which 

close to the ribs are subjected to high compressive stresses) and the surrounding stress-free concrete. 

Hence, the deformations of the concrete components of the stress fields of each rib consist of the 

superposition of (i) an axial elongation due to the tensile strains in the hollow cylinders (see Fig. 5.14a), 

with Rib i contributing approximately 

  (5.23)  

where xK �± xM + sR = axial distance between Point M of the rib under consideration (see Fig. 5.7b) and 

Point K of the subsequent rib, and (ii) a contraction of the conical compression field along its genera-

trices, with the contour surface EF remaining in place. The contraction of the conical compression field 

(ii) causes axial concrete displacements at Rib i (Fig. 5.14b): 

  (5.24)  

with rM and rN = radial coordinates of Points M and N according to Eqs. (5.13) and (5.15), respectively 

(see also Fig. 5.7b), as well as radial concrete displacements (Fig. 5.14b): 

  (5.25)  

which, in turn, cause an axial interface slip at Rib i:  

  (5.26)  

if one assumes that vcc,i is absorbed by sliding along the rib-concrete interface, i.e. associated by axial 

displacements such that concrete and reinforcing bar remain in contact (Fig. 5.14b). The corresponding 
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reduction of the contact surface is included in the model, hence, less load is transferred as the contact 

surface becomes smaller with increasing interface slip. 

The model assumes that the concrete between the conical compression fields does not contribute to 

the transfer of bond forces. However, this concrete constrains the relative displacements of adjoining 

conical compression fields, which complicates the superposition of the concrete displacements of the 

stress fields originating at all ribs. For simplicity, it is assumed here that (i) the radial displacements vcc,i 

and hence the axial interface slip �/R,i at each rib depend only on the stress field at the corresponding rib, 

but (ii) the concrete parts between the conical compression fields impose the vertical displacements of 

the conical compression field at Rib i+1 to that of Rib i. The axial concrete displacement at Rib i thus 

corresponds to the sum of the contributions of all stress fields between Rib i and the ideal cross-section. 

In order to ensure that concrete and reinforcement remain in contact along the discontinuity surface 

BK, the axial steel displacements us,i at each rib must correspond to the sum of the axial concrete dis-

placements uc,i and the �D�[�L�D�O���L�Q�W�H�U�I�D�F�H���V�O�L�S���/R,i, unless additional slip �/sp,i  occurs either due to internal 

splitting (causing concrete dilation enabling higher reinforcing bar slip at the interface) or local concrete 

crushing in front of the ribs, or both. As the stress field is derived rib-wise, starting at the main crack, 

the total steel displacement us,i and the concrete displacements component uc,i �± which are integrals of 

the steel and axial concrete deformations, respectively, from the ideal cross-section to the rib under 

consideration �± are unknown until the entire stress field has been developed. Hence, an iterative solution 

would be required if the stress field depended on the total displacements, similar to the solution of the 

differential equation of bond in models relying on nominal bond shear stress-slip relationships. Note 

�W�K�D�W���L�Q���V�X�F�K���P�R�G�H�O�V�����W�K�H���Q�R�P�L�Q�D�O���V�O�L�S���/���L�V���F�R�P�P�R�Q�O�\���G�H�I�L�Q�H�G���D�V���W�K�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���W�R�W�D�O���V�W�H�H�O��

displacements us and the concrete elongation due to bond-induced axial tensile stresses (see Fig. 5.14c), 

which essentially corresponds to the elongation of the hollow cylinders uct in the stress field model, i.e. 

�W�K�H���Q�R�P�L�Q�D�O���V�O�L�S���/ = us �± uct (contains the stress-induced concrete displacements ucc. 

However, since (i) the total steel displacements us,i and the axial concrete displacements uc,i are sums 

of the contributions of all stress fields between Rib i and the ideal section, and (ii) compatibility must 

 

Fig. 5.14 - Assumed concrete stress-induced interface displacements: (a) isolated hollow cylinder deformations; 
(b) conical compression field deformations; (c) displacements of the concrete at the surface, the con-
crete at the interface and the steel (neglecting additional slip due to splitting or local concrete crushing 
in front of ribs). 
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be satisfied at all ribs, interface compatibility can also be formulated incrementally, i.e. in terms of steel 

�D�Q�G���F�R�Q�F�U�H�W�H���G�L�V�S�O�D�F�H�P�H�Q�W���L�Q�F�U�H�P�H�Q�W�V���ûus,i �D�Q�G���ûuc,i between two successive Ribs i and i+1 (Fig. 5.14a) 

  (5.27)  

and as the stress field does not depend on the total steel or concrete displacements but only on their rib-

wise increments, the stress field can be developed using incremental interface compatibility starting 

from the main crack. As the input values depend on the transferred load, ensuring equal displacement 

increments is a suitable condition for controlling the load transfer. A tolerance for the relative difference 

�E�H�W�Z�H�H�Q�� �ûus �D�Q�G�� �ûuc is introduced to account for imperfections and model insecurities, such as the 

assumed linear elastic concrete behaviour and the uncertainty arising from the expansion of the hollow 

cylinders carrying tensile stresses with regard to the position of the ideal section, which also improves 

the robustness of the numerical implementation.  

5.4.2.2 Solution procedure 

In the development of the stress field following the workflow illustrated in Fig. 5.11, it is initially as-

sumed at each rib that all concrete displacement increments at the interface are stress-induced, i.e. 

�F�D�X�V�H�G�� �E�\�� �ûuct,i���� �ûucc,i �D�Q�G�� �/R,i (due to vcc,i������ �K�H�Q�F�H�� �/sp,i = 0. If no stress field (i) complying with the 

�E�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���W�K�H���\�L�H�O�G���F�U�L�W�H�U�L�R�Q�����D�V���Z�H�O�O���D�V�����L�L�����V�D�W�L�V�I�\�L�Q�J���L�Q�W�H�U�I�D�F�H���F�R�P�S�D�W�L�E�L�O�L�W�\���Z�L�W�K���/sp,i = 0 

�F�D�Q���E�H���I�R�X�Q�G�����L�W���L�V���D�V�V�X�P�H�G���W�K�D�W���D�G�G�L�W�L�R�Q�D�O���V�O�L�S���/sp,i > 0 is caused by internal splitting cracks and local 

concrete crushing in front of the rib in order to satisfy displacement compatibility at the interface. This 

is typically the case if the reinforcing bar yields: bond stresses are low and the concrete stress-induced 

interface displacements including interface slip are small, while the steel displacements increase dis-

proportionally.  

�7�K�H���D�G�G�L�W�L�R�Q�D�O���V�O�L�S���/sp,i required for interface compatibility is determined as the difference between 

steel and concrete displacements while maximising bond. However, since th�H���D�G�G�L�W�L�R�Q�D�O���V�O�L�S�����/sp,i > 0) 

is associated with internal splitting, the concrete near the reinforcing bar is assumed to be radially 

cracked, and no triaxial stresses can develop at the reinforcing bar-concrete interface in this case. Hence, 

�L�I�� �/sp,i > 0, ���� �L�V�� �V�H�W�� �H�T�X�D�O�� �W�R�� �W�K�H�� �U�L�E�� �I�O�D�Q�N�� �L�Q�F�O�L�Q�D�W�L�R�Q�� ��rib. Note that higher bond stresses cause more 

pronounced steel stress changes and larger concrete stress-induced interface displacements requiring 

smaller additional slip and vice versa; the solution with maximum bond thus requires a minimum addi-

�W�L�R�Q�D�O���V�O�L�S���/sp,i. Higher bond forces in parts affected by splitting could be ensured by providing confining 

reinforcement (similar as in the Dual-Cone stress field [45]), enabling a triaxial nodal zone despite 

internal splitting. This is, however, beyond the scope of this paper. 

Unlike the rigid-plastic stress fields presented in Section 5.3, which are independent of the applied 

load as long as it is equal to or higher than the cracking load, the stress field with interface compatibility 

depends on the applied load. Thus, the numerical solution must be carried out step-wise with increasing 

loads. Thereby, the four stages shown in Table 5.2 are distinguished: (1) crack formation, (2) stabilised 

cracking, (3) elastic-cracked behaviour and (4) plastic steel deformations. In the crack formation stage 

(1), the concrete is assumed to be pre-cracked at large distances, resulting in a pull-out situation at the 

cracks. The crack spacing is determined for the cracking load (where cracking stabilises in load control) 
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and subsequently kept constant, i.e. the concrete is not necessarily fully activated in tension for loads 

higher than the cracking load Fcr, as the bond stresses may decrease at higher load. 

5.4.2.3 Results  

The model extension with interface compatibility is validated against Specimen Ø16.M.ND#2 (Table 

5.1) as this specimen is well-suited to investigate the occurrence of splitting. The four stages defined in 

Table 5.2 are represented by four different stress fields with interface compatibility, which were devel-

oped for maximum steel stresses (at the crack) of 200, 335, 450 and 580 MPa. The results obtained 

from the stress fields with interface compatibility, the experimental data �± again for all crack elements 

to illustrate the inherent scatter �± and the TCM predictions are compared in Fig. 5.15.  

The bond stress distributions (Fig. 5.15a) and average axial concrete stress distributions (Fig. 5.15b) 

obtained from the stress field with interface compatibility correlate well with the experimentally ob-

served profiles, capturing both the ascending as well as the descending branches in the bond stress 

distributions; the latter is mainly enabled by the interface compatibility condition. The TCM overesti-

mates the concrete stresses in all cases and provides reasonable average bond stresses, particularly at 

higher loads and for the elements that did not split, but cannot account for the bond loss due to splitting. 

At low load during crack formation (pull-out situation at 200 MPa), the concrete was activated over a 

long distance which is captured well by the stress field model, while the Tension Chord Model �± due to 

the assumed high bond stresses (2·fct) �± activates a much shorter length. Note that the experimental data 

exhibit some bending effects presumably caused by the clamping of the steel bar ends [52]. 

The displacements illustrated in Fig. 5.15c indicate that controlling bond forces via interface com-

patibility worked well for all stages. The total steel and concrete displacements show a higher difference 

(corresponding to the admitted tolerance) at high bond stresses and also increasingly with high steel 

deformations (Stages 2 and 3). A possible explanation is that in such cases, concrete crushing would 

contribute to slip, which cannot be accounted for in the model, as it is only introduced together with 

�V�S�O�L�W�W�L�Q�J���D�Q�G���� = ��rib. Note that already during crack formation (pull-out situation, see red dots for ribs 

with splitting in Fig. 5.15f) at 200 MPa, the slip contribution due to splitting was required at the first 

rib, where the steel displacement is largest while the length over which concrete can be compressed, i.e. 

�J�H�Q�H�U�D�W�H���ûucc,i �D�Q�G���/R,i (due to vcc,i), is very short. For the same reason, branches with initial low bond 

stresses are also seen in Stages 2 and 3 (270 and 450 MPa). In Stage 4 (580 MPa) with plastic steel 

strains near the crack, longitudinal splitting was experimentally observed in all but four crack elements  

 

Table 5.2 - Modelling stages for the stress field with interface compatibility depending on the cracking load Fcr 
and the steel yielding load Fsy. 

Stage Load Characteristics 

1 �± crack formation  
     (pull-out situation) 

F < Fcr Concrete not fully activated in tension. Ideal cross-section where steel and 
axial concrete strains are equal. Internal splitting may occur. 

2 �± stabilised cracking F = Fcr Concrete fully activated in tension. Cracks forming initially at the maximum 
crack spacing and subsequently at the minimum crack spacing. Internal split-
ting may occur. 

3 �± elastic-cracked Fcr <  F < Fsy Minimum crack spacing from Stage 2 kept constant (formation of possible 
further cracks neglected). Internal splitting may occur, more likely near 
crack. 

