
2019

Acceptée sur proposition du jury

pour l’obtention du grade de Docteur ès Sciences

par

Ardalan HOSSEINI

Présentée le 2 juillet 2019

Thèse N° 9510

Strengthening of metallic members under mixed mode fatigue 
loading using prestressed CFRP plates

Prof. C. J. D. Fivet, président du jury
Prof. A. Nussbaumer, Prof. M. Motavalli, directeurs de thèse
Prof. P. Colombi, rapporteur
Prof. M. Dawood, rapporteur
Dr A. Vassilopoulos, rapporteur

à la Faculté de l’environnement naturel, architectural et construit
Laboratoire des structures métalliques résilientes
Programme doctoral en génie civil et environnement 



iii 

 

 

 

 

 

 

 

 

 

Dedicated with love and respect to my deceased 

father, Borhan, for being such a devoted dad, my 

wonderful mother, Soraya, and my adorable wife, 

Maryam. 

 

  



v 

 

Acknowledgements 

This research study was conducted at the Structural Engineering Research Laboratory of the Swiss 

Federal Laboratories for Materials Science and Technology (Empa) in conjunction with the Resilient Steel 

Structures Laboratory (RESSLab), formerly known as ICOM, at the École Polytechnique Fédérale de 

Lausanne (EPFL), and through a collaboration with the Department of Civil Engineering of Monash 

University. The PhD project was funded by the Swiss National Science Foundation (SNSF) grant No. 

200021-153609, which is highly acknowledged. 

I am deeply grateful to my supervisor Prof. Alain Nussbaumer (RESSLab, EPFL), who believed in 

and supported me throughout the entire work. He is a true down to earth expert in the field of fracture 

mechanics and fatigue of metallic structures, and I have been always inspired by his innovative ideas and 

critical thinking. I would also like to sincerely thank my co-supervisor Prof. Masoud Motavalli and my 

advisor Dr. Elyas Ghafoori, who gave me the opportunity to work at Empa–“The Place where Innovation 

Starts”. Their excellent support and guidance during the last four years are highly acknowledged. I would 

also like to offer my appreciation to the examination jury, which consisted of Prof. Pierluigi Colombi 

(Politecnico Milano), Prof. Mina Dawood (University of Houston), Dr. Anastasios Vasilopoulos (CCLAB, 

EPFL), and Prof. Corentin Fivet (Structural Exploration Lab, EPFL). 

Special thanks go to Prof. Xiao-Ling Zhao (Monash University) and Prof. Riadh Al-Mahaidi 

(Swinburne University of Technology) for their thoughtful comments on my PhD work, and for providing 

the unique opportunity to strengthen Diamond Creek Bridge in Australia using the flat prestressed 

unbonded retrofit (FPUR) system, developed as a part of this PhD work. The financial support provided by 

the Australian Research Council (ARC) through a Linkage Grant (No. LP140100543) for this pilot project 

is gratefully acknowledged. 

The work presented in this dissertation involved a considerable number of small- and large-scale 

experiments that would not have been successful without the outstanding support and assistance of the 

testing hall (Bauhalle) team of Empa, which at the time consisted of Robert Widmann, Slavko Tudor, 

Dimitri Ott, Giovanni Saragoni, Werner Studer, and the former senior technician, Max Heusser. In 

addition, special thanks go to Dr. Christoph Czaderski, Dr. Julien Michels, Dr. Moslem Shahverdi, Dr. 

Glauco Feltrin, and Dr. René Steiger for the instructive technical discussions during my time at Empa. 

Moreover, I would like to sincerely thank my former office mate at Empa, Dr. Abdola Sadeghi for being 

such an amazing supportive friend over the last four years. I am also thankful to Veronika Huber (Empa) 

and Emma Sorrentino (EPFL) for their persistent administrative support.  

I would like to offer my sincere thanks to Prof. Giovanni Terrasi for giving me access to the fatigue 

testing facility of the Mechanical Systems Engineering Laboratory of Empa, and I very much appreciate the 

exceptional support and assistance provided by Walter Bollier, Roland Koller, Alex Stutz, Hans Michel, 

James Ott, and Dr. Michel Barbezat from the aforementioned laboratory. I would like to also thank Erwin 

Pieper, from the Central Workshop of Empa for his cooperation in manufacturing various mechanical 

components and test specimens used in this work. Furthermore, I am thankful to Martin Hüppi from S&P 

Clever Reinforcement Company AG, who provided the materials for this research. 

Going a bit further back, I would like to sincerely thank Prof. Davood Mostofinejad, my former 

supervisor at the Department of Civil Engineering of Isfahan University of Technology (IUT), who inspired 

me with his passionate dedication to research and teaching, and encouraged me to pursue my academic 

career abroad. Moreover, special thanks go to Prof. Mohammad Reza Forouzan from the Department of 

Mechanical Engineering of IUT for his outstanding lectures on Fracture Mechanics, in which I had the 

chance to participate prior to the start of my PhD studies in Switzerland. 

I am eternally grateful to my deceased father, Borhan, who passed away on his birthday on 

December 14
th
, 2017, my inspiring mother, Soraya, and my supportive brothers, Ilia and Armin for their 



Acknowledgements 

vi 

 

understanding and encouragement during the last four years. My utmost appreciation and respect go to my 

beloved wife, Maryam, for her endless patience, understanding, and support through all the difficult times 

that the last four years saw. 

Ardalan Hosseini 

Dübendorf, May 29
th

, 2019 

 



vii 

 

Abstract 

The strengthening of existing steel structures against high-cycle fatigue (HCF) loading has become 

one of the most important topics of interest in structural rehabilitation. Apart from the conventional 

strengthening techniques that incorporate bulky and heavy steel reinforcements, the application of carbon 

fiber reinforced polymer (CFRP) composites has attracted much interest for the strengthening of fatigue-

prone (or fatigue-damaged) steel members. Over the last two decades, considerable research studies have 

been conducted to further understand the static and/or fatigue behavior of CFRP-strengthened steel 

members. However, existing knowledge on the issue is more focused on the strengthening of small-scale 

steel members using nonprestressed CFRP patches subjected to the simple mode I (tensile mode) loading 

condition. Nevertheless, it is quite evident that a combination of modes I and II (shear mode), hereafter 

referred to as the mixed mode I/II loading condition, often acts on structural members; such a complex 

loading is responsible for the failure of fatigue-critical details. 

Although some limited research studies have been conducted on the mixed mode I/II fatigue 

behavior of bare mild steel, which is relevant for civil structural applications, the existing literature does 

not provide any solution for the strengthening of fatigue-cracked members subjected to mixed mode I/II 

loading condition. Therefore, the main objective of the current PhD work is to propose a strengthening 

design approach to arrest an existing mixed mode I/II fatigue crack in a structural steel member by using 

prestressed CFRP reinforcements. To achieve this objective, first extensive analytical and experimental 

studies are conducted to develop a viable prestressing system by comparing the performance of the 

prestressed bonded reinforcements (PBRs) with that of a novel prestressed unbonded retrofit (PUR) system. 

Second, a strengthening design approach is proposed for the mixed mode I/II fatigue crack arrest in existing 

structural steel members using the developed PUR system. Through the analytical formulation of mode I 

and II stress intensity factor ranges, a design model is proposed to determine the strengthening solution, 

including the required prestressing level and/or the cross-sectional area of the reinforcement, which would 

ensure the complete arrest of an existing mixed mode I/II fatigue crack in a steel member. The proposed 

model is validated by performing sets of stepwise HCF tests on reference unstrengthened and prestressed 

CFRP-strengthened precracked steel plates of grade S355J2+N under various mode mixities. 

From a practical point of view, it deemed necessary to develop a reliable system for the prestressed 

strengthening of real-scale metallic members. Therefore, an alternative configuration of the PUR system, 

named the flat prestressed unbonded retrofit (FPUR) system is developed for the strengthening of real-scale 

metallic I-girders using multiple prestressed CFRP plates. The design concept of various mechanical 

components is discussed, and a finite element simulation is established to optimize the system. Sets of real-

scale pull-off tests, as well as static and fatigue four-point bending tests are conducted to confirm the 

excellent performance of the developed strengthening system. An analytical model is proposed to 

accurately determine the stress levels in a metallic I-girder strengthened with the developed FPUR system, 

while certain design recommendations are provided for the practical use of the system to ensure the arrest 

of a mixed mode I/II fatigue crack in a real-scale metallic member. The practical application of the FPUR 

system is demonstrated for the strengthening of a 122-year-old roadway metallic bridge in Australia. 

Keywords: steel structure, high-cycle fatigue, proportional mixed mode I/II loading, crack arrest, carbon 

fiber reinforced polymer, prestressed strengthening, unbonded retrofit, bond behavior, design model.  
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Résumé 

Dans le domaine de la réhabilitation, le renforcement des structures existantes afin d’empêcher la 

fissuration par fatigue sous un grand nombre de cycles (HCF) est devenu l’un des sujets les plus 

importants. En dehors des techniques de renforcement conventionnelles qui comportent des pièces lourdes 

et encombrantes, l’application de polymères renforcés de fibres de carbone (CFRP) pour le renforcement 

d’éléments en acier sujets à la fatigue (ou endommagés) a attiré beaucoup d’attention. Au cours des deux 

dernières décennies, un nombre important d’études scientifiques ont été menées afin de mieux comprendre 

le comportement statique et/ou en fatigue d’éléments en acier renforcés avec des CFRP. Cependant, les 

connaissances existantes se sont davantage concentrées sur le renforcement de petits éléments en acier avec 

des CFRP non-précontraints sous un chargement simple en mode I (mode en traction). Néanmoins, il est 

assez évident que les conditions réelles de chargement sur des éléments structuraux vont montrer des 

chargements avec combinaison des modes I et II (mode en cisaillement), par la suite dénommé mode de 

chargement mixte I/II. 

Bien que quelques études, limitées, ont été conduites pour étudier la fatigue en mode de chargement 

mixte I/II sur des pièces en acier doux, qui donc ont un intérêt pour les applications en génie civil, la 

littérature actuelle ne donne aucune solution en ce qui concerne le renforcement d’éléments fissurés en 

fatigue et soumis à un mode mixte I/II. Par conséquent, l’objectif principal de ce travail de doctorat est de 

proposer un modèle de calcul qui permette d’arrêter la propagation d’une fissure existante soumise à un 

chargement en mode mixte I/II, ceci à l’aide de renforcements en CFRP précontraints. Pour atteindre cet 

objectif, premièrement, des études analytiques et expérimentales approfondies sont menées pour 

développer un système de précontrainte réalisable en comparant les performances de renforts précontraints 

collés (PBR’s) avec celles d’un système original de renforcement précontraint sans liaison (PUR). 

Deuxièmement, un modèle de calcul du renforcement par PUR permettant l’arrêt de fissures de fatigue 

soumises à un mode mixte I/II est proposée.  

En exprimant analytiquement les étendues des facteurs d’intensité de contrainte en mode I et II, un 

modèle de calcul est proposé pour déterminer le renforcement nécessaire, soit le niveau de précontrainte 

et/ou la section de renfort nécessaires, qui vont permettre de totalement arrêter la propagation de la fissure 

préexistante dans un élément en acier, où la fissure est soumise à un mode mixte I/II. Le modèle proposé 

est validé par des essais de fatigue par paliers de chargement dans le domaine HCF sur des plaques en acier 

S355J2+N non-renforcées (de référence) et renforcées par CFRP, fissurées au préalable et soumises à 

différents niveaux de mixité I/II. 

D’un point de vue pratique, il est nécessaire de développer un système fiable pour le renforcement 

par précontrainte d’éléments métalliques sur des structures réelles. Ainsi, une configuration alternative du 

système PUR, dénommé système plat de renforcement précontraint sans liaison (FPUR) est développé pour 

le renforcement de poutres métalliques en I en taille réelle. La conception et le dimensionnement des 

différentes pièces mécaniques composant le système sont discutés, et une simulation par éléments finis est 

effectuée afin d’optimiser le système. Des séries d’essais “pull-off”, ainsi que des essais statiques et de 

fatigue en flexion quatre points sont effectués pour confirmer les excellentes performances du système 

développé. Un modèle analytique est proposé afin de déterminer précisément le niveau de contrainte dans 

les poutres métalliques en I renforcées à l’aide du système FPUR développé, alors qu’un certain nombre de 

recommandations sont données pour faciliter l’utilisation du système et assurer l’arrêt des fissures soumises 

à un mode mixte I/II dans ces poutres. L’application pratique du système FPUR est démontrée par le 

renforcement d’un pont métallique routier construit il y a 122 ans et situé en Australie.  

Mots-clés: structure en acier, fatigue à grand nombre de cycles, mode de chargement proportionnel mixte 

I/II, arrêt d’une fissure, polymère renforcé de fibres de carbone, renforcement précontraint, renforcement 

sans liaison, comportement de la liaison, méthode de calcul. 
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1. Introduction 

1.1. Background and motivation 

Nowadays, a large number of metallic structures are aging worldwide and most of them such as 

road and railway bridges, offshore structures and communication towers are subjected to high-cycle 

fatigue (HCF) loading. The inevitable increasing loading demand on such existing structures makes 

them more vulnerable to fatigue cracking and failure. As a result, fatigue strengthening of metallic 

structures has attracted much interest over the last few decades and primitive techniques such as 

welding or bolting steel cover plates have been traditionally used to deal with the fatigue problem in 

such structures [1]. However, steel reinforcements are bulky, difficult to handle, and prone to fatigue 

and corrosion of themselves, while those conventional strengthening techniques are costly and time-

consuming, and they often introduce new imperfections (such as welding and hole drilling) into the 

parent structure.  

Carbon fiber reinforced polymer (CFRP) composites exhibit excellent mechanical and durability 

characteristics, such as relatively high strength, elastic modulus, fatigue endurance, and corrosion 

resistance. Therefore, CFRP composites, as an alternative to the conventional steel reinforcements, are 

becoming more popular for the static and fatigue strengthening of existing steel structures [2]. 

However, unlike the fatigue behavior of metallic members and components, which has been 

intensively studied in the past [3–5], comparatively less research has been dedicated to investigate the 

fatigue response of CFRP-strengthened steel members [2]. On the other hand, the existing knowledge 

on the issue is more concentrated on CFRP-strengthening of notched steel plates or beams under 

simple mode I (tensile mode) loading condition in the form of uniaxial tension or bending. 

Nevertheless, it is quite evident that a combination of mode I and II (shear mode), hereafter referred to 

as mixed mode I/II loading condition, often acts on structural members subjected to service loading 

[6,7]. A typical example of mixed mode I/II fatigue loading condition in bridge engineering is 

illustrated in Figure 1a. The figure shows a riveted cross-girder of an old metallic railway bridge in 

Switzerland, which is strengthened with a welded cover plate. As the cover plate termination is within 

the shear span of the girder, this hot-spot joint is subjected to a combination of bending and shear. 

Such a loading combination may eventually lead to the initiation of a fatigue crack (that would be 

subjected to a mixed mode I/II fatigue loading condition), which can result in a complete failure of the 

member (see a typical failure of this kind in Figure 1b). 