4 �± plastic steel  
     deformations 

Fsy <  F Bond decreases with decreasing steel stiffness. Minimum crack spacing from 
Stage 2 kept constant. Internal splitting likely to occur. 
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Fig. 5.15 - Results of the stress fields with interface compatibility compared to experimental data and TCM pre-
dictions for Specimen Ø16.M.ND#2 at maximum steel stresses of 200, 270, 450 and 580 MPa: (a) 
bond stress distributions; (b) average axial concrete stress distributions; (c) displacements at the in-
terface; (d) crack spacing and (e) average bond stresses; (f) stress field geometries with highlighted 
conical compression fields (left) and tensile rings (right) (ribs with splitting marked with red dots). 
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of the specimen. The bond stresses in the crack elements exhibiting splitting are modelled very well by 

the stress field, including the increase of bond stresses further away from the crack, although the longi-

tudinal extent of the split region is slightly overestimated, which could be attributed again to the fact 

�W�K�D�W���W�K�H���P�R�G�H�O���D�V�V�X�P�H�V���V�S�O�L�W�W�L�Q�J���D�V���V�R�R�Q���D�V���/sp > 0 is required for interface compatibility, b�X�W���/sp could 

partly be caused by concrete crushing in front of the ribs without splitting and therefore higher bond 

stresses. On the other hand, the maximum bond stresses predicted by the model in the unsplit region are 

higher than experimentally observed. A possible explanation is that the confinement capacity of the 

annular discs providing confinement in the split region, was not reduced. 

Fig. 5.15d and e illustrate the crack spacing and the average bond stresses. Concrete cracking oc-

curred in the experiment at very low stresses of only 190 MPa, while the TCM predicts cracking at 

380 MPa and the stress field at 266 MPa (assuming a tensile strength of 0.7·fct). This can be explained 

by initial stresses due to shrinkage and possible bending effects, as well as scatter of the tensile strength. 

The TCM provides reliable lower and upper bounds for the crack spacing, but the local and the average 

bond stresses are overestimated, particularly for Stages 2 and 4, where they are overpredicted by a factor 

�R�I�����«�������7�K�H���V�W�U�H�V�V���I�L�H�O�G���Z�L�W�K��interface compatibility activates the full axial concrete tensile capacity at 

around 270 MPa (see also Fig. 5.15f) where a new crack forms at x = 300 mm. This crack spacing is 

then held constant, as the stress fields for 450 and 580 MPa do not even activate the full tensile capacity 

at the given crack spacing, hence no new crack is predicted. The average bond stresses predicted by the 

stress field closely match the experimental data. 

 

5.4.2.4 Discussion 

Accounting for interface compatibility improves the capability of the stress field to predict the load-

deformation behaviour while maintaining transparency and a clear physical meaning of all model com-

ponents: Interface compatibility requires that the change in elongation of the reinforcing bar must be 

matched by the concrete stress-induced axial interface displacements, which are assumed to consist of 

the contraction of the conical compression field along its generatrices (causing axial and radial interface 

displacements, the latter being absorbed by interface slip) and the expansion of the axial hollow cylin-

der, with an additional slip due to internal splitting and crushing of the concrete in front of the ribs 

where required. With this simple condition, the load transfer could be steered satisfactorily in depend-

ence on the applied load. The results match the experimental data very well, and the occurrence of 

splitting cracks could be predicted in the specimen used for validation.  

Nonetheless, the stress field still should be improved in some important aspects, particularly regard-

ing the modelling of the splitting cracks and their radial extent. On the one hand, the concrete in the 

split region around the reinforcing bar cannot be activated tangentially, but at least in the specimen used 

for validation, the tangential stresses in the split region were very low (see Fig. 5.15d, 580 MPa), such 

that the surrounding concrete would likely be able to carry the radial bursting load, enabling higher 

stresses in the node ABK and thus higher bond stresses. In fact, rather than the capacity of the tensile 

hoops, the low bond stresses predicted by the model in the split area are primarily caused by the lack of 

�D���W�U�L�D�[�L�D�O���]�R�Q�H���$�%�.���D�W���W�K�H���U�L�E�V�����L�P�S�R�V�L�Q�J���� = ��rib), which can diminish the bond stress by an order of 

magnitude at typical rib flank inclinations (see Fig. 5.5b). On the other hand, the model does not account 

for the fact that the tensile hoops confining the conical compression fields of the ribs adjacent to the 
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split area with rather high bursting forces are located in the split region, which should reduce their 

capacity; as commented in Section 5.4.2.3, this may cause overprediction of the bond stresses near the 

split area. 

Furthermore, as additional slip is needed to satisfy interface compatibility, splitting is introduced at 

low loads. This prevents the formation of a triaxial stress state near the ribs and leads to excessively 

low bond stresses in the region close to the crack. However, the missing slip is at least partly due con-

crete crushing, which is ignored by the model. Using a non-linear constitutive law for concrete could 

enhance the predictions by creating a transition from linear-elastic to fully split behaviour. 

5.5 Summary of the main findings and conclusion 

This paper investigates the load transfer between reinforcing steel and concrete with stress fields for the 

case of axisymmetric reinforced concrete (RC) ties subjected to monotonic loading. To this end, a rigid-

plastic discontinuous stress field based on the lower bound theorem of Plasticity Theory (Section 5.3) 

was developed and subsequently refined and extended to account for interface compatibility (Section 

5.4). Rather than relying on the crude idealisation of nominal bond shear stresses and slip and semi-

empirical bond shear stress-slip relationships as most existing bond models, the stress fields presented 

in this paper derive the load transfer based on the material properties and geometry of the RC tie and 

the capability of the surrounding concrete to carry the loads. Bond forces are transferred through a 

triaxial nodal zone at the concrete-reinforcing bar interface and radially spread by hollow conical com-

pression fields, whose radial and axial components are resisted by annular discs acting as hoops and 

axial hollow cylinders loaded in tension. The geometry of the stress field was developed such that crit-

ical overlap of stress field parts is minimised, and the inner radius of the annular discs and the smallest 

hollow cylinder defined such that the superposition of tensile stresses in these components with the 

compressive stresses in the conical compression field is not governing. 

The rigid-plastic stress field, whose geometry is independent of the level of applied load, was vali-

dated against experimental data obtained from three RC ties instrumented with distributed fibre optical 

sensing (DFOS), showing good correlation in terms of the maximum bond stresses and crack spacing 

and highlighting that the stress field is capable of reliably accounting for the influence of the reinforcing 

bar diameter and rib geometry. However, the initial assumption that the tensile capacity of the hollow 

cylinders should be fully utilised by each individual conical compression field proved to be unfavoura-

ble in cases of high bond stresses, where concrete crushing in the conical compression field becomes 

governing, accompanied by a sudden drop in bond stresses. Therefore, a local reduction of the axial 

tensile stresses in the hollow cylinders corresponding to the affected conical compression fields was 

explored in Section 5.4.1, yielding improved predictions of the behaviour. However, this solution is 

neither optimal for the stress field at an individual rib, nor for the global stress field, and the method 

requires further development. 

While the rigid-plastic discontinuous stress fields, enhanced by the local reduction of axial tensile 

stresses where appropriate, provide good predictions of the bond strength, they cannot account for the 

influence of the applied load and steel strains, which is particularly relevant in the post-yield range. 

Therefore, an extension of the stress field with an interface compatibility condition, ensuring contact 
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between the concrete and reinforcing steel at every rib for the load transfer, was explored. The extended 

model does not ensure rigorous deformation compatibility but maintains the clear mechanical meaning 

of all components as in the rigid-plastic stress field. The main findings and conclusions for the stress 

field with interface compatibility, which essentially corresponds to a Level 2 approximation according 

to [54], are: 

�x Despite the crude idealisation and simplistic interface compatibility condition, the predictions 

of the bond stress profiles �± including the ascending and descending branches �± and their de-

pendency on the applied load or steel strains, respectively, could be greatly improved. 

�x The model is capable of capturing the local and average bond stresses and the crack spacing 

throughout the investigated loading stages �± crack formation, stabilised cracking, cracked-elas-

tic behaviour and post-yield range �± satisfactorily, with its predictions correlating very well 

with experimental data. 

�x The model can predict the occurrence of internal splitting and the associated drop in bond 

stresses in the split region, and yields a mechanical explanation for the behaviour, i.e. the addi-

tional slip required to absorb large differences in steel and concrete displacements that cannot 

be accommodated by concrete stress-induced interface displacements, which could not be ex-

plained by simple equilibrium in the rigid-plastic model. 

�x The stress fields are highly valuable for visualising the flow of forces, and provide a clear me-

chanical explanation of the distribution of bond stresses, how confinement influences them, and 

what failure modes govern. One such example is the influence of the missing triaxial stress 

state in the case of splitting, where the omission of the triaxial nodal zone ABK adjacent to the 

ribs, explains the decrease in bond stresses.  

In conclusion, the stress field with interface compatibility provides a proof of concept for the use of 

similar models in order to determine more realistic load-dependent bond stress distributions by ap-

proaching bond beyond its reduction to an interface property as common in nominal bond shear stress-

slip models. 

Future work could focus on the refined modelling of splitting, e.g. determining the extent of the split 

region based on the approaches by Tepfers and Schenkel [35, 37] to improve the modelling of concrete 

confinement within the split region. Also, an approach on how to separately include concrete crushing 

and splitting is desirable as slip caused by concrete crushing can maintain a triaxial nodal zone ABK. 

Furthermore, the stress field should be globally optimised, rather than carrying out local optimisations 

in its rib-�Z�L�V�H���G�H�Y�H�O�R�S�P�H�Q�W�����7�K�H�U�H�E�\�����W�K�H���D�[�L�D�O���F�R�Q�F�U�H�W�H���V�W�U�H�V�V���1xd could be globally optimised and com-

patibility could be accounted for in a  more refined manner based on total displacements. In addition, 

the model should be extended to and validated for confined RC ties, accounting for the beneficial effect 

of transverse reinforcement not only acting as tensile hoops, but also providing additional confinement 

for the nodal zone ABK adjacent to the ribs (analogously as derived in [45]) thus enabling triaxial stress 

states in the case of splitting; however, suitable experimental data for validation is lacking. Another 

potential future work direction is a finite element implementation of a fully compatible stress field, 

similar to [33], with global optimisation. Compared to conventional finite element analyses, such a 

model would have the advantage of being suitable for parametric studies without the need for calibrated, 
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empirical parameters of bond shear stress-slip relationships. Such analyses could be used for instance 

to determine the influence of the rib geometry on bond systematically and optimise it for specific ap-

plications. 
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5.A Appendix 

For the superposition of the conical compression field and the hollow cylinders subjected to uniaxial 

tension, basically two cases can be distinguished depending on the inclination of the compression field: 

(a�����. �”���Œ���� �± �3���� and (b�����. �!���Œ���� + �3���� (see Fig. 5.16a). In the first case (Fig. 5.16a), the conical com-

pression superimposed to the axial tension is beneficial, and the superposition (even with fully activated 

�X�Q�L�D�[�L�D�O���V�W�U�H�Q�J�W�K�V���L�Q���H�D�F�K���F�R�P�S�R�Q�H�Q�W�����L���H�����1�. ��� �1�.��) = fc �D�Q�G���1xd = fct) will not govern failure. In the sec-

ond case (Fig. 5.16b), the conical compression needs to be reduced below its uniaxial capacity such that 

sliding failure is avoided (first Eq. (5.3) �Z�L�W�K���13 = �1�. �D�Q�G���11 = fct) [46]. For the most unfavourable angle 

�. � �� �Œ�������� �F�R�P�S�U�H�V�V�L�Y�H�� �V�W�U�H�V�V�� �Z�L�W�K�L�Q���W�K�H�� �U�H�J�L�R�Q���Z�K�H�U�H�� �W�K�H�� �F�R�P�S�U�H�V�V�L�Y�H���D�Q�G�� �D�[�L�D�O���V�W�U�H�V�V�� �I�L�H�O�G�V���L�Q�W�H�U�V�H�F�W��

must be limited to fc,red to avoid failure: 

  (5.28)  

For simplicity, only the latter case is considered in the development of the stress field. Since the 

compressive stresses in the conical compression field decrease with the radius, this criterion can indi-

rectly be satisfied by choosing the inner radius of the axial tensile hollow cylinder activated by the first 

rib (rct,min) such that the region where the stress fields intersect is not governing and hence, the conical 

compression field can be verified only by checking that its maximum stress (at the boundary BK of the 

�W�U�L�D�[�L�D�O���Q�R�G�D�O���]�R�Q�H�����L�V���E�H�O�R�Z���L�W�V���X�Q�L�D�[�L�D�O���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K�����7�K�L�V���D�S�S�O�L�H�V���L�I���1�.(rct,min) �” fc,red, leading 

to Eq.(5.19). 

Thereby, the inner part of the tie (r  < rct,min) carries no tensile stresses, since neither the axial tensile 

hollow cylinders nor the annular discs acting as hoops extend inside rct,min. This is plausible since the 

transfer of tensile stresses is impeded by the conical micro-cracks (see Fig. 5.1b) that are likely to occur 

in this region already at low loads.  