 Although some research studies have been conducted on mixed mode I/II fatigue behavior of 

bare mild steel [6–8], which is the relevant material that is often used in civil structural applications, 

only a few research investigations can be found in the literature on mixed mode I/II fatigue 

strengthening of steel members. Those studies, however, mainly dealt with nonprestressed CFRP 

patching of steel plates with inclined starter notches [9–13]. On the other hand, a number of 

experimental studies have demonstrated the excellent performance of prestressed CFRP 

reinforcements for fatigue crack prevention or fatigue crack arrest in steel members subjected to mode 

I loading condition [14–17]. However, to the best knowledge of the author, to date no research has 

been reported on the potential of using prestressed CFRPs to arrest an existing mixed mode I/II fatigue 

crack in steel members. Therefore, the main intention of this research study is to propose a 

strengthening design criterion for mixed mode I/II fatigue crack arrest in a structural steel member 

using prestressed CFRP plates. 
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(a) 

 
(b) 

Figure 1. (a) A typical cross girder of the Linthkanal Bridge in Ziegelbrücke, Switzerland (photo 

captured by Ardalan Hosseini on August 31
st
, 2017); (b) a fatigue crack initiated from the extremity of 

a welded cover plate in Yellow Mill Pond Bridge, USA (photo taken from [18]). 

 

1.2. Objectives and scope 

The main objectives of the present PhD work are as follows: 

1. To analytically model the stress state in tensile steel members strengthened with prestressed 

bonded or mechanically anchored CFRP plates, and to develop a viable prestressed CFRP-

strengthening solution and experimentally investigate its performance for the fatigue 

strengthening of existing steel members.     

2. To study the mixed mode I/II fatigue crack threshold in unstrengthened and CFRP-

strengthened fatigue-cracked steel members through analytical and experimental 

investigations, and to reveal the mechanism of mixed mode I/II fatigue crack arrest and 

propose and validate (through proper experiments) an analytical model to arrest an existing 

mixed mode I/II fatigue crack using prestressed CFRP reinforcements. 

3. To develop a prestressed strengthening system for real-scale metallic I-girders that involves 

analytical modeling of the stress state in a prestressed strengthened girder and experimental 

validation of the proposed model, as well as experimental evaluation of the static and fatigue 

performance of the developed strengthening system. 

To benefit from the advantages of using prestressed reinforcements, as an active strengthening 

solution that can reduce the permanent stresses acting on the member of interest, a viable fatigue-

Welded cover plateHot spot

Shear span experiencing mixed 

mode I/II fatigue loading condition
Cross girder
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insensitive system with a relatively high performance in terms of the prestressing level has to be first 

developed. Therefore, prior to tackle the main objective (i.e., Objective 2) Objective 1 is addressed 

through an extensive study on the feasibility of using prestressed bonded systems, and developing a 

novel mechanical unbonded alternative. 

Although the main objective of the current research is to propose a strengthening design 

approach to arrest an existing mixed mode I/II fatigue crack in a steel member using prestressed CFRP 

reinforcements (i.e., Objective 2), a comprehensive literature survey revealed that such a design 

approach for crack arrest is not even readily available for the case of simple mode I loading (see 

Chapter 3 for further details). Consequently, the more common case of mode I fatigue crack arrest is 

firstly addressed in the present PhD thesis on the way to achieve Objective 2. Secondly, the problem 

of mixed mode I/II fatigue crack arrest is investigated through an extensive analytical modeling and 

experimental validation. Thereafter, Objective 3, the final objective of the current work, involves the 

development of a real-scale prestressed unbonded retrofit system and its installation on a 19th-century 

metallic roadway bridge in Australia.  

The present PhD work is believed to provide a fundamental understanding about the mixed 

mode I/II fatigue threshold in mild steel, which is the relevant fatigue-prone material often used in 

structural applications. Furthermore, a strengthening design approach and a practical prestressed 

unbonded retrofit system are developed to deal with the mixed mode I/II fatigue problem in existing 

fatigue-cracked members. Although the fundamental knowledge on the mixed mode I/II fatigue 

threshold is believed to be applicable in various engineering domains, the scope of the thesis is limited 

to the study of the following aspects:  

1. Mode I and proportional mixed mode I/II fatigue threshold under constant-amplitude (CA) 

HCF loading in mild steel (in particular grade S355J2+N steel), and 

2. Mode I and mixed mode I/II fatigue crack arrest in the main structural members of metallic 

roadway and railway bridges (such as in cross girders, stringers, truss elements, etc.). 

   It should be mentioned here that the following aspects are not within the scope of the current 

PhD work, and consequently, were not considered in this research: 

1. Nonproportional and/or variable-amplitude fatigue loading, 

2. Fatigue crack initiation under multi axial loading or fatigue crack propagation under mixed 

mode I/II loading condition in metallic connections (or details), 

3. Mode I or mixed mode I/II fatigue threshold in puddle iron, cast iron, wrought iron, or 

similar, and 

4. Long-term issues associated with the nonprestressed or prestressed CFRP reinforcements 

that are adhesively bonded or mechanically anchored to the steel substrate. 

 

1.3. Research methodology 

To achieve the thesis objectives, listed in Section 1.2, an extensive experimental program was 

carried out, which was tightly coupled with several analytical modeling and finite element (FE) 

simulations. The thesis flowchart is demonstrated in Figure 2, while brief explanations on the various 

methodologies employed in the present work are provided in the following subsections. 
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Figure 2. Flowchart of the present PhD work. 

 

1.3.1. Experimental program 

Various types of experiments were conducted as follows: 

1. Uniaxial static tests were carried out on unstrengthened or CFRP-strengthened steel plates to 

investigate the performance of the developed nonprestressed/prestressed bonded/unbonded 

CFRP-strengthening systems. 

2. Single lap-shear and prestressed release tests were performed on room-temperature cured, as 

well as accelerated-cured (through heating) CFRP plates bonded to steel I-profiles, aimed to 

investigate the bond behavior and capacity of nonprestressed and prestressed CFRP-to-steel 

adhesively bonded joints. 

3. Uniaxial static and CA fatigue tests were carried out to evaluate the ultimate capacity and the 

fatigue performance of the developed unbonded mechanical anchorage systems used for the 

prestressed strengthening of steel plates. 

4. Uniaxial stepwise HCF tests were performed on precracked steel plates with and without 

CFRP-strengthening systems, to study the mixed mode I/II fatigue threshold in mild steel, 

and to validate the proposed strengthening design approach for the mode I and mixed mode 

I/II fatigue crack arrest in precracked steel plates. 

Research methodology

Experimental program:

• Static/fatigue uniaxial tensile tests

• Single lap-shear and prestress release tests

• Large-scale pull-off tests

• Static/fatigue four-point bending tests

• Auxiliary material characterization tests

Analytical modeling:

• Analysis of CFRP-strengthened steel members

• Mixed mode I/II crack arrest through the LEFM

FE simulation:

• Design of various mechanical components

• SIF calculation through the LEFM

Main output:

• A strengthening design approach,

as well as a practical prestressed

strengthening system for mixed

mode I/II fatigue crack arrest

Main objective:

• Study the mixed mode I/II fatigue 

crack threshold in unstrengthened 

and CFRP-strengthened steel 

members
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5. Large-scale pull-off tests were performed to determine the ultimate anchorage capacity of a 

novel flat prestressed unbonded retrofit (FPUR) system, developed for the prestressed 

CFRP-strengthening of real-scale steel I-girders.   

6. Static and CA fatigue tests, in a large-scale four-point bending setup, were conducted to 

evaluate the static and fatigue performance of the developed FPUR system.   

7. Sets of auxiliary tests were conducted to characterize the mechanical properties of the 

materials used in this research (i.e., steel, CFRP, and epoxy adhesive). 

 

1.3.2. Analytical modeling 

Various analytical modeling, based on mechanics of materials and/or fracture mechanics, were 

conducted as follows: 

1. To analyze and formulate the stress levels in various components of a 

nonprestressed/prestressed bonded/unbonded CFRP-strengthened tensile steel member 

subjected to external mechanical loading and possible temperature changes, 

2. To determine the required prestressing level and/or the cross-sectional area of the 

reinforcement to arrest an existing mode I or mixed mode I/II fatigue crack in a steel 

member, within the linear elastic fracture mechanics (LEFM) domain, and 

3. To analyze and formulate the stress levels in steel and CFRP in a steel I-girder strengthened 

with the developed FPUR system subjected to external bending and possible temperature 

changes. 

 

1.3.3. Finite element simulation  

Linear FE simulations were performed in this PhD work using Abaqus, with the main intentions 

as follows: 

1. To design (and to optimize the design of) various mechanical components required for the 

prestressed unbonded retrofit systems, as well as to design the prestressing setups and 

components used in the laboratory experiments,  

2. To support the analytical modeling through the stress intensity factor (SIF) calculations 

within the LEFM domain in unstrengthened/strengthened steel plate specimens, and to 

demonstrate the capability of such FE modeling for SIF calculations in complex geometries, 

and 

3. To determine fatigue precracking loads through SIF calculations in various test specimens 

with the aim to achieve an identical size of the plastic zone at the tip of the fatigue precracks 

in all the specimens.     

 

1.4. Thesis scenario and outline 

1.4.1. Thesis scenario  

Although the present PhD thesis is composed of six standalone articles (see Section 1.4.2), a 

single scenario was pursued during the entire research work, which is briefly described in this section. 

As mentioned earlier, prior to tackle the mixed mode I/II fatigue problem, the more common case of 

mode I fatigue crack arrest had to be addressed. Therefore, the possibility of mode I fatigue crack 
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arrest in a tensile steel member strengthened with nonprestressed bonded CFRP plates was 

experimentally investigated. The main intention was to reveal whether or not a mode I fatigue crack 

can be arrested by using state of the art strengthening material (i.e., ultra-high modulus (UHM) CFRP 

plates and high-toughness epoxy adhesives). Experimental results showed that the utilization of such 

strengthening materials (not common in structural retrofitting, due to their high cost) can considerably 

prolong the fatigue life of the strengthened steel plate. However, crack arrest was not achieved, when 

nonprestressed bonded UHM CFRP plates were used. Consequently, an analytical model was 

established to calculate the required prestressing level in the normal modulus (NM) CFRP plates 

(commonly used for strengthening applications) that ensures the mode I fatigue crack arrest. However, 

no information was available in the literature to determine the capacity of prestressed CFRP plates that 

are adhesively bonded to steel substrate. Therefore, a systematic experimental study was conducted to 

investigate the bond behavior and debonding capacity of prestressed bonded CFRP-to-steel joints. The 

experimental results demonstrated that even the short-term capacity of such bonded joints was not 

sufficient to carry the prestressing force that was required for the mode I fatigue crack arrest in the 

problem under consideration. Consequently, it deemed necessary to develop and experimentally 

validate a prestressed unbonded retrofit (PUR) system that incorporates mechanical anchorages. 

The developed PUR system was employed for the strengthening of a similar fatigue-cracked 

steel plate (to that strengthened with nonprestressed bonded UHM CFRP plates). The HCF test 

performed on this CFRP-strengthened steel plate demonstrated that the application of the PUR system, 

with the required prestressing level that was determined by using the proposed analytical model, could 

completely arrest the propagation of the existing mode I fatigue precrack. Thereafter, the mixed mode 

I/II fatigue problem in mild steel was investigated through an extensive experimental program to 

reveal the mechanism of mixed mode I/II fatigue threshold in mild steel. In parallel, an analytical 

model was developed for the determination of the required prestressing force in the CFRP plates to 

arrest an existing mixed mode I/II fatigue crack. Having in hand the developed PUR system, sets of 

HCF tests were performed on CFRP-strengthened steel plate specimens (with various mode mixities) 

to validate the proposed strengthening design approach.  

Proposing the prestressed strengthening of structural members often raise the vital question of 

practicability of such strengthening systems. Therefore, it deemed necessary to develop another 

variation of the PUR system, named as flat PUR (FPUR) system, for the strengthening of real-scale 

metallic I-girders. The static and fatigue performance of the system was investigated by performing 

several large-scale tests in the laboratory, while its practical application was demonstrated on an old 

metallic bridge in Australia.  

 

1.4.2. Thesis outline 

The present PhD thesis is composed of six journal articles, and is organized into six chapters 

including the current one. Table 1 provides the relation between the objectives, research methodology, 

and the publications resulting from the present PhD work. 

The current chapter (i.e., Chapter 1) serves as an introduction on the topic of interest and 

highlights the scientific background, motivation, and significance of the present research study, as well 

as its objectives and scope. 

Chapter 2 presents the development of the PUR system by performing analytical modeling, FE 

simulations, as well as an extensive experimental program. In this chapter, the performance of the 

developed PUR system is compared with that of the prestressed bonded reinforcements (PBRs). 
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In Chapter 3, an analytical model base on the LEFM is proposed, which can be used to calculate 

the required prestressing level in the CFRP reinforcements to arrest an existing mode I fatigue crack in 

a tensile steel member. The development of a tailored PUR system with multiple CFRP plates is 

comprehensively discussed in this chapter, while the developed system is used in a set of HCF tests to 

validate the proposed analytical model. The results are further supported by FE simulations. 

In accordance to the main objective of the present PhD work (Objective 2), Chapter 4 presents a 

strengthening design approach to arrest an existing mixed mode I/II fatigue crack in a steel member by 

using prestressed CFRP reinforcements. A linear mixed mode I/II criterion is proposed based on the 

LEFM, while sets of stepwise HCF tests are conducted on fatigue precracked steel plate specimens 

(with and without prestressed CFRP reinforcements) to investigate the mechanism of mixed mode I/II 

fatigue crack threshold, and to validate the proposed strengthening design approach. 

 

Table 1. Relation between objectives, methodology, and the resultant publications. 

Chapter Main objective Methodology Publication
*
 

2 

Development of a viable 

prestressed strengthening 

solution (bonded or 

unbonded)  

 FE simulation 

 Analytical modeling (mechanics of materials) 

 Uniaxial static tests 

 Single lap-shear and prestress release tests 

 Uniaxial CA fatigue tests 

[I] and [II] 

3 

Strengthening design 

approach to arrest an 

existing mode I fatigue 

crack in a tensile steel 

member 

 Analytical modeling (LEFM) 

 FE simulation (LEFM) 

 Uniaxial static tests 

 Uniaxial stepwise HCF tests  

[III] and [IV] 

4 

Strengthening design 

approach to arrest an 

existing mixed mode I/II 

fatigue crack in a steel 

member 

 Analytical modeling (LEFM) 

 FE simulation (LEFM) 

 Uniaxial stepwise HCF tests [V] 

5 

Development of a 

prestressed unbonded 

retrofit system for the 

strengthening of real-scale 

metallic I-girders 

 FE simulation 

 Analytical modeling (mechanics of materials) 

 Pull-off tests 

 Large-scale static four-point bending test 

 Large-scale HCF four-point bending test 

[VI] 

*
 Publications: 

[I] Hosseini et al. Development of prestressed unbonded and bonded CFRP strengthening solutions for tensile 

metallic members. Engineering Structures, 181 (2019): 550-561. 

[II] Hosseini et al. Short-term bond behavior and debonding capacity of prestressed CFRP composites to steel 

substrate. Engineering Structures, 176 (2018): 935-947. 

[III] Hosseini et al. Mode I fatigue crack arrest in tensile steel members using prestressed CFRP plates. 

Composite Structures, 178 (2017): 119-134. 

[IV] Hosseini et al. Prestressed unbonded reinforcement system with multiple CFRP plates for fatigue 

strengthening of steel members. Polymers, 10.3 (2018): p. 264. 