 

 

Fig. 5.16 - Failure modes in regions where the conical compression field (green) is superimposed to the axial 
�W�H�Q�V�L�R�Q���I�L�H�O�G�����E�O�X�H���������D�����F�D�V�H���Z�L�W�K���E�H�Q�H�I�L�F�L�D�O���V�X�S�H�U�S�R�V�L�W�L�R�Q���R�I���V�W�U�H�V�V���I�L�H�O�G�V���I�R�U���. �����Œ���� �± �3/2; (b) case 
�I�R�U���. �!���Œ���� + �3/2 in which the axial tensile stress (uniaxial tensile strength) in the axial compression 
field reduces the compressive strength of the conical compression field below its uniaxial capacity. 
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Notation 

Latin lower case 

c cohesion 

fc0 uniaxial concrete compressive strength 

fctm mean concrete tensile strength 

fR relative rib area 

fsu steel ultimate stress 

fsy steel yield stress 

hR rib height 

rc  concrete radius 

sR rib spacing 

sr crack spacing 

sRc clear rib spacing 

u deformations in x direction 

x, r, �3 cylindrical coordinates 

Latin upper case 

Ac cross-sectional area of the concrete 

Agt steel strains at the ultimate strength 

As cross-sectional area of the steel 

Ec E-Modulus of concrete 

Es E-Modulus of steel 

F Force, applied external load 
 
 
Greek lower case 

�. inclination of the conical compression field 

�� inclination of the contour surface EF 

�� inclination of the nodal zone ABK 

�/ slip 

�0 strains 

��cc effectiveness factor for concrete subjected to uniaxial compression 

��ct effectiveness factor for concrete subjected to uniaxial tension 

�1 normal stresses 

�1c concrete stresses 

�1s steel stresses 

�1s,max maximum steel stresses (at the crack) 

�2b bond shear stresses 

�3 cylindrical coordinate, angle of internal friction 

 
 



 Appendices 

  157 

Special characters 

Ø diameter 
 

Indices 

c concrete 

m mean 

s steel 

u ultimate limit state 

y yielding 
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6 Validation of serviceability models in 
reinforced concrete beams 

The content of this chapter coincides with the postprint of the following article, differing from the pub-

lished version only in terms of layout and formatting: 

T. Galkovski, J. Mata Falcón, and W. Kaufmann, �³Effective Reinforcement Ratio of RC Beams:

Validation of Modelling Assumptions with High-Resolution Strain Data�´����Structural Concrete, vol. 

23, no. 3, pp. 1353�±1369, 2022. https://doi.org/10.1002/suco.202100739. 

As the lead author, T. Galkovski conducted the literature review, developed the methodology, con-

ducted the experimental investigations and analyses, validated the analyses, visualised the work and 

wrote the entire draft of the manuscript. J. Mata Falcón contributed to the conceptualisation, supervised 

the conducted research by giving constant and valuable inputs and feedback and revised the draft. The 

third author, Walter Kaufmann performed a careful review of the manuscript and enhanced it. 

Abstract 

Concrete tensile stresses influence the cracking behaviour and the stiffness of reinforced concrete (RC) 

members. Most design codes account for this tension stiffening effect using an effective reinforcement 

ratio. Although this ratio has a significant influence on the design of RC structures, its quantification is 

controversial in many cases, and typically relies on empirical geometry-based expressions. One main 

reason for this knowledge gap is that the area of concrete in tension can only be verified indirectly, e.g. 

through crack widths and spacings and using a suitable mechanical model. This indirect validation is 

subject to considerable uncertainty as it depends on parameters that scatter (e.g. bond stresses and the 

concrete tensile strength), and further assumptions relating internal stresses to the applied loads are 

required. 

This paper outlines how refined measurements of the reinforcing steel strains and the concrete defor-

mations in the compression zone, combining distributed fibre optic sensing (DFOS) and digital image 

correlation (DIC), can be used in order to obtain a more reliable quantification of the parameters affect-

ing tension stiffening and hence, the effective reinforcement ratio. Selected models are validated against 

experimental data of an RC beam tested under four-point bending, underlining the potential of DFOS 

and DIC as valuable tools for a better understanding of RC structures and the enhancement of mechan-

ical models. 



6. Validation of serviceability models in reinforced concrete beams

164 

Introduction  

The concrete tensile strength fct is typically neglected in modern structural concrete design in the ulti-

mate limit state (ULS) because it is by an order of magnitude smaller than the concrete compressive 

strength fc, scatters considerably, and concrete tensile failure is brittle. Moreover, relying on it might be 

unsafe because tensile stresses in the range of the concrete tensile strength may be present before the 

application of external load due to initial stresses caused by internal and external restraints, which makes 

the cracking load hard to predict. Nevertheless, the concrete between the cracks is subjected to tension 

due to the bond between reinforcement and concrete. This influences the global structural behaviour 

and is essential for serviceability and deformation capacity aspects [1�±3]. 

6.1.1 RC members in tension 

The complex interaction of concrete and reinforcement �± with high local stress peaks at the ribs of the 

deformed bars �± �L�V���F�R�P�P�R�Q�O�\���P�R�G�H�O�O�H�G���E�\���L�Q�W�U�R�G�X�F�L�Q�J�� �E�R�Q�G���V�K�H�D�U���V�W�U�H�V�V�H�V�� �2b, uniformly distributed 

along the nominal perimeter �S�Ø̃ of the reinforcing bar, where Ø = nominal bar diameter, whose mag-

nitude is assumed to depend on the slip, i.e. the relative displacement between concrete and 

reinforcement, or on the steel stresses (e.g. [4�±7]�������7�\�S�L�F�D�O�O�\�����W�K�H���E�H�K�D�Y�L�R�X�U���L�V���P�R�G�H�O�O�H�G���X�V�L�Q�J���D���µ�F�U�D�F�N��

�H�O�H�P�H�Q�W�¶����i.e. a reinforced concrete (RC) element between two cracks, as illustrated in Fig. 6.1a, assum-

ing that concrete cross-sections remain plane. 

For instance, the Tension Chord model (TCM) assumes a simplified stepped, rigid-perfectly plastic 

bond shear stress-�V�O�L�S���U�H�O�D�W�L�R�Q�V�K�L�S�����Z�K�H�U�H���W�K�H���E�R�Q�G���V�W�U�H�V�V�H�V���G�H�S�H�Q�G���R�Q���W�K�H���V�W�H�H�O���V�W�U�H�V�V�H�V���1s and the yield 

strength fsy rather than the slip and are linked to the concrete tensile strength fct (Fig. 6.1e) [6]: 

(6.1) 

�7�K�H���V�W�H�H�O���V�W�U�D�L�Q�V�� �0s and steel stresses are highest at the cracks and decrease with distance (Fig. 6.1b 

and �F�������Z�K�H�U�H�D�V���F�R�Q�F�U�H�W�H���W�H�Q�V�L�O�H���V�W�U�H�V�V�H�V���1c are zero at the cracks and increase with distance (Fig. 6.1d). 

For the maximum theoretical crack spacing, the concrete area Ac,eff in the cross-section at the centre 

between two cracks is subjected to fct. Another crack may form at this location, reducing the crack 

spacing to its theoretical minimum.  

�6�L�Q�F�H���W�K�H���P�H�D�Q���U�H�L�Q�I�R�U�F�H�P�H�Q�W���V�W�U�H�V�V�H�V���D�U�H���O�R�Z�H�U���W�K�D�Q���W�K�H���V�W�U�H�V�V�H�V���1s at the cracks, the bonded bar, 

often referred to as tension chord, behaves stiffer than the bare bar, whereas the yield strength and the 

ultimate strength fsu remain unchanged since at the cracks, concrete stresses are zero. Hence, the mean 

�V�W�U�D�L�Q�V���0sm of the tension chord at failure are considerably smaller than those of the bare bar, even for 

high reinforcement ratios [8]. Neglecting these effects, known as tension stiffening, is unsafe for duc-

tility assessments in the ULS design, as the deformation capacity is overestimated. On the other hand, 

reduced mean reinforcement strains lead to smaller deformations, deflections and crack widths. Ser-

viceability Limit State (SLS) verifications are thus beneficially affected by tension stiffening. 

Therefore, its consideration results in a safer, leaner, more efficient, and ultimately more sustainable 

design. 
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6.1.2 Modelling of tension stiffening 

Tension stiffening can be accounted for in design globally, by adopting suitably adjusted load-defor-

mation relationships relating e.g. the applied tensile load to the average elongation of a tension chord, 

or the applied bending moments to the average curvature of a beam, respectively. Such global load-

deformation relationships can be derived numerically by considering the local bond behaviour, defined 

by a bond shear stress-�V�O�L�S���U�H�O�D�W�L�R�Q�V�K�L�S�����U�H�O�D�W�L�Q�J���Q�R�P�L�Q�D�O���E�R�Q�G���V�K�H�D�U���V�W�U�H�V�V�H�V���2b along the perimeter of 

the reinforcing bar to the slip between steel and concrete, as already mentioned above. Assuming a 

linear behaviour of concrete and reinforcement, this results in the second-order ordinary differential 

equation (SODE) of slipping bond, first formulated by Kuuskoski [9] and solved by Rehm [10], and 

further outlined in Section 6.2. Depending on the assumed bond shear stress-slip relationship, solving 

this SODE to obtain global response predictions may be unpractical, computationally inefficient, and 

questionable in the light of the uncertainties and the drastic simplification of the interfacial behaviour 

[11]. This justifies further simplifications, which allow for an analytical solution of the problem [5,6, 

12�±14]. Based on these assumptions, closed-form expressions for the global response are obtained. 

Such expressions, relating (maximum) reinforcement stresses at the cracks to mean strains, can also be 

obtained by semi-empirical modifications of the stiffness of the bare reinforcement and are commonly 

used in design to determine crack widths and deflections [1�±3]. Other approaches to model the tension 

stiffening behaviour of RC members exist. A comprehensive overview is given by Borosnyói and Ba-

lász [7]. 

6.1.3 Problem statement 

Tension stiffening in RC beams depends highly on the effective �U�H�L�Q�I�R�U�F�H�P�H�Q�W���U�D�W�L�R���!eff: the ratio be-

tween the cross-sectional area of the reinforcement As and the effective area of concrete in tension Ac,eff. 

While determining Ac,eff is straightforward in the axisymmetric case illustrated in Fig. 6.1 �± if the rein-

forcement ratio suffices to generate through cracks before yielding, it corresponds to the concrete cross-

 

Fig. 6.1 - Reinforced concrete under pure tension: (a) crack element bounded by two cracks with crack spacing 
sr and effective area of concrete in tension Ac,eff ; (b)  steel strain distribution �0s; (c) steel stress distri-
bution �1s; (d) concrete tensile stress distribution �1c, and (e) bond stress distribution �2b for presumed 
actual behaviour (dashed lines) and simplified according to the Tension Chord Model (TCM) (solid 
lines). 
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section Ac. However, its quantification is less obvious and even controversial in more general situations. 

Even for the simple case of pure bending, structural design codes merely provide empirical rules based 

on geometrical parameters [1, 2]. 

In a cross-sectional analysis (CSA), it is standard practice to assume that plane sections remain plane 

and normal to the beam axis x according to the Euler-Bernoulli beam theory. To account for tension 

stiffening, often a tension chord with a constant cross-section Ac,eff is assumed, in which the resultant of 

the concrete tensile stresses Fct acts at the centroid of the reinforcement. In pure bending, this results in 

the strains, stresses, and forces in the fully cracked cross-section II and the cross-section I at the centre 

between two cracks shown in Fig. 6.2a, illustrating half a crack element. The inner lever arm z and, 

consequently, the tensile and compressive force resultants are constant in x. In Cross-section I, the con-

crete tensile force Fct is highest, and the concrete is subjected to homogeneous tensile stresses fct over 

the predetermined area Ac,eff. This model is a simplification since stress redistributions between cracks 

may occur (Fig. 6.2b). The inner lever arm and the force resultants generally vary between the cracks, 

and the centroid of the concrete tensile stress resultant Fct generally does not coincide with that of the 

reinforcement [12, 15]. 

6.1.4 Overview of the present study 

This study uses advanced measurement technologies to investigate these unknowns: distributed fibre 

optical sensing (DFOS) and digital image correlation (DIC) have emerged as suitable tools to investi-

gate the local structural behaviour of RC elements [16�±20]. Three approaches to estimate tension 

stiffening-related properties directly from DFOS and DIC measurements are presented and applied to a 

highly reinforced concrete beam tested in four-point bending. Selected models for the effective rein-

forcement ratio and the cracking behaviour for pure bending are validated against the experimental data. 