[V] Hosseini et al. Mixed mode I/II fatigue crack arrest in steel members using prestressed CFRP 

reinforcement. International Journal of Fatigue, doi: https://doi.org/10.1016/j.ijfatigue.2019.06.020. 

[VI] Hosseini et al. Flat prestressed unbonded retrofit system for strengthening of existing metallic I-girders. 

Composites Part B: Engineering, 155 (2018): 156-172. 

https://doi.org/10.1016/j.ijfatigue.2019.06.020
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Chapter 5 is dedicated to the development of the FPUR system for the strengthening of real-

scale metallic I-girders by using prestressed CFRP plates. The system is designed, and subsequently, 

optimized by conducting several FE simulations, while the excellent static and fatigue performance of 

the proposed system is demonstrated by performing various large-scale experiments. The chapter also 

presents an analytical model based on the mechanics of materials that formulates the stress in the 

FPUR system, as well as in the strengthened I-girder under a given prestressing force and external 

mechanical and/or temperature loading. Furthermore, the concept of the mixed mode I/II fatigue crack 

arrest in real-scale metallic I-girders by using the developed FPUR system is presented in this chapter. 

Lastly, Chapter 6 gathers the main findings of the preceding chapters, summarizes the original 

contribution of the present research work, and lists the future work propositions. In addition to the 

main six chapters, the present PhD thesis includes three appendices. Appendix A summarizes the 

existing experimental literature on the mixed mode I/II fatigue threshold of mild steel. Appendix B 

reports the supplementary results of fatigue tests, presented and discussed in Chapter 4, while 

Appendix C presents the various Matlab scripts that were written and used by the author in this PhD 

work. 

 

1.5. State of the art 

Considering the fact that comprehensive state of the art reviews are provided in the introduction 

section of the six papers, which the current dissertation is composed of (see Table 1), the present PhD 

thesis does not contain an individual chapter that addresses a classical literature survey on the topic of 

research. However, this section provides an overview of the state of the art reviews that are provided 

in various chapters of the present PhD thesis. Furthermore, the existing experimental results on the 

mixed mode I/II fatigue threshold of bare mild steel are collected from the literature and are tabulated 

in Appendix A.   

The existing knowledge that is relevant to the aforementioned objectives and scope of the 

current research work can be categorized into the following topics: 

1. Application of nonprestressed/prestressed bonded/unbonded CFRPs for the static/fatigue 

strengthening of metallic members, which is comprehensively addressed in Chapter 2 (the 

introduction section of Papers [I] and [II], presented in Sections 2.1 and 2.2, respectively),  

2. Mode I fatigue strengthening of metallic plates and beams using CFRPs (or other reinforcing 

materials), which is thoroughly addressed in Chapter 3 (the introduction section of Paper 

[III], presented in Section 3.1),  

3. Mixed mode I/II fatigue problem in mild steel and the limited existing knowledge on the 

mixed mode I/II fatigue strengthening of metallic plates using CFRPs, which are 

comprehensively  addressed in Chapter 4 (the introduction section of Paper [V], presented in 

Section 4.1), and 

4. Field application of nonprestressed/prestressed CFRP reinforcements for the fatigue 

strengthening of metallic structures, which is addressed in Chapter 3 (the introduction 

section of Paper [IV], presented in Section 3.2), as well as in Chapter 5 (the introduction 

section of Paper [VI] that is presented in Section 5.1). 
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2. Development of PUR and PBR systems 

Summary 

This chapter is dedicated to the development of a viable prestressing system for the 

strengthening of metallic members using CFRP plates. In Section 2.1, analytical solutions are 

proposed to analyze the stress state in prestressed unbonded and bonded CFRP-strengthened steel 

plates subjected to external tensile loading and temperature changes. A novel friction-based 

mechanical clamping system is developed for the strengthening of tensile metallic members with 

prestressed CFRP plates, while a finite element (FE) simulation is established to optimize the design 

of the required mechanical components of the system. The static and fatigue performance of the 

developed system is experimentally evaluated and the efficiency of the proposed system is 

investigated through a set of static tests conducted on steel plate specimens strengthened with the 

prestressed bonded reinforcement (PBR) and the newly developed prestressed unbonded retrofit 

(PUR) systems. Lastly, the capability of the proposed analytical models to predict the stress state in 

the nonprestressed/prestressed bonded/unbonded CFRP-strengthened tensile steel members is 

evaluated using the experimental test results. 

The experimental results, presented in Section 2.1, revealed that the available bond capacity of 

the PBRs is relatively low. Therefore, Section 2.2 is dedicated to a fundamental study on the short-

term behavior of prestressed CFRP plates bonded to steel substrate. For this purpose, sets of single 

lap-shear and prestress release tests were conducted on adhesively bonded CFRP-to-steel joints. A 

three-dimensional (3D) digital image correlation (DIC) technique was utilized to monitor the bond 

behavior of CFRP-to-steel joints during the lap-shear loading and/or prestress force release. 

Furthermore, the feasibility of the accelerated curing (AC) of epoxy adhesive (based on heating) was 

also studied. 

It is worth mentioning here that some attempts have been made to model the behavior of CFRP-

to-steel bonded joints during lap-shear and prestress release tests. However, a detailed discussion on 

such numerical modeling is deemed beyond the scope of the present PhD work, and therefore, readers 

may refer to [1] for further details on this subject. 
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2.1. Development of prestressed unbonded and bonded CFRP strengthening solutions 

for tensile metallic members
*
 

Abstract 

In this study, a novel unbonded mechanical clamping system was developed for the 

strengthening of tensile metallic members using prestressed carbon fiber reinforced polymer (CFRP) 

plates. The system clamps a pair of prestressed CFRP reinforcement to a metallic substrate and 

provides an almost uniform contact pressure over the CFRP plate along the anchorage length. A finite 

element simulation was used to optimize the design of the mechanical components of the system. 

Subsequently, a set of static and fatigue tests was performed to evaluate the performance of the 

optimized design. Experimental results revealed that the proposed mechanical clamping system is 

capable of transferring the entire tensile capacity of the CFRP plates to the steel substrate, even after 

experiencing 10 million fatigue cycles. The comparative performance of the developed clamps was 

further investigated by a set of static tests on steel plate specimens strengthened with the prestressed 

bonded reinforcement (PBR) and the newly developed prestressed unbonded reinforcement (PUR) 

systems. Furthermore, simple analytical models are proposed to formulate the stress state in 

prestressed unbonded and bonded CFRP-strengthened tensile metallic members. The accuracy of the 

proposed analytical formulations was verified by the experimental results obtained during the current 

study. Experimental results revealed that the efficacy of having relatively high prestressing forces in 

the normal modulus (NM) CFRP reinforcements is much higher than the stiffness improvement 

obtained by using ultra-high modulus (UHM) CFRPs. However, the available capacity of the PBR 

system before debonding failure is far lower than that of the developed PUR solution. 

  

Keywords: steel structure, fatigue strengthening, carbon fiber reinforced polymer (CFRP), prestressed 

bonded reinforcement (PBR), prestressed unbonded reinforcement (PUR), ultra-high modulus (UHM) 

CFRP, analytical solution. 