The presented approaches build on a first basic concept and preliminary results published by Galkovski 

et al. [21]. While they are not intended for application in design, the approaches are helpful to 

 

Fig. 6.2 - Half a crack element with centroids of force resultants (dashed lines) and strain and stress distributions 
in the cross-section at the centre between cracks (I) and at the cracked cross-section (II): (a) as as-
sumed by tension chord-based models and (b) for real behaviour. 
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investigate the underlying physical mechanisms to reveal inconsistencies and limitations of existing 

models and might ultimately lead to more refined and mechanically consistent models. 

 Overview of characterisation methods for tension stiffening and 
cracking behaviour 

Tension stiffening can be described by several equivalent (sets of) parameters, e.g. (i) the concrete 

tensile force, (ii) mean bond stresses and the crack spacing, and (iii) mean and maximum steel and 

concrete strains. Any variation of the steel stresses corresponds to bond shear stresses according to the 

equilibrium condition of a differential reinforcing bar element: 

  (6.2) 

Combined with the assumption of linear behaviour of concrete and reinforcement, Eq. (6.2) forms the 

basis for the SODE of slipping bond.  

In a beam, the tension chord force F = Fs + Fct typically varies if shear forces V are acting, resulting 

in a variable bending moment M = F�z̃, where z = lever arm of internal forces. However, the tension 

chord force may vary even if the bending moment is constant, i.e. V = 0, since the inner lever arm is not 

necessarily constant: 

  (6.3) 

  (6.4) 

Accordingly, a decrease of the steel strains, causing a reduction of Fs, need not imply an increase of Fct, 

and vice versa. Models accounting for strain changes due to tension stiffening alone are in the following 

referred to as tension chord-based models, whereas equilibrium-based models additionally account for 

the change in z and F according to Eqs. (6.3) and (6.4).  

Rather than Ac,eff itself, its effects on design values are relevant to structural engineers. Therefore, 

the corresponding models to assess crack spacings, deformations (via mean steel strains) and crack 

widths are also introduced below. The study is limited to the case of short-term loading, neglecting the 

influence of shrinkage and creep. 

6.2.1 Tension chord-based models 

Tension chord-based models assume the tensile force to be carried by an equivalent chord located at the 

depth of the reinforcement, in which both reinforcing steel and concrete tensile forces act (Fig. 6.2a). 

Four models, all of them assuming a simplified bond shear stress distribution, are introduced below: 

The TCM (Section 6.2.1.1), which links the stress and the deformation states mechanically consistently; 

Eurocode-2 and fib Model Code 2010 (Section 6.2.1.2), whose formulations include empirical factors 

accounting for the concrete cover influence; and the Compatible Stress Field Method (CSFM) (Section 
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6.2.1.3), which is based on the TCM, but adopts a generalised concept suitable to assess Ac,eff even in 

discontinuity regions. 

6.2.1.1 Tension Chord Model for pure bending (Burns) 

Following a proposal by Marti [22], Burns presented an approach to assess the reinforcement ratio 

�!eff = As /Ac,eff  of an equivalent tension chord (Fig. 6.2a) for pure bending [23]�����$�F�F�R�U�G�L�Q�J�O�\�����!eff and 

hence, the effective area of concrete in tension Ac,eff �����F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G���E�\���V�H�W�W�L�Q�J���W�K�H���V�W�H�H�O���V�W�U�H�V�V�H�V���1sr 

at the crack for the cracking moment Mcr : 

  (6.5) 

where �F � ��curvature, Es �  �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���U�H�L�Q�I�R�U�F�H�P�H�Q�W����xc �  compression zone depth determined 

from a fully cracked CSA and EIII �  fully cracked elastic cross-sectional stiffness, equal to the steel 

stresses at the crack in an equivalent tension chord at crack formation: 

  (6.6) 

where Ac �  gross cross-�V�H�F�W�L�R�Q�D�O���D�U�H�D���R�I���F�R�Q�F�U�H�W�H�����.e �  Es /Ec �  modular ratio with Ec �  �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��

of concrete, resulting in the expression: 

  (6.7) 

where hc,eff �  height of the concrete area in tension (introduced for comparison with the codes (Section 

6.2.1.2)) and b �  cross-sectional width. 

�8�V�L�Q�J���!eff, the TCM (or any other model based on the reinforcement ratio) can be applied analogously 

as for pure tension. Accordingly, the maximum theoretical crack spacing is given by: 

  (6.8) 

This corresponds to twice the distance to cause concrete tensile stresses fct over Ac,eff. Another crack may 

form at the centre of two cracks spaced at sr0. The TCM accounts for the corresponding uncertainty by 

�L�Q�W�U�R�G�X�F�L�Q�J���W�K�H���F�U�D�F�N���V�S�D�F�L�Q�J���S�D�U�D�P�H�W�H�U���� = [0.5, 1.0], resulting in a mean crack spacing srm: 

  (6.9) 

The crack width wcr, corresponding to twice the slip between concrete and reinforcement at the crack, 

is determined �D�V���W�K�H���L�Q�W�H�J�U�D�O���R�I���W�K�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���P�H�D�Q���V�W�H�H�O���D�Q�G���F�R�Q�F�U�H�W�H���V�W�U�D�L�Q�V�����0sm �± �0cm) 

over the crack spacing: 

  (6.10) 

For a bilinear stress-strain relationship of the bare reinforcement, the mean strains according to [24] 

are given by: 
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  (6.11) 

where fsu �  ultimate strength and Esh � ��the strain hardening modulus of the reinforcement, respectively. 

Using Eqs. (6.11)2 and (6.11)3, the TCM is applicable in the plastic range and suitable for deformation 

capacity investigations. 

6.2.1.2 EN 1992-1-1 and fib Model Code 2010 

Eurocode-2, i.e. EN1992-1-1 [2] (EC) and the fib Model Code 2010 [1] (fib) provide semi-empirical, 

purely geometrical approaches for calculating crack widths, in which the crack spacing is dependent 

�Q�R�W���R�Q�O�\���R�Q���W�K�H���U�D�W�L�R���‘���!eff but also on the concrete cover. Hence, the mean steel strains are not linked 

directly mechanically to the crack spacing as in the TCM. The height hc,eff  of the effective concrete area 

in tension for beams, slabs and members in tension, having a total height h and a static depth d, is 

determined by: 

  (6.12) 

For the crack spacing, the mean strains, and the crack widths, the readers are referenced to [1, 2]. 

6.2.1.3 Compatible Stress Field Method 

This section introduces a concept to determine the effective concrete area in tension Ac,eff for any element 

type, reinforcement configuration and loading. The approach is mechanically based but complemented 

by semi-empirical geometrical conditions to ensure generality. It is suitable for structural concrete ele-

ments, including static and/or geometric discontinuities and was numerically implemented in the 

Compatible Stress Field Method (CSFM) [25]. The CSFM is a simplified nonlinear finite element-based 

continuous stress field analysis suitable for design. Simple uniaxial constitutive laws provided in stand-

ards for concrete and reinforcement are implemented, neglecting the concrete tensile strength except 

for tension stiffening and anchorage verifications of the reinforcing bars.  

Tension stiffening, crack spacing, average reinforcement strains, and crack widths of sufficiently 

reinforced regions are determined using the TCM. To this end, the bilinear steel constitutive law 

(Eq. (6.11)) is adjusted for each reinforcing bar to account for tension stiffening (Fig. 6.3a). Ac,eff is 

determined following four steps using the numerical methods illustrated in Fig. 6.3b and described in 

the following.  

Step (i) determines by equilibrium the concrete area that can be activated at fct in the extreme case 

�R�I���1s = fsu for each reinforcing bar (Fig. 6.3b). Its diameter Øc,eff is given by: 

  (6.13) 
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In step (ii), symmetry conditions in y- and z-directions are applied, illustrated for reinforcing bars 3 and 

4 in Fig. 6.3b. These semi-empirical conditions are based on the findings of Frantz and Breen (1978), 

who found crack widths in beam webs to be proportional to the concrete cover of axial web rein-

forcement but independent of the total web width [26]. They proposed to only account for twice the 

distance of the bar's centroid to the concrete surface to act in tension. In step (iii), intersecting concrete 

areas of adjacent reinforcing bars are attributed to the closest bar.  

The resulting effective concrete area in tension of each bar after the first iteration is based on geo-

metric considerations. Hence, this could lead to mechanical inconsistencies between close points: crack 

widths of neighbouring bars might differ significantly. Therefore, the condition of having identical 

�F�U�D�F�N�� �V�S�D�F�L�Q�J�� �I�R�U�� �S�U�R�[�L�P�D�W�H�� �S�D�U�D�O�O�H�O���U�H�L�Q�I�R�U�F�L�Q�J�� �E�D�U�V�� ���S�U�R�[�L�P�L�W�\���� �V�S�D�F�H�G�� �E�\�� �”�������� �P�P by default) is 

imposed in the last step (iv). This condition corresponds to assigning bars in proximity an identical ratio 

of Ø(1-�!eff�����!eff  �§ �‘���!eff (see Eq. (6.8)). The effective concrete area in tension for each bar i Ac,eff,i with 

diameter Øi, in the proximity group with another j-1 bars, is thus given by: 

  (6.14) 

where Ac,eff,max �  effective concrete area in tension of the largest diameter bar in the proximity, Ømax �  

diameter of this bar, and Ac,eff,tot �  total concrete area in tension of the proximity group. More details on 

CSFM can be found in [25]. 

6.2.2 Equilibrium -�E�D�V�H�G���D�S�S�U�R�D�F�K���Z�L�W�K�R�X�W���G�L�U�H�F�W���D�V�V�H�V�V�P�H�Q�W���R�I���!eff  (DC) 

Several researchers proposed models for the post-cracking behaviour of flexural members based on 

equilibrium without relying on an estimation of Ac,eff [12, 15, 27�±29]. Based on these works, Fig. 6.4 

proposes a model based on deformation compatibility, hereafter referred to as DC.  

Bond is modelled according to the TCM, and linear behaviour of concrete in tension is assumed. 

The outermost �F�R�Q�F�U�H�W�H���F�R�P�S�U�H�V�V�L�Y�H���I�L�E�U�H�¶�V�� �V�W�U�D�L�Q�V���D�U�H�� �D�V�V�X�P�H�G���W�R���G�H�F�U�H�D�V�H���O�L�Q�H�D�U�O�\�� �E�H�W�Z�H�H�Q���&�U�R�V�V-

 

Fig. 6.3 - Implementation of tension stiffening in CSFM: (a) implemented increased stiffness of the bonded bar; 
(b) determination of Ac,eff (stabilised cracking): (i) maximum concrete area that can be activated per 
bar; (ii) local symmetry condition; (iii) global geometry condition and resultant effective concrete 
areas. Note: Adjustment of effective concrete areas to ensure equal crack spacing of proximate bars 
(step (iv) not illustrated. 
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sections II and I. Under the cracking moment M � ��Mcr (Fig. 6.4a), the concrete strains vary linearly in 

Cross-section I, reaching a maximum of fct for the maximum crack spacing sr0, and the steel strains are 

equal to the concrete strains at the depth of the reinforcement. In the cracked cross-section II, concrete 

compressive strains are assumed to vary linearly over the depth but other than assumed in standard 

CSA, they are not planar with the steel strains. Instead, a linear variation of the axial displacements ux 

�± corresponding to the integral of axial strains between Cross-sections I and II �± over the depth of the 

cross-section is imposed, thereby ensuring plane sections remaining plane on average over a crack ele-

ment. 

Eq. (6.9) applies for the mean crack spacing. With a bilinear stress-strain relationship for the bare 

reinforcement, the steel stresses �1s,I and �1s,II in Cross-sections I and II, respectively, are related by: 

  (6.15) 

In a first step, the crack spacing is determined for M = Mcr (Fig. 6.4a) by formulating axial equilibrium 

in Cross-sections I and II, imposing the assumed strain distributions, and the linear distribution of the 

axial displacements ux over the depth of the cross-section. With ux,c and ux,s as the axial deformations of 

the outermost concrete fibre in compression and the reinforcement, respectively and the mean strains 

�Hsm given by Eq. (6.11), it follows: 

  (6.16) 

The maximum crack spacing sr0 and the stresses and strains throughout the crack element are obtained 

by solving the system of equations. 