 

Nomenclature 

Latin symbols Greek symbols 

A Area  α Thermal expansion coefficient 

b Width ε Strain 

d Fillet dimension λ Elastic shear stress distribution parameter 

E Elastic modulus μ Friction coefficient 

E´ Dynamic elastic modulus σ Normal stress 

G Shear modulus τ Shear stress 

l Length Subscripts 

n Elastic modulus ratio a Adhesive 

P Bolt preload/prestress force f FRP 

R Fatigue load ratio g Glass transition 

t Thickness pre Prestressing 

T Tension force or resultants s Steel  

ΔT Temperature difference t Transformed section 

v Longitudinal displacement u Ultimate 

  y Yield 

                                                 
*
 Ardalan Hosseini, Elyas Ghafoori, Masoud Motavalli, Alain Nussbaumer, Xiao-Ling Zhao, Riadh Al-Mahaidi, and 

Giovanni Terrasi. Engineering Structures, 181 (2019): 550-561 (doi.org/10.1016/j.engstruct.2018.12.020). 
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1. Introduction 

Today, a large number of existing metallic structures need to be strengthened against fatigue to 

carry higher service loads and/or be sufficiently safe for a longer service life. The conventional 

method for the strengthening of ageing metallic structures is to bolt or weld additional steel plates to 

the tension face of the member, and/or to replace a part of or the entire damaged structural member. It 

is obvious that these conventional techniques are time-consuming, costly, and not so efficient, as the 

steel cover plates are usually bulky, heavy, difficult to fix, and prone to fatigue and corrosion [1], 

while such strengthening methods might not be applicable to all types of existing metallic structures 

(for instance due to poor weldability of the parent alloy). On the other hand, certain advantages of 

carbon fiber reinforced polymer (CFRP) composites, such as high corrosion resistance, light weight, 

high strength, and fatigue endurance [2], have made CFRP composites a unique alternative for static 

(e.g., [3-7]) and fatigue (e.g., [8-12]) strengthening of ageing metallic structures.  

It is evident that the use of prestressed CFRP composites has several advantages over the 

nonprestressed reinforcements owing to their ability to reduce the permanent tensile stresses in the 

strengthened member. Therefore, application of prestressed CFRP reinforcements is of crucial interest 

for fatigue strengthening of existing metallic structures [13-15], as it can reduce the mean stress levels, 

and consequently, enhance the fatigue life of the strengthened member [16-18]. Despite this great 

advantage, fewer attempts have been made to use prestressed bonded reinforcement (PBR) systems for 

strengthening of steel members in practical cases [19]. This may be explained by the fact that high 

prestressing levels cannot be reached in PBRs, owing to the premature failure by debonding of the 

composite reinforcement from the steel substrate [20,21]. Consequently, for the PBR systems to be 

effective, the high interfacial and peeling stresses generated in the end zones of the prestressed 

reinforcement should be avoided. Therefore, mechanical end-anchorages are commonly used to deal 

with the debonding failure of PBRs, although very few laboratory applications of PBR systems 

without any end-anchorages can be found in the literature [22,23]. 

In 2015, several laboratory tests were performed at the Structural Engineering Research 

Laboratory of Empa to compare the behavior of steel beams strengthened by PBR and prestressed 

unbonded reinforcement (PUR) systems [24]. The results have shown that, when metallic beams are 

strengthened by prestressed CFRP plates, the static and fatigue performance of the CFRP-strengthened 

member is more sensitive to the prestressing level than to the existence of the adhesive bond [14,25]. 

Based on these results, a novel prestressed unbonded CFRP reinforcement system was developed [26] 

and tested in the laboratory [16]. The system was used for fatigue strengthening of Münchenstein 

Bridge, a 120-year-old metallic railway bridge in Switzerland [17]. Different possible configurations 

of the PUR systems for strengthening of metallic I-beams are suggested in [27]. More recently a flat 

PUR (FPUR) system was developed by the authors to strengthen real-scale metallic I-beams using 

prestressed CFRP plates [28]. The system allows for an easy and straightforward on-site post-

tensioning of CFRP reinforcements using a set of hydraulic jacks. The developed FPUR system was 

then used to strengthen the cross-girders of a 122-year-old metallic roadway bridge in Australia [29]. 

The development, laboratory testing, and field application of the PUR systems, however, have been so 

far limited to the strengthening of metallic I-beams. On the other hand, in practical cases, there exist 

many other metallic member configurations, which require static and/or fatigue strengthening. 

Consequently, there is a need for the development of proper PUR solutions that can be used to 

strengthen existing tensile metallic members; the present paper addresses the aforementioned issue. 

In this study, analytical solutions are firstly proposed to analyze the stress state in prestressed 

unbonded and bonded CFRP-strengthened steel plates subjected to external tensile loading. Second, a 

novel friction-based mechanical clamping system is developed for the strengthening of tensile metallic 
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members with prestressed CFRP plates. A finite element (FE) simulation is used to optimize the 

design of the required mechanical components of the system, and subsequently, the static and fatigue 

performance of the system is experimentally evaluated. The practical performance of the proposed 

system is then investigated in a set of static tests conducted on steel plate specimens strengthened with 

the PBR and the newly developed PUR systems. Lastly, the capability of the proposed analytical 

modeling to predict the stress state in the nonprestressed/prestressed bonded/unbonded CFRP-

strengthened tensile steel members is evaluated using the experimental test results. It is worth 

mentioning that, the current paper is an extended version of the authors’ paper presented in the Fourth 

Conference on Smart Monitoring, Assessment and Rehabilitation of Civil Structures (SMAR 2017) 

[30]. 

 

2. Analytical Solution 

2.1. Prestressed unbonded reinforcement (PUR) 

The schematic of a tensile steel member strengthened with mechanically anchored prestressed 

unbonded CFRP reinforcements is shown in Figure 1a. By assuming that the mechanical clamping 

system does not exhibit any slippage, and the CFRP and steel behave linearly (a reasonable 

assumption in the case of high cycle fatigue (HCF) loading), the axial stress in the steel substrate (σs) 

and the CFRP reinforcements (σf) due to the effect of the external tensile loading (T), CFRP prestrain 

level (εpre), as well as any temperature changes after CFRP strengthening (ΔT), can be expressed by 

solving the force equilibrium and displacement compatibility equations as follows: 
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where As and Af are the cross-sectional areas of steel, and the CFRP reinforcements on one side of the 

steel plate, respectively; Es and Ef are the elastic moduli of steel and the CFRP composite, 

respectively; αs and αf are the thermal expansion coefficient of steel and the CFRP composite, 

respectively. Furthermore, 
s

f

E

E
n  , and At is the transformed cross-sectional area of the joint and is 

calculated as follows: 

fst nAAA 2
 

(3) 

 

2.2. Prestressed bonded reinforcement (PBR) 

It is obvious that an elastic-plastic analysis (such as that proposed by Hart-Smith [31]) is 

required to determine the debonding load of adhesively bonded CFRP-to-steel joints. However, for 

many applications, such as the design of composite patch reinforcements within the elastic limits, the 

determination of thermal residual strains due to the curing of the adhesive at elevated temperatures, 

and the fatigue strengthening of steel members, a simple one-dimensional linear-elastic model can be 

sufficiently accurate [15,32,33]. Therefore, as the main intention of the current study is to compare the 

efficiency of a prestressed unbonded CFRP reinforcement with that of a prestressed bonded one in 

fatigue strengthening of steel members, the linear-elastic solution developed by Albat and Romilly 
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[32] is deemed to be accurate enough for the determination of stress in the steel substrate. 

Consequently, in this section, the aforementioned model has been adopted to take into account the 

effect of a prestressing force in the CFRP reinforcements on the stress reduction and distribution along 

the steel substrate in an adhesively bonded CFRP-to-steel joint, subjected to external loading. 

 

 
(a) 

 
(b) 

Figure 1. Schematic view of: (a) prestressed unbonded reinforcement (PUR) and (b) prestressed 

bonded reinforcement (PBR). 

 

 

Figure 2. Free body diagram and force equilibrium in a finite element of a prestressed bonded CFRP-

strengthened steel plate. 

 

Figure 1b depicts the schematic of a tensile steel member strengthened with double-sided 

prestressed bonded CFRP reinforcements. In this case, the governing equilibrium equations can be 

derived using the free body diagram of an infinitesimal element of the joint, depicted in Figure 2, in 

conjunction with the selected coordinate systems as shown in Figure 1b. The two differential 

equations for the horizontal force equilibrium can be expressed as [32,34,35] 
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where bf is the total width of the individual CFRP reinforcements on one side of the steel plate (if 

more than one strip is applied), τa(y) is the interfacial shear stress function, and Tf(y) and Ts(y) are axial 

forces in the CFRPs and steel substrate, respectively: 
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Considering the prestrain level in the CFRP reinforcements, as well as the effect of temperature 

changes, the compatibility equations for the CFRP plate, steel substrate, and the adhesive layer can be 

expressed as: 
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where εf(y), εs(y), vf(y) and vs(y) are axial strain and deformation of CFRP reinforcements and steel 

substrate, respectively; Ga and ta are the adhesive shear modulus and thickness, respectively. 

Differentiating Eq. (9) and substituting Eqs. (7) and (8) into the resultant equation yields to 
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By differentiating Eq. (10) and substituting the equilibrium equations (i.e., Eqs. (4) and (5)), 

into the resultant equation, the second-order ordinary differential equation of the adhesively bonded 

CFRP-to-steel joint in terms of the interfacial shear stress distribution can be obtained as 
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Considering the general solution of the obtained differential equation and evaluating its 

unknown coefficients by applying the boundary conditions of the stress resultants Tf(y) and Ts(y) (see 

[32] for further details), the interfacial shear stress, as well as the axial stresses in the adherents can be 

formulated as follows: 
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(15) 

where l is half of the CFRP reinforcement length and lyl  . From Eqs. (13)–(15) one can infer 

that applying prestressed CFRP plates as adhesively bonded reinforcements on a tensile steel member 

can reduce the stress level in the strengthened member, while leads to a distribution of interfacial shear 
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stresses at the two extremities of the bonded length even at zero external load (T = 0). Careful study of 

Eq. (13), however, reveals that the prestrain level (εpre) and the external load (T) have an identical 

mathematical sign, which reminds that higher interfacial shear stresses are expected in PBR joints 

compared to a nonprestressed bonded reinforcement (at a known T); this might eventually lead to a 

lower ultimate capacity (debonding load) in PBR solutions. 

 

3. Development of mechanical clamping system 

3.1. Design Basis 

A schematic cross-sectional view of the proposed mechanical clamping system is illustrated in 

Figure 3a. As the figure shows, the main idea of the system is to hold the prestressed CFRP plates on 

the steel substrate (the steel plate in this case) with the help of friction. Therefore, it is necessary to 

press the prestressed CFRP plates against the steel substrate using a set of prestressed bolts. As the 

system functions with friction, 3M
TM

 diamond friction shims (3M Technical Ceramics GmbH, 

Germany) can be used between the CFRP plates and the steel substrate to increase the friction (see 

Section 4.3.1). Consequently, owing to insights about the static friction in the CFRP-diamond shim, 

and diamond shim-steel interfaces, the required prestressing force that should be provided by the 

prestressed bolts can be calculated for a target value of the axial stress in the CFRP plates (herein the 

tensile strength of the CFRP composite). 

 

 

Figure 3. Schematic of proposed mechanical clamping system: (a) cross-sectional view; (b) stress 

transfer between different components. 
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Owing to the bending deformation of the clamp plate upon fastening the prestressed bolts (see Figure 

3b), it is clear that another mechanical part, called the hard plate, is needed to transfer the lateral 

compression force from the clamp to the CFRP plate through a more uniform distribution, σn, and 

avoid pinching it. The hard plates are toothed on the contact side with the CFRP and they have a 

hardness of HRC 58(-60) on the Rockwell scale. It is obvious that the fillet dimension of the hard plate 

(see Figure 3b) is one of the most important parameters affecting the contact stress distribution. Given 

the complexity of the system, a finite element (FE) simulation was performed to optimize the 

dimensions of the different mechanical components. 

 

3.2. Finite element simulation 

3.2.1. Model description 

Owing to the symmetry of the system, a finite element (FE) model of one fourth of the proposed 

mechanical clamping system was assembled in ABAQUS [36]. The FE model consisted of a CFRP 

plate (50 × 1.4 mm) pressed against the steel substrate via the mechanical clamp (see Figure 4a). All 

the steel components were modelled as an isotropic linear elastic material with an elastic modulus (Es) 

and Poisson’s ratio (νs) of 200 GPa and 0.3, respectively. Although a unidirectional CFRP plate indeed 

exhibits anisotropy, it was also modelled as an isotropic linear elastic material with an elastic modulus 

(Ef) and Poisson’s ratio (νf) of 160 GPa, and 0.3, respectively, for the sake of simplicity. Indeed, the 

main intention of the FE simulation was to optimize the dimensions of the steel components and find 

out the required number and diameter of the prestressed bolts to provide enough friction force between 

the CFRP plate and the steel substrate; concerning the design of the clamp plates, the anisotropic 

behavior of the CFRP plate is deemed to have no significant influence on the FE results.  

A hard contact was used between the clamp plate, hard plate, CFRP, and the steel substrate in 

the normal direction. However, using the penalty formulation, an isotropic tangential friction with a 

friction coefficient μs = 0.3 was introduced between the CFRP plate and the steel substrate in the 

transverse direction. The CFRP and the steel substrate were modelled using 8-node linear brick 

elements of type C3D8R with reduced integration and hourglass control, while the hard plate and the 

clamp were modelled using 10-node quadratic tetrahedron elements of type C3D10. The elements had 

an overall dimension of approximately 2 mm. 

In the first stage, a static uniform pressure of 396 MPa was introduced on the clamp plate over 

the contact area of the bolt head, which is a round area with outer and inner diameters of 20 and 13 

mm, respectively (see Figure 4a) to simulate the prestressing force of 72 kN per bolt. This force level 

is generated in M12 high-strength bolts upon fastening them with an allowable torque of 160 N·m. In 

the next stage, a uniform displacement-controlled loading was applied to the free edge of the CFRP 

plate to evaluate the anchorage capacity of the joint before slippage of the CFRP. As mentioned 

earlier, the FE model was generated to check the stresses in the clamp plate and optimize its thickness. 

Afterwards, a parametric study was performed to optimize the fillet dimension of the hard plate to 

obtain an approximately uniform contact pressure between the hard plate and the CFRP reinforcement. 
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(a) 

 
(b) 

Figure 4. (a) Optimized dimensions used in the finite element simulation (all dimensions are in mm); 

(b) von Mises’ stresses in the proposed mechanical clamping system when subjected to the allowable 

bolts load and CFRP tensile strength. 

 

3.2.2. FE results 

Figure 4b shows the von Mises’ stresses in the FE model when the full bolts load is applied on 

the clamp plate, and the CFRP plate is pulled up to its tensile strength. It can be seen that by using 25 

mm-thick clamp plates, manufactured from M200 steel with a nominal yield strength of σy = 1000 

MPa, the maximum stress in the clamp plate is below 0.6σy.  

Figure 5a illustrates the effect of the hard plate fillet dimension (d) on the distribution of the 

contact pressure between the hard plate and the CFRP reinforcement. It can be seen from the figure 

that having no fillet results in a singular stress concentration on the CFRP edges, while there is no 

contact pressure in the middle width of the CFRP plate. The parametric study demonstrated that a fillet 

dimension of 10 mm with an inclination angle of 1.5° is the optimal configuration for the hard plate to 

achieve a more uniform contact pressure on the CFRP plate. Note that round fillets with a radius of 2 

mm were also considered in the longitudinal direction of the hard plates to avoid any undesired stress 

concentration. 
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(a) (b) 

Figure 5. FE results: (a) effect of fillet dimension on distribution of contact pressure (d = fillet 

dimension); (b) ultimate capacity of joint before slippage of mechanical clamp. 