 

Fig. 6.4 - Equilibrium-based approach: planar axial displacement ux with assumed strain distributions for the 
�F�R�Q�F�U�H�W�H���F�R�P�S�U�H�V�V�L�R�Q���]�R�Q�H���0cc, the tension �]�R�Q�H���0ct �D�Q�G���W�K�H���U�H�L�Q�I�R�U�F�L�Q�J���V�W�H�H�O���0s in the cracked cross-
section II and the cross-section at the centre between two cracks I, as well as the linear variation of 
the steel strains and the maximum concrete compressive strain in the top fibre between both cross-
sections for (a) the cracking moment and (b) higher load. 
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When applying this model for increasing loads, keeping the crack spacing constant, concrete strains 

above fct/Ec might result. This has been solved either by (i) allowing concrete stresses above fct [15, 28, 

29], or (ii) considering a bilinear strain distribution in Cross-section I [12]. This work assumes that 

concrete strains are fct/Ec over a height of hct and then decrease linearly, i.e. they are decoupled from the 

steel strains, as shown in Fig. 6.4b. 

With the assessed crack spacing and strains, the crack widths are determined with Eq. (6.10). Lastly, 

an equivalent �!eff can be defined with hc,eff = Fct/(b
�fct) to facilitate the comparison with the tension chord-

based models, which assume an equivalent rectangular stress block with tensile stresses fct in Cross-

section I.  

 Direct quantification of tension stiffening using fibre optic and digital 
image correlation measurements  

Advanced strain measurement techniques allow for rethinking our understanding of tension stiffening 

and its determination since new possibilities arise to assess, e.g. (i) the concrete tensile force, (ii) mean 

bond stresses and the crack spacing, and (iii) mean and maximum steel and concrete strains. This section 

presents three possible approaches to quantify tension stiffening using distributed fibre optic sensing 

(DFOS) and digital image correlation (DIC). 

6.3.1 Advanced measurement technologies 

The utilised measurement technologies are briefly presented before introducing the direct quantification 

methods for tension stiffening. 

6.3.1.1 Use of DFOS data 

Instrumenting reinforcing bars with DFOS provides the steel strain distribution, and hence, maximum, 

minimum, and mean steel strains. Through the constitutive law, steel stresses can be determined. Local 

strain maxima characterise cracked cross-sections and reveal the real crack spacing sr. Furthermore, 

the slip can be determined by integrating the strains from the local minima between two cracks (Cross-

section I) to the cracked cross-section II, neglecting or approximating the minor concrete strains. The 

bond stresses at a specific location can be determined with Eq. (6.2), i.e. by equilibrium.  

6.3.1.2 Use of digital image correlation data 

A DIC system provides full-field information of the displacements over an area of interest (AOI). The 

�V�W�U�D�L�Q���G�D�W�D���R�I���D���F�R�Q�F�U�H�W�H���V�S�H�F�L�P�H�Q�¶�V���V�X�U�I�D�F�H���F�D�Q���E�H���X�V�H�G���W�R���D�V�V�H�V�V���W�K�H���F�U�D�F�N���E�H�K�D�Y�L�R�X�U�����O�R�F�D�W�L�R�Q�����Z�L�G�W�K��

and slip of cracks), e.g. by using the automated crack detection and measurement (ACDM) approach 

[30, 31]. Moreover, concrete strains on the surface can be calculated from the measured displacements. 

To this end, a high-resolution system is needed to generate meaningful data. While it is possible to 

measure the crack behaviour of large-scale experiments with conventional DIC systems (e.g. [32]), the 

measurement of concrete compressive strains requires a high magnification to reach sufficient accuracy 

[16]. This currently limits the field of view for sufficiently accurate concrete compressive strain meas-

urements with 30 MPx cameras to the order of 300 mm width. 
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6.3.2 Direct assessment of the concrete tensile force 

This section presents two approaches to measure the tensile force carried by the concrete between cracks 

and estimate Ac,eff �D�Q�G���!eff based on this by assuming a rectangular tensile stress distribution of fct. The 

first approach exclusively uses DFOS on reinforcing bars, the second also includes the surface concrete 

strain measurements from DIC.  

6.3.2.1 Simplified DFOS approach (FO-F) 

The most straightforward approach to evaluate the concrete contribution between the cracks was pro-

posed in [21]. The change in the steel force from the crack (Cross-section II) to the centre between 

cracks (Cross-section I) is determined from the DFOS steel strain distribution. By equilibrium, this 

force change is attributed to the concrete tensile force: 

  (6.17) 

Like in tension chord-based models, the inner lever arm of forces and the total tensile and compressive 

force resultants are assumed to be constant.  

6.3.2.2  Combined fibre optical and digital image correlation-based approach (FODIC) 

As already stated (see Fig. 6.2 and Eqs. (6.3)-(6.4)), even in the absence of shear forces, stress redistri-

butions leading to variations of the internal lever arm z also cause steel stress variations without 

necessarily activating concrete in tension. Tension chord-based models neglect these variations and 

cannot capture the source of the steel strain change. This section presents a method, referred to as 

FODIC, to characterise tension stiffening from DFOS and DIC accounting for such redistributions. The 

approach combines concrete compressive strains obtained from DIC and steel strains from DFOS to 

determine Fct.  

Longitudinal concrete compressive strains obtained from DIC and steel strains from DFOS in Cross-

sections I and II (Fig. 6.2b) are used. With appropriate constitutive laws, concrete and steel stresses and 

forces are derived. Formulating equilibrium in Cross-section I, the tensile force Fct and its position can 

be calculated: 

  (6.18) 

  (6.19) 

where zcc and zct are the levers of the compressive and tensile concrete forces (see Fig. 6.2). In Cross-

Section II, all forces and their centroids are known from DFOS, DIC and the constitutive laws and Fct 

is assumed to be zero. The equilibrium equations still need to be fulfilled and can be used for validation. 

6.3.3 Determination of tension stiffening with DFOS (FO-s) 

The DFOS steel measurements can be used to obtain (i) mean bond stresses and the crack spacing, or 

(ii) mean and maximum steel and concrete strains (Section 6.3.1.1). The effective reinforcement ratio 

can then be determined by either the data set (i): 
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  (6.20) 

or (ii): 

  (6.21) 

This method still assumes a constant total tensile force, i.e. neglects variations of the internal lever arm, 

since the equilibrium equations are derived on an equivalent tension chord.  

 Verification of the methods with experimental data 

The direct quantification methods are applied to experimental data and compared to the results from the 

predictive approaches introduced in Section 6.2. Mean material parameters were used for modelling. 

Unless sta�W�H�G�� �G�L�I�I�H�U�H�Q�W�O�\���� �W�K�H�� �F�U�D�F�N�� �V�S�D�F�L�Q�J�� �S�D�U�D�P�H�W�H�U�� ���� ���(�T����(6.9)) is set to 0.67, which reasonably 

represents the average cracking behaviour [25]. 

For Burns and DC, the compression zone was modelled �O�L�Q�H�D�U�O�\���H�O�D�V�W�L�F���X�Q�W�L�O���0c = 1 �Å�����D�Q�G���I�R�U���K�L�J�K�H�U��

strains according to [12]: 

  (6.22) 

where �0cu = ultimate concrete strain. For fib and the FODIC approach, Eq. (7.2-10) from [1], and for 

EC Eq. (3.14) from [2] were used. 

6.4.1 Description of the experimental program 

The approaches are presented on specimen Nn, a beam tested in four-point bending as part of a larger 

experimental campaign [33]. Fig. 6.5a presents the test setup and the geometry, Fig. 6.5b the reinforce-

ment layout, and Fig. 6.5c the cross-sectional geometry and the instrumentation of both longitudinal 

bars. Fig. 6.5d shows the loading history, which was divided for the analysis into seven 5 kNm load 

steps LS1-LS7 and the ultimate load of 37.3 kNm at LS8. The mean concrete and steel material prop-

erties are summarised in Table 6.1; note that the tensile strength was determined through double-punch 

testing [34]. The main reinforcement consisted of two bars with a nominal diameter Ø18 mm, made of 

quenched and self-tempered (QST) reinforcing steel, as widely used today. The shear spans were rein-

forced with stirrups 2x5Ø10@100 mm. The constant bending zone excluding the supports was 

investigated (x = 700-1300 mm). 

Due to the different microstructure of the more ductile ferritic-perlitic core and the higher strength 

martensitic outer layer [35], QST reinforcing bars exhibit a nonlinear behaviour with a distinct kink at 

�W�K�H���\�L�H�O�G���V�W�U�D�L�Q���D�Q�G���V�W�U�H�Q�J�W�K���R�I���W�K�H���F�R�U�H�����0'sy and f'sy, respectively), before reaching the yield plateau, as 
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illustrated in Fig. 6.5e. This refined steel material law, including the kink, was used for all methods, i.e. 

Eq. (6.11) was adapted, except for the CSFM approach where a bilinear behaviour is assumed.  

The main reinforcement was instrumented with two fibre optical sensors (FOS), following the best 

practice recommendations given in [36, 37]. Bend-insensitive polyimide-coated single-mode fibres 

(type SM1250B3(9.8/125)P) were glued with epoxy inside 1x1 mm grooves aligned horizontally 

(FOS1a and FOS1b) and vertically (FOS2a and FOS2b) (see Figure 5c). The average data of both FOS of 

each bar are designated as FOS1 and FOS2, respectively. The DFOS data was acquired with the ODiSI-

6104 supplied by Luna Innovations Incorporated with a resolution of 0.65 mm and 1.67 Hz [38]. The 

steel strains were postprocessed by increasing the gauge spacing to 3.25 mm and applying a moving 

average filter over five virtual gauges (16.25 mm), which corresponds approximately to the rib spacing, 

to mitigate strain peaks as an artefact due to discontinuities caused by the ribs [36, 37]. 

One 3D-DIC system composed of two 28.8 MPx Allied Vision Prosilica GT6600 cameras with Qui-

optic Rodagon 80 mm lenses was used in the back to measure concrete strains at a high resolution. The 

baseline was 350 mm and the stereo angle 20º, which resulted in an AOI of 200x150 mm (Figure 5a) 

Table 6.1 - Material properties and specifications for specimen Nn. 

Concrete 

Age 
 
  

[d] 

Mean cylinder com-
pressive strength 

  

[MPa] 

�<�R�X�Q�J�¶�V���0�R�G�X�O�X�V 
  

 
[GPa] 

Mean tensile 
strength 

  

[MPa] 

Maxiumum Ag-
gregate size 

  

[mm] 

Concrete 
cover 
cnom 

[mm] 
27 35.5 30.4 2.8 16 33 

Hot-rolled 
steel B500B  
(2Ø18mm) 

�<�R�X�Q�J�¶�V��
Modulus 

Es  

[GPa] 

Yield strength 
 

(static/dynamic) 
[MPa] 

Tensile strength 
 

(static/dynamic) 
[MPa] 

Yield strain 
of the core 

 

�>�Å�@ 

Yield 
strain 

 

�>�Å�@ 

Hardening 
strain 

 

�>�Å�@ 

Effective bar 
diameter 

Øeff 

[mm] 

197.2 523 /548 594/631 2.6 3.3 21.1 17.9 
 

 

Fig. 6.5 - Specimen Nn: (a) geometry and test setup with dimensions in mm; (b) reinforcement layout; (c) ge-
ometry of the cross-section and instrumentation with fibre optical sensors (FOS) with dimensions in 
mm; (d) loading history against total deflections with load steps LS1 to LS8 and (e) detail of the 
stress-strain relationship of the QST reinforcing bars near yielding, with a yield strain and stress of 
the core (�0�¶sy, �I�¶sy) significantly smaller than the (total) yield strain and stress (�0sy, fsy). 
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and an average scale of 0.03 mm/px. The average speckle size was 0.18 mm. The correlation was carried 

out with the software VIC-3D (Correlated Solutions inc. [23]) using a subset size of 25 px, a step size 

of 8 px, and a strain filter size of 9. 

A second 3D-DIC system tracked the displacements and crack widths of the entire front, which was 

speckled manually (speckle size: 2.0 mm). This system was composed of two 12.3 MPx Flir Grasshop-

per 3 cameras with Quioptic MeVis 25 mm lenses, and a baseline of 1100 mm, which resulted in an 

average scale of 0.5 mm/px. For the correlation, a subset size of 21 px, step size of 6 px, and a strain 

filter size of 9 were used. 

6.4.2 Direct quantification methods 

Fig. 6.6 presents the results of approach FO-F for the load step LS5. The cracks on the front shown 

in Fig. 6.6a were determined using ACDM; an additional crack, visible in the measurements of FOS1a,b 

in Fig. 6.6b, opened at about x = 1050 mm only at the back. The vertically aligned FOS2a,b reveal pro-

nounced local bending at the cracks with relative differences in the strains of up to 40% (Fig. 6.6b); 

FOS2b even measured smaller strains at the crack than between two cracks. Their average (denoted by 

FOS2) does not result in equal steel strains at every crack for LS5, and neither the maxima (FOS2a) nor 

the minima (FOS2b) are the same at all cracks. The pronounced difference between FOS2a and FOS2b 

near cracks shows that the beam curvature localised at the cracks. The differences in the observed peak 

strains indicate that curvature localisation varied, e.g. due to different crack spacings, and caused the 

maximum local strains (FOS2a) to exceed the yield strain to a different degree at the various cracks. 

Determining mean steel stresses based on the measurements obtained by FOS2  is thus challenging. 

On the other hand, the average strain of the horizontally aligned sensors FOS1 results in similar strain 

levels at each crack. FOS1a and FOS1b indicate some bending as well. This is either due to a slight 

misalignment, i.e. not perfectly horizontal placement, or minor biaxial bending of the bar.  

Using the mean stresses obtained from FOS1 and FOS2, respectively, bond shear stresses and the 

distribution of Fct and hct (Fig. 6.6c and d) are obtained according to the FO-F approach. For FOS2, 

obviously wrong non-zero values of Fct at the cracks result because steel stresses at the cracks differ 

strongly. Contrary, the method worked for FOS1�����D�V���W�K�H���E�D�U�¶�V���P�L�G�S�O�D�Q�H���G�L�G���Q�R�W���\�L�H�O�G���\�H�W�� 

For the FODIC approach, the high-resolution 3D-DIC back system was used. Fig. 6.7a shows the 

strains in x-�G�L�U�H�F�W�L�R�Q�� �0x for LS5 and the cracks detected by ACDM. The concrete strains in Cross-

sections I and II were averaged over a width dx = 16 mm, corresponding to the maximum aggregate 

size. From these strains, concrete stresses were determined using the fib constitutive law shown in Fig. 

6.7e. The strain data of FOS1 were used to determine the reinforcing bar stresses and forces. The 

resulting strains and stresses in I and II for LS1-LS8 (Fig. 6.7b) are plausible: they (i) increase with the 

applied load, (ii) are smaller in I than in II, and (iii) are of reasonable magnitude. Notably, the crack on 

the left of Cross-section I was governing, and the concrete crushing failure probably caused high strains 

in I at LS8. 

Fig. 6.7c compares the measured strains to those modelled by a CSA according to fib with and 

without the kink at �I�¶sy. The modelled strains were slightly smaller than the measured ones for higher 

loads, and the onset of yielding was not well predicted. 
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Fig. 6.7c shows the strains along the horizontal section cc, revealing a pronounced strain localisation 

in the cross-section II, with peak values �H�[�F�H�H�G�L�Q�J�� ���Å���� �7�K�H�V�H compressive strains are significantly 

more concentrated in the cracked cross-section and much higher than assumed in existing models [12, 

15, 28, 29]. 

In Fig. 6.7f and g, the derived forces are shown for LS1-8. It can be seen that in Cross-section II, 

equilibrium is not fulfilled: the magnitude of the compression resultant Fcc significantly exceeds the 

tensile force Fs (Fig. 6.7g). Furthermore, in some load stages, the centroid of the concrete tensile force 

Fct has to be located in the compression zone to satisfy equilibrium; note that Fct and its centroid are 

sensitive to the magnitude of Fcc as well as the concrete stress distribution. Therefore, the results need 

to be critically questioned.  

 

Fig. 6.6 - Quantification of the concrete tensile force with the FO-F approach for load step LS5: (a) crack pattern 
from ACDM; (b) steel strains measured with DFOS for both FOS per bar and the bar average with the 
�V�W�U�H�V�V�H�V���R�E�W�D�L�Q�H�G���X�V�L�Q�J���W�K�H���V�W�H�H�O�¶�V���F�R�Q�V�W�L�W�X�W�L�Y�H���O�D�Z�� (c) bond shear stresses; (d) concrete tensile force 
Fct and effective concrete height in tension hct. 
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6.4.3 Results and discussion 

While the FODIC approach appears promising, it is not very straightforward. Using a conventional 

stress-strain relationship for concrete in compression (e.g. according to fib), derived from tests where 

average strains over a sample height of 300 mm are measured, is questionable not only in view of the 

results obtained here, but it is well-known that deformations localise over much shorter compressive 

fracture lengths [39�±42]. Furthermore, as illustrated in Fig. 6.8, the choice of the representative cross-

sections is challenging: cracks are neither straight, nor do they cross the bars at the same locations as 

they appear on the faces of the specimen (Fig. 6.8a). To make things worse, the governing crack split 

close to the back face (Fig. 6.8b), causing local compression in the tensile zone (as seen at x = 930 mm 

in Fig. 6.7a) close to the uncracked Cross-section I, which thus may be affected. On the other hand, 

however, the fibre-optic sensors (e.g. FOS1, Fig. 6.6b) suggest that this cross-section was chosen 

 

Fig. 6.7 - FODIC approach: (a) strains in x-direction �0x for LS5, cracks detected by ACDM, and cross-sections 
investigated in (b) and (c); (b) strains and stresses from DFOS and DIC (FODIC) in the vertical cross-
sections I (uncracked) and II (cracked) determined using (e); (c) steel strains measured (FOS1) and 
predicted by CSA using (e) with and without accounting for reduced �I�¶sy; (d) strains in the horizontal 
cross-section cc; (e) constitutive law of concrete under compression according to the fib Model Code 
2010; (f) FODIC compressive concrete and tensile steel forces and the calculated Fct in Cross-section 
I; and (g) magnitude of these forces in Cross-sections I and II. 
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correctly. In conclusion, the FODIC approach requires further research, and its results are excluded 

from the following discussion, which focuses on the other methods, i.e. the tension-chord based 

predictive approaches by Burns (Section 6.2.1.1), EC and fib (6.2.1.2), and CSFM (6.2.1.3), the 

equilibrium-based predictive DC model (6.2.2), as well as the direct quantification methods, FO-F 

(6.3.2.1) and FO-s (6.3.3). 

Fig. 6.9a and b compare the heights of the predicted concrete areas in tension and the effective 

reinforcement ratios, respectively, for the load steps LS5 (light grey) and LS7 (dark grey). The ap-

proaches FO-s and FO-F provide similar results, whereas all predictive approaches determine a higher 

hc,eff. Methods DC and CSFM predict the highest hc,eff �D�Q�G�����F�R�Q�V�H�T�X�H�Q�W�O�\�����W�K�H���O�R�Z�H�V�W���!eff  (2.5 and 3%). 

This suggests that a much smaller area of concrete is activated in tension in reality than predicted. 

The values used for Ac,eff �D�Q�G���!eff are structurally highly relevant, which is illustrated in Fig. 6.9c-f 

by comparing the results of the predictive models to the experimental data. Fig. 6.9c shows that EC and 

fib overestimate, whereas Burns and DC underestimate the crack spacing. Only CSFM predicts it satis-

fyingly. The mean strains (Fig. 6.9d) are best predicted by CSFM for LS5 and LS7 and slightly 

underestimated by the remaining approaches. Fig. 6.9d shows that the compression zone depth xc,II, 

determined by the average position of the crack tip obtained from ACDM, is underestimated by all 

�P�R�G�H�O�V�����3�R�V�V�L�E�O�H���H�[�S�O�D�Q�D�W�L�R�Q�V���D�U�H�����R�Q�O�\���F�U�D�F�N�V���•�������������P�P���D�U�H���F�R�Q�V�L�G�H�U�H�G�����D�Q�G���W�K�H���D�F�W�X�D�O���F�U�Dcks were 

thus a bit longer, or that the uncracked concrete close to the crack tip is subjected to tension.   

Fig. 6.9f and g show that EC and fib predicted crack widths well. However, the components contrib-

uting to this result do not match reality: the crack spacing was overestimated and mean strains were 

underestimated. This observation was also made in a previous study investigating a beam with a low 

reinforcement content [21]. The TCM-based models underestimated the crack widths; only CSFM with 

����� �������J�L�Y�H�V���V�D�W�L�V�I�D�F�W�R�U�\���U�H�V�X�O�W�V���� 

The experimental crack widths increase nonlinearly from approximately 27 kNm, although the mean 

steel strains of FOS1 are still smaller than the yield strength (see Fig. 6.7d). The presumably nonlinear 

strain distribution of the reinforcement induced by local bending at the cracks, as implied by Fig. 6.6, 

could explain this behaviour: the bars presumably already yield at their outermost edge.  

Fig. 6.9h compares the bond strength assumed by the models to the mean bond shear stress assessed 

by DFOS (FOS1) in the constant bending span as explained in Section 6.3.1.1. The mean bond shear 

 

Fig. 6.8 - Non-uniform formation of cracks: (a) top view photograph of the crack pattern; (b) detail of top view; 
(c) observed horizontal displacements of the top face. 
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stresses are unexpectedly low throughout the experiment, namely on average 2.7 MPa for M=10-

30 kNm, hence by a factor of at least two smaller than predicted by any of the models. After test com-

pletion, longitudinal splitting cracks could be observed at the bars, possibly explaining this (Fig. 6.8). 

As all models use significantly higher bond stresses, drawing general conclusions from the results is 

challenging. 

Therefore, Fig. 6.10a-e present the postdiction with the models fib and DC (referred to as fibpost and 

DCpost�������X�V�L�Q�J���W�K�H���P�H�D�V�X�U�H�G���E�R�Q�G���V�W�U�H�V�V�H�V�������������0�3�D�����L�Q�V�W�H�D�G���R�I���W�K�H���P�R�G�H�O�V�¶���D�V�V�X�P�S�W�L�R�Q�V����i.e. 1.8fct, or 

2fct before and fct after yielding, respectively. Using these reduced bond shear stresses, DCpost predicts 

�W�K�H���P�H�D�Q���E�H�K�D�Y�L�R�X�U��������� ���������������Y�H�U�\���Z�H�O�O���L�Q���W�H�U�P�V���R�I���W�K�H���H�I�I�H�F�W�L�Y�H���U�H�L�Q�I�R�U�F�H�P�H�Q�W���U�D�W�L�R�����W�K�H���P�H�D�Q���F�U�D�F�N��

spacing and crack widths. In contrast, fibpost overestimates the crack spacing and crack widths by a 

factor of about two. The mean strains were only marginally affected. Hence, in this case, DFOS helped 

identify the bond stresses and the crack spacing as the erroneous parameters. 

The equilibrium-based approach DC is a suitable alternative to the Euler-Bernoulli beam theory. It 

is a mechanically-based approach to model flexural behaviour without empirical assumptions on the 

effective area of concrete in tension. However, it does not provide superior predictions to the other 

models, e.g. in terms of mean strains, presumably due to the underlying common assumption of linearly 

varying strains in x and z. With such assumptions, the results differ only marginally from the CSA. 

However, Fig. 6.7c shows that the common assumption of linearly varying maximum concrete com-

pressive strains between cracks may need to be revisited since pronounced deformation concentrations 

occurred in the cracked cross-section.  

 

Fig. 6.9 - Results of the selected approaches (same order as introduced in Sections 2 and 3) compared to exper-
imental results: (a) height of concrete in tension; (b) effective reinforcement ratio; (c) crack spacing; 
(d) mean strains; (e) concrete compression zone depth in cross-section II and (f) mean crack widths 
for LS5 (light grey) and LS7 (dark grey); (g) moment-crack width development and (h) development 
of mean bond stresses (determined from FOS1) with loading. 
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 Conclusions 

Selected models to assess tension stiffening and the cracking behaviour in pure bending were validated 

using experimental data. Further, three novel approaches based on DFOS and DIC data are proposed to 

experimentally assess tension stiffening in bending. The measurement technologies help identify oc-

curring phenomena and model deficits and, therefore, can refine the understanding of structural 

behaviour and improve the mechanical consistency and reliability of existing models. 