 

Using the FE model of the optimized mechanical clamps (obtained through the abovementioned 

parametric study), the stress–elongation response of the CFRP plate was estimated and is provided in 

Figure 5b. FE results presented in Figure 5b suggest that the proposed mechanical clamp is capable of 

carrying the entire tensile capacity of the CFRP plate (nominal value of σf,u = 2800 MPa) before any 

slippage of the clamp. It is obvious that the ultimate capacity of the proposed anchorage system is a 

function of the friction coefficient μs between the CFRP plate and the steel substrate. It has been 

demonstrated in [26] that μs ≥ 0.3 can be expected by using diamond friction shims. Therefore, it may 

be concluded that by considering μs = 0.3, the ultimate capacity of the designed system, obtained from 

the FE modeling, is on the safe side. 

 

4. Experimental verification 

4.1. Test specimens 

Two sets of tensile tests were carried out in this study. First, a set of tensile tests was performed 

on the so-called clamp test specimens, as depicted in Figure 6a, to evaluate the ultimate capacity and 

fatigue performance of the proposed mechanical clamping system for the fatigue strengthening of 

tensile steel members. Secondly, the performance of the proposed mechanical clamping system was 

compared to that of the conventional adhesively bonded solutions through a series of static tensile 

tests. 

The second set of the experiments consisted of six static tensile tests on steel plates with overall 

dimensions of 1100 × 150 × 10 mm (length × width × thickness) as follows: one unstrengthened steel 

plate as the reference specimen depicted in Figure 6b; two steel plates strengthened with 

nonprestressed bonded CFRP reinforcement with normal modulus (NM) and ultra-high modulus 

(UHM) of elasticity, hereafter called specimens NPBR-NM and NPBR-UHM, respectively (see 

dimensions in Figure 6c); one steel plate with the same configuration as that depicted in Figure 6c, 

strengthened with prestressed bonded NM CFRP reinforcements, hereafter called specimen PBR-NM; 

and two steel plate specimens as illustrated in Figure 6d strengthened with the proposed mechanical 

clamping system, one with nonprestressed NM CFRPs (hereafter called NPUR-NM) and the other one 

with prestressed NM CFRPs (hereafter called PUR-NM). It is worth mentioning that, because of the 

brittle nature and relatively low tensile strength of the UHM CFRP plates, it is almost impractical to 
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clamp and/or prestress such composites [18,24]. Therefore, UHM CFRP plates were only used as a 

nonprestressed bonded solution (NPBR-UHM) and no other configuration (such as PBR-UHM, 

NPUR-UHM, and PUR-UHM) was included in the test layout. 

Several electrical foil strain gauges were mounted on all the specimens to monitor the strain 

levels in the CFRP plates and steel substrate during the static and fatigue tests. Strain gauges of type 1-

LY61-6/120 and 1-LY66-6/120 (HBM AG, Germany) with an electrical resistance of 120Ω ± 0.30% 

were mounted at mid-length of the steel and CFRP plates, respectively (see Figure 6 for the strain 

gauges’ locations). 

 

 

Figure 6. Dimensions of different test specimens and locations of the mounted strain gauges (all 

dimensions are in mm): (a) clamp test; (b) reference; (c) NPBR-NM, NPBR-UHM, and PBR-NM; (d) 

NPUR-NM, and PUR-NM. 

 

4.2. Material properties 

With the exception of the mechanical components of the proposed clamping system, which were 

made from high strength M200 steel, the utilized steel plates in all the experiments were of type 

S355J2+C with a nominal yield strength of 355 MPa. The Young’s modulus of the steel (Es) was 

determined as 200.9 GPa. Moreover, unidirectional UHM CFRP plates of type Carbolam THM 450-

50×1.2 were used in specimen NPBR-UHM, while unidirectional NM CFRP plates of type S&P 

150/2000 were used for the strengthening of the other steel plate specimens. The mechanical 

properties of the CFRP plates are provided in Table 1. 

In the specimens strengthened using adhesively bonded CFRP reinforcements, a two-component 

epoxy adhesive, Araldite 420 A/B, was used. Sets of auxiliary tests were conducted on room-

temperature cured samples to characterize the tensile properties and glass transition temperature (Tg) 

of the aforementioned adhesive. Table 2 summarizes the experimental results of these sets of auxiliary 

tests on the epoxy adhesive. Further details regarding these material characteristic tests can be found in 

Foil strain gauge – dimensions (width × length) = 6.3 × 16 mm

(a) (b) (c) (d)
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[37]. Note that no auxiliary test was performed to determine the shear modulus of the adhesive as part 

of the present study; however, Ga = 730 MPa was used in the analytical model based on the 

manufacturer’s catalogue for room-temperature applications. 

 

Table 1. Mechanical properties of CFRP plates in the fibers’ direction. 

Material Type Nominal tensile strength (MPa) 
Elastic modulus 

(GPa) 

NM CFRP S&P 150/2000-50/1.4 2800 156 [33] 

UHM CFRP THM 450-50 × 1.2 1200 435 [24] 

NM = normal modulus; UHM = ultra-high modulus 

 

4.3. CFRP strengthening procedure 

4.3.1. Nonprestressed reinforcement  

In order to strengthen the steel plate specimens using nonprestressed bonded CFRP plates, the 

bond area was first sand-blasted and carefully cleaned with acetone. CFRP plates were then glued on 

each side of the prepared steel surfaces using the two-component epoxy adhesive to realize the final 

configuration depicted in Figure 6c. The specimens were then cured at room temperature for six days 

before testing. On the other hand, strengthening of the steel plates using the mechanical unbonded 

clamps was much faster, as the clamps work based on friction, and neither surface preparation of the 

steel plate nor curing for the adhesive was required.  

Different components of the proposed mechanical clamping system are illustrated in Figure 7a. 

In total eight high strength bolts were used in each of the clamp sets, and they were tightened with a 

torque of 160 N·m. Therefore, specimen NPUR-NM was easily prepared by putting different 

components of the mechanical clamping system together and tightening the M12 bolts of each clamp 

set, which tied the CFRP plates to the steel substrate. As previously mentioned, 3M
TM

 diamond 

friction shim was used between the CFRP and steel to increase the CFRP-steel interface friction. 

Figure 7b illustrates an SEM image of the nickel-diamond coating on the 3M
TM

 friction shim. 

 

Table 2. Nominal average tensile strength, σa,u, strain at rupture, εa,u, elastic modulus, Ea, and glass 

transition temperatures for the utilized epoxy adhesive. 

Type of test 
Number of tested 

samples 

Age of sample 

(d) 

 σa,u 

(MPa) 

εa,u 

(%) 

Ea 

(GPa) 

To 

(°C) 

Ti 

(°C) 

Uniaxial tensile 6 7 24.6 9.28 1.68 - - 

DMTA 3 28 - - - 41.4 46.8 

DMTA = dynamic mechanical thermal analysis 

To = glass transition temperature corresponding to the onset point of the stiffness decrease of the dynamic 

modulus, E´ 

Ti = glass transition temperature corresponding to the inflation point of the E´–T diagram 
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(a) 

 

(b) 

Figure 7. (a) Different components of proposed mechanical clamping system; (b) SEM image of 

nickel-diamond coating on 3M
TM

 friction shim (SEM performed at Empa). 

 

4.3.2. Prestressed reinforcement 

To strengthen the steel plate specimens with prestressed bonded and unbonded CFRP 

reinforcements (specimens PBR-NM and PUR-NM), a special prestressing setup was designed and 

assembled at the Structural Engineering Research Laboratory of Empa to simultaneously prestress two 

parallel CFRP plates (Figure 8). The distance between the two CFRPs was accurately kept at 10.40 

mm using high strength steel cubes in the prestressing grips. CFRP plates were prestressed up to a 

total load level of 120 kN (approx. 30% of the tensile strength of the composite) using a hollow 

plunger hydraulic cylinder. The total prestressing load and the prestrain level in CFRP plates