DFOS identified the mean bond stresses as a significant reason for mismatching predictions. The fib 

model and the equilibrium-based approach DC were updated with the determined bond stresses. In this 

postdiction, the model based on the TCM correctly predicted tension stiffening, whereas the fib model 

worsened despite the reduced number of unknowns. Another identified weakness is that although the 

Eurocode-2 and the fib Model Code predict crack widths quite well, the components contributing to this 

result did not match reality; specifically, the crack spacing was significantly overestimated, even more 

with updated bond stresses.  

The maximum steel stresses are essential for the crack assessment. The DFOS data revealed high 

local bending of the reinforcing bars at the cracks causing a stress variation of approximately 40% 

within the bar cross-section in the elastic state. The steel starts yielding locally before the mean bar 

stress reaches the yield strength, which might explain higher crack widths for loads smaller than the 

yield load.  

The FODIC approach requires further research. The determined concrete tensile force is relatively 

small and prone to errors of the determined steel and concrete compressive forces. The results of ad-

vanced measurement technologies might be helpful to derive refined constitutive laws for local material 

behaviour. However, the high-resolution data is demanding because it captures phenomena of a scale 

not dealt with by traditional structural concrete research and requires critical interpretation. 

 

Fig. 6.10 - Postdiction of models fib (fibpost) and DC (DCpost) using the mean experimental bond stress 
�2b=2.7MPa: (a) effective reinforcement ratio, (b) crack spacing, (c) mean strains, and (d) mean crack 
widths for LS5 and LS7 compared to experimental data, and (e) development of crack widths with 
load. 
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Notation 

Latin lower case 

b Cross-sectional width 
cnom Concrete cover 
d Static height of the reinforcement 
fct Concrete tensile strength 
fctm Mean tensile strength 
fcm Mean cylinder compressive strength 
fsu  Tensile strength of reinforcing steel 
fsy Yield strength of reinforcing steel in tension 
f'sy �<�L�H�O�G���V�W�U�H�Q�J�W�K���R�I���U�H�L�Q�I�R�U�F�L�Q�J���V�W�H�H�O�¶�V���F�R�U�H���L�Q���W�H�Q�V�L�R�Q 
h Member height 
hc,eff Height of the concrete area in tension 
hct Height of the concrete tensile zone subjected to fct (DC) 
hct,tr Height of the concrete tensile zone with linearly decreasing tensile stresses (DC) 
ux Axial deformation 
ux,c Axial deformations of the outermost concrete fibre in compression of a crack element 
ux,s Axial deformations of reinforcement of a crack element 
sr Real crack spacing 
srm Mean crack spacing 
sr0 Maximum crack spacing 
wcr Crack width 
x x-coordinate 
xI, xII  x-coordinate of the uncracked and cracked cross-sections I and II, respectively 
xc  Concrete compression zone height 
xc,I, xc,II Concrete compression zone height in the uncracked and cracked cross-sections I and II, 

respectively 
y y-coordinate 
z z-coordinate 
z Inner lever arm of forces 
zcc Lever of the compressive concrete force 
zct Lever of the tensile concrete force 

 

Latin upper case 

Ac Gross cross-sectional area of concrete 
Ac,eff Area of concrete in tension 
As  Nominal steel area 
Dmax Maxiumum Aggregate size 
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Ec �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���F�R�Q�F�U�H�W�H 
Ecm �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���F�R�Q�F�U�H�W�H�����P�H�D�Q���Y�D�O�X�H�� 
Es �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���U�H�L�Q�I�R�U�F�H�P�H�Q�W 
Esh Strain hardening modulus of the reinforcement 
EIII Fully cracked elastic cross-sectional stiffness 
F Force 
Fct Concrete tensile force 
Fcc Concrete compression force 
Fcc,I, Fcc,II Concrete compression force in the uncracked and cracked cross-sections I and II, respec-

tively 
Fs Reinforcing bar force 
Fs,I, Fs,II Reinforcing bar force in the uncracked and cracked cross-sections I and II, respectively 
V Shear force 
M Bending moment 
Mcr Bending moment at cracking, cracking load 

 

Special characters 

Ø Nominal diameter of reinforcing bar 
Øc,eff Diameter of the maximum concrete area that can be activated by a bar (CSFM) 
Øeff Effective reinforcing bar diameter 

 

Greek lower case 

�.e Modular ratio Es /Ec 
�0cm Mean concrete strains 
�0cc Concrete compressive strains 
�0cc,I�����0cc,II Concrete compressive strains of the outermost fibre in the uncracked and cracked cross-

sections I and II, respectively 
�0ct Concrete tensile strains 
�0cu Ultimate concrete strain 
�0s Steel strains 
�0s,I�����0s,II Steel strains in the uncracked and cracked cross-sections I and II, respectively 
�0sh Hardening strain of the steel 
�0sm Mean steel strains 
�0sy Yield strain of the steel reinforcing bar 
�0�
sy �<�L�H�O�G���V�W�U�D�L�Q���R�I���W�K�H���V�W�H�H�O���U�H�L�Q�I�R�U�F�L�Q�J���E�D�U�¶�V���F�R�U�H 
�0x Strains in x-direction 
�� Crack spacing parameter 
�!eff Effective reinforcement ratio 
�1s Steel stresses 
�1s,I�����1s,II Steel stresses in the uncracked and cracked cross-sections I and II, respectively 
�2b Bond shear stresses 
�2bms Bond shear stresses according to the fib Model Code 2010 
�2b0 Bond shear stresses in the elastic steel phase (TCM) 
�2b1 Bond shear stresses in the plastic steel phase (TCM) 
�$ Curvature 
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7 Conclusions 

In this concluding chapter of the thesis, the main findings are summarised, placed into a broader context, 

and conclusions are drawn. Finally, an outlook for future research directions is provided based on the 

insights of the work. 

7.1 Summary and contributions 

This thesis aims at advancing the understanding of the bond behaviour in reinforced concrete (RC) 

members by exploring the use of distributed fibre optical sensing (DFOS) in structural concrete exper-

iments. This novel instrumentation technology allows measuring the deformations of reinforcing bars 

quasi-continuously and without affecting the structural behaviour, which was not possible before at a 

reasonable cost and effort. Local bond stresses can be derived from the strain measurements based on 

simple equilibrium considerations. This thesis applies DFOS to reinforced concrete ties and beams, 

which yields new mechanical insights into bond phenomena that are then used to (i) question common 

modelling assumptions and (ii) develop a new stress field model for bond not relying on empirical 

expressions. In the following, the main findings of the thesis are summarised, and the conclusions de-

rived from them are presented. 

Chapter 1 emphasises the high relevance of the load transfer between concrete and reinforcement 

for the behaviour of structural concrete, both in terms of serviceability by governing the deformations 

and the crack behaviour and in terms of safety by highly impacting the deformation capacity and bar 

anchorage. However, there have been difficulties and obstacles in the experimental investigation of 

bond, such as the hampered access to the reinforcing bar-concrete interface, the associated difficulties 

in measuring the local bond stress distribution without altering the interface and the widespread use of 

pull-out testing for the determination of bond stresses, which circumvent these issues, but are not rep-

resentative of common structural concrete elements. The chapter concludes by summarising the 

capabilities of Rayleigh backscatter-based coherent frequency domain reflectometry, which has re-

cently emerged as a suitable technology enabling an enhanced investigation and understanding of bond.  

Chapters 2 and 3 explore the applicability of DFOS in the experimental investigation of reinforced 

concrete members employing three main steps: (i) establish a methodology to apply the instrumentation 

and post-process the data, (ii) perform pilot measurements on bare and embedded reinforcing bars and 

(iii) perform pilot measurements on concrete compression chords. Within the first step, a concept for 

the reliable application of the measurement technique was proposed, comprising the choice of a suitable 

sensing fibre, the installation of the glass fibres on the host material, the data acquisition and the post-

processing ranging from filtering to the usage of the acquired data. The derivation of the methodology 

yields the following conclusions: 
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�x DFOS is a valuable tool for the experimental investigation of structural concrete but should not 

be considered a plug-and-play technique, particularly when applied to new experimental setups. 

Correctly applying the instrumentation and interpreting the data are crucial for meaningful re-

sults. 

�x The spatial resolution of DFOS is much higher than that of conventional instrumentation tech-

nologies. While this allows capturing new phenomena, the derivation of stresses using the 

constitutive law of the materials requires downsampling the measurements to a suitable spatial 

resolution that avoids local effects not captured in the underlying constitutive relationships. 

�x In some cases, it may be demanding to derive stresses with a standard constitutive relationship, 

such as for cyclic loading of embedded reinforcing bars with plastic deformations, where the 

stress-strain behaviour varies along the reinforcing bar and may effectively be unknown. 

�x DFOS is suitable for measuring the deformations of compression chords and reinforcing bars. 

The steel strain data can further be used to derive the bar slip and curvature by integration, the 

normal stress distribution of the steel using an appropriate constitutive relationship, and finally, 

bond shear stresses from equilibrium. 

As a second step to validate the applicability of DFOS to structural concrete, pilot tests were per-

formed for the instrumentation of bare and embedded reinforcing bars. Local strain peaks were observed 

in bare bars subjected to uniaxial tension. These peaks coincide with the rib pattern and increase with 

the deformation level, particularly when plastic deformations occur. However, they are not caused by 

the cross-sectional area variation of the bar but by the ribs acting as geometric discontinuities that dis-

rupt the uniaxial strain state of the bar locally. The peaks were also observed in reinforcing bars 

embedded in concrete ties subjected to uniaxial tension, where they were amplified by the bond stresses 

acting on the bar. Significant variations in the measured strains were also observed over the cross-

section of the reinforcing bars when instrumented with two sensors. These variations were related not 

only to the presence of bending effects but also to a varying constitutive behaviour within the cross-

section. The latter was observed in some reinforcing bars that could have been subjected to non-uniform 

stretching processes of the reinforcing bars, presumably causing varying levels of cold-working along 

the bar axis. The axial strain variations increase disproportionally in the plastic steel range. The conclu-

sions that could be drawn specifically from the instrumentation of reinforcing bars are: 

�x Local strain peaks at the bar ribs in RC ties are not directly related to a force transfer from the 

reinforcing bar to the concrete. Therefore, the measured data should be decimated to at least 

one rib spacing (or by a multiple thereof) when determining bond shear stresses to filter out 

these peaks. 

�x It is essential to instrument the reinforcing bars with at least two fibre optical sensors such that 

the mean value of the measurements adequately captures the deformation of the bar when bend-

ing effects are present or non-uniformly stretched bars are used. 

The last step of the exploration examined the potential of DFOS to measure compressive defor-

mations in structural concrete experiments. To this end, the compression zone of reinforced concrete 

members subjected to uniaxial bending was instrumented with cast-in jacketed fibre optical sensors, 

unjacketed polyimide-�F�R�D�W�H�G���I�L�E�U�H�V���P�R�X�Q�W�H�G���W�R���W�K�H���E�H�D�P�¶�V���O�D�W�H�U�D�O���V�X�U�I�D�F�H���D�Q�G���G�L�J�L�W�D�O���L�P�D�J�H���F�R�U�U�H�O�D�W�L�R�Q-
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based deformation measurements (DIC). The results of the surface-mounted unjacketed fibres revealed 

distinct concentrations of the compressive strains in the cracked cross-section���� �7�R�� �W�K�H�� �D�X�W�K�R�U�¶�V��

knowledge, this is the first time these concentrations of deformations were directly measured. The fol-

lowing conclusions can be stated:  

�x There are strong strain variations along the compression chord of a beam, with the strains in 

the cracked sections exceeding by an order of magnitude the strains at the centre between two 

cracks. This indicates that the reinforced concrete segments between adjacent flexural cracks 

behave almost as rigid bodies, with deformations and curvatures localising at the cracked sec-

tions already at moderate load levels. 

�x For standard applications, it is recommended to measure compressive strains using cast jack-

eted fibre optical sensors, which are robust and yield direct information of mean compressive 

strains as commonly used in modelling structural concrete. 

�x Local compressive strain concentrations can be investigated by polyimide-coated fibres or DIC, 

whose use is, however, limited to the measurements of the deformations on the concrete sur-

face.  

Chapters 4 to 6 of the thesis focus on the study of the reinforcing bar-concrete interaction leveraging 

the new insights provided by this instrumentation technology. Chapter 4 presents and discusses the 

results of an experimental campaign comprising 21 reinforced concrete members subjected to mono-

tonic and cyclic uniaxial tension. The influence of the reinforcing bar diameter, the rib geometry, the 

applied load, reinforcement yielding, cyclic loading and splitting on the bond behaviour was studied. 

The instrumentation of the reinforcing bars with DFOS allows for deriving bond stress distributions and 

average bond stress values that cannot be determined with alternative measurement techniques in a 

comparable quality. The main conclusions from this experimental study are: 

�x The local and average bond stresses reach a peak in the linear elastic range of the reinforcement 

and decrease gradually for nonlinear steel deformations. 

�x Splitting leads to a significant loss of bond that can be captured with DFOS measurements even 

before the splitting cracks propagate to the concrete surface. Splitting is favoured by long crack 

elements (having higher average bond stresses) and high reinforcement ratios. 

�x Loading cycles induce a bond stress deterioration that stabilises after less than ten cycles. 

�x The relative rib area clearly influences the crack behaviour. This influence is disregarded in 

modern design standards, which only specify a minimum value for the relative rib area. A re-

inforcing bar with a higher relative rib area experiences higher bond stresses that induce closer-

spaced cracks but also promote splitting. Providing confinement through transverse reinforce-

ment is essential to avoid splitting and exploit the improved crack behaviour facilitated by an 

increased relative rib area. 

�x Cracks form not only in the elastic range of the reinforcement but also in its plastic range despite 

the decreasing bond stresses. Thus, crack formation is connected to steel deformations. 
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�x The maximum values of the average bond stress in reinforced concrete ties without transverse 

reinforcement are significantly lower than the values derived from pull-out tests, which form 

the basis of modern design standards. Neither of these two test setups are representative of the 

behaviour of the tension chord of a beam where the longitudinal reinforcement is confined by 

transverse reinforcement. 

Chapter 5 presents a stress field model that captures the bond behaviour of reinforced concrete ties, 

based in part on observations from the experimental study presented in the previous chapter. This me-

chanically sound model is based on the lower-bound theorem of plasticity theory and provides valuable 

insight into the flow of forces beyond the reinforcing bar-concrete interface. The bond stresses are de-

rived based on the load-bearing capacity of the surrounding concrete for given geometrical conditions 

and material properties. When considering interface compatibility (i.e. assuming contact between con-

crete and steel at all ribs) in an approximate way for the determination of the bond stresses, the influence 

of the applied load on bond could also be captured, as well as the occurrence of splitting. The main 

conclusions of this chapter are: 

�x Developing stress fields between two cracks provides a good understanding of the structural 

behaviour in general, and the bond transfer in particular. The proposed, mechanically sound 

stress field allows visualising the flow of forces within RC ties. 

�x Modelling the load transfer within the concrete to determine bond stresses is a viable method 

eliminating the need for empirical expressions by using model components with a clear physical 

meaning. The bond stresses are derived based on the load-bearing capacity of the surrounding 

concrete for given geometrical conditions and material properties. Unlike empirical models, 

this approach is deemed to be applicable beyond the range of cases for which it was experimen-

tally validated. 

�x Mechanical interlock, which is a major contributor to the bond in cracked reinforced concrete 

structures, shows similarities to the case of partially loaded areas. The formation of a nodal 

zone with a triaxial stress state adjacent to the ribs explains the high bond stresses associated 

with interlocking. The disruption of this triaxial stress state due to splitting contributes signifi-

cantly to the bond degradation induced by splitting cracks. 

�x Introducing an interface compatibility condition to determine bond stresses is required to ade-

quately capture the dependency of the bond behaviour on the steel deformations. To this end, a 

simplified consideration of the concrete deformations appears to be sufficient to predict the 

bond behaviour realistically.  

�x The DFOS data were crucial for the model development and validation. The data allowed to 

identify weaknesses and model components that require further refinement. 

Chapter 6 focuses on the behaviour of reinforced concrete members subjected to uniaxial bending, 

with a special emphasis on quantifying the crack behaviour and determining the effective reinforcement 

ratio of the flexural reinforcement, which allows modelling the behaviour as an equivalent tension chord 

subjected to uniaxial tension. Previously, the effective reinforcement ratio could not be determined di-

rectly but had to be semi-empirically fitted such that the crack width predictions matched the 

experimental data. The data from an RC beam tested in four-point bending and instrumented with DFOS 
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and DIC are presented. Three approaches are outlined for using the refined measurements to estimate 

the effective reinforcement ratio. The estimates were used to identify weaknesses in existing code pro-

visions and serviceability models, to understand the structural behaviour better, and to improve 

modelling. The main conclusions of the study of members subjected to uniaxial bending are: 

�x The combined use of DFOS and DIC allows the effective reinforcement ratio of flexural rein-

forcement to be quantified even in complex experimental setups. The experimentally obtained 

effective reinforcement ratios differ significantly from the ratios assumed in most existing mod-

els, even when the models provide reasonable estimates of the crack spacing or width. This 

indicates that the empirical reinforcement ratios typically used for bending may indirectly ac-

count for other factors, making them applicable only to the boundary conditions for which they 

were calibrated. 

�x The flexural reinforcement starts yielding at lower loads than predicted with cross-sectional 

analyses due to the localised curvature at the cracks, potentially affecting the serviceability of 

structures.  

�x In the areas of a beam where the longitudinal reinforcement is not confined by transverse rein-

forcement, the average bond stresses are much lower than current code provisions predict, even 

more so than in RC ties without transverse reinforcement. 

7.2 Recommendations for future research 

The findings of this thesis improve the understanding of bond in reinforced concrete and highlight the 

great potential of distributed fibre optical sensing for the experimental investigation of reinforced con-

crete members. In the course of this thesis, several topics were identified that require further 

investigation and open research directions. They are briefly discussed in the following: 

�x Although this thesis provides guidance for the application of DFOS for the experimental inves-

tigation of reinforced concrete members, this should not be considered a conclusive best 

practice. Case-specific assessments are still required, particularly when using DFOS in new 

experimental setups. Furthermore, the capabilities of the proper measurement device could be 

significantly enhanced with minimum adjustments. For example, providing a configurable zero 

offset of the measuring range would allow the measurement range to be increased for defor-

mations of positive signs to reliably monitor reinforcing bars with yield plateaus without losing 

correlation. 

�x The investigation of reinforced concrete beams made it clear that their behaviour is not yet fully 

understood despite being a supposedly simple problem. The experimental results imply a rigid-

body-like behaviour of crack elements that deserves further attention because the derivation of 

concrete stresses from locally measured strains based on conventional constitutive relationships 

leads to contradicting states both in the uncracked and the cracked cross-sections. On the one 

hand, assigning stresses to the concrete compressive strains between the cracks is, however, a 

prerequisite to determining the total compression force and its centroid. This would enable a 

reliable determination of the concrete tensile force in the tension chord of the beam. Without 
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this knowledge, no better understanding of the tension stiffening and cracked behaviour of 

beams can be achieved from DFOS measurements. On the other hand, assigning steel and con-

crete stresses in the cracked cross-section is needed, e.g. to reliably predict the onset of 

reinforcement yielding. This would enable better control of the crack behaviour, which often 

governs the design. An in-depth study of the stress-strain relationship of concrete in the com-

pression chord of cracked beams, accounting for the strain localisation in the cracked sections, 

would thus be essential to achieve these goals. 

�x Likewise, it is challenging to derive steel stresses in reinforced concrete ties subjected to cyclic

loading with plastic steel deformations with the current knowledge of the cyclic constitutive

behaviour of reinforcing steel. Currently, the evaluation relies on the assumptions of cyclic

material laws that do not capture the actual behaviour perfectly. Therefore, the derived stresses

might be biased because of this modelling insecurity. Even though existing material laws may

achieve satisfying global results [1,2], such constitutive laws do not do justice to the high-res-

olution local strain data from DFOS. A combination of hysteretic behaviour, strain rate

dependency and the successive decrease in steel stiffness with plastic strains obstructs the reli-

able determination of steel stresses from the measured strains. An extensive experimental

campaign (with or without DFOS) where un- and reloading cycles at numerous average plastic

steel deformations are performed could help to derive a more reliable constitutive model.

�x The modelling of the load transfer from the reinforcing bar to the surrounding concrete with

stress fields also revealed numerous open topics. Extending the model to account for concrete

crushing and splitting independently could address some model flaws, such as the overestima-

tion of the axial extent of the split zone and the less satisfactory match of steel and concrete

deformations for high bond stresses. A further relevant model extension would comprise the

contribution of the confinement from transverse reinforcement. Such a contribution was suc-

cessfully implemented in [3] for partially loaded areas.

�x The stress field model with slip compatibility can predict the occurrence of internal splitting

cracks, but not their radial extent. Thus, the confining capacity of the concrete is overestimated

in split regions. Assuming a constant crack opening angle for the splitting cracks or adapting

existing solutions [4,5] for the tensile hoops that determine the internal cracked zone would be

viable approaches to estimate the extent of the split region and enhance the model.

�x After addressing these aspects, the stress field could be extended to non-axisymmetric cases

and cyclic loading. The former could comprise reinforcement close to the edge, multiple paral-

lel reinforcing bars whose stress fields interact, and uniaxial or biaxial bending. The latter

extension could be realised by accounting for the load history and the cumulative deterioration

caused by internal splitting and concrete crushing.

�x The specimens investigated within the course of this thesis had bond stresses lower than those

proposed by codes, but they also lacked transverse reinforcement, which is present in most

structures. The limited fibre optic data available for specimens with transverse reinforcement

suggest that their main reinforcement has higher bond stresses and that the misrepresentation

by codes does not persist [6,7]. It would be of high practical relevance to perform further tests

on the bond behaviour of reinforced concrete members confined by transverse reinforcement
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using DFOS. The focus should lie on (i) the average bond stresses that are reached, comparing 

them to code provisions and pull-out data, and (ii) validating the stress field for confined rein-

forced concrete ties for the bond stress determination.  

�x Additionally, open questions arise regarding the bond of the transverse reinforcement in biaxi-

ally reinforced slabs. In slabs subjected to biaxial bending, the flexural cracks caused by the 

reinforcement in layer 1 most likely form alongside the reinforcing bars of layer 2 and vice 

versa. This said, the transverse reinforcement often lies in a longitudinal crack, which shows 

similarities to splitting in RC ties. This most probably affects the bonding of the bar to the 

concrete and thus the overall stiffness, the deformations and the crack behaviour of the slab. It 

would be of high practical use to investigate this issue. 

The possibilities of DFOS for the assessment of the structural behaviour of reinforced concrete mem-

bers go far beyond the cases discussed in this work. This instrumentation technology opens new ways 

for experimental investigations and structural monitoring. Such promising applications are, e.g. hybrid 

fibre-reinforced concrete members, where the structural performance of fibre-reinforced concrete is yet 

not well understood and is often related to concerns regarding its ductility, hampering its full structural 

exploitation. The contribution of the steel (or polymer) fibres to carry loads in a cracked section can be 

determined with significantly higher reliability by instrumenting the reinforcing bar(s) with DFOS, e.g. 

as in [8,9]. Typically, the structural behaviour is characterised by small-scale bending tests using the 

steel fibre stress-crack opening relationship. DFOS allows validating the constitutive behaviour on 

large-scale specimens in praxis-relevant configurations. As shown in the work of [9] for the steel fibre 

contribution to shear, a similar approach can be followed for members in uniaxial tension, where the 

contribution of the steel fibres to the stress resultant can be directly investigated (first steps into this 

direction were done in [8]). 

DFOS can also provide a better understanding of the behaviour of complex structures impractical to 

build for laboratory testing. By strategically placing instrumented reinforcing bars inside, e.g. a bridge 

or retaining wall before casting, structural models can be validated and potentially made more efficient.  

Another case where DFOS has great potential, is the long-term behaviour of RC members. Monitor-

ing the deformations over time under a constant load can contribute to a better understanding of the 

highly complex and nonlinear behaviour related to creep and shrinkage. Such long-term monitoring 

requires appropriate measures to enable a reliable determination of the effects of temperature and hu-

midity on the specimens and the sensors. 

Looking at the broad recent research outputs, DFOS can potentially change the experimental inves-

tigation of structural concrete in the long run. The unbiased measurements of reinforcement strains and 

inferred curvatures, normal stresses and shear stresses provide a better understanding of members sub-

jected to generalised loading [10�±14], as insights are gained on the distribution and redistribution of 

forces. The application of DFOS can be of added value in the investigation of most, if not all, structural 

elements. It might contribute essentially to more efficient design and better use of resources in the 

construction industry.  
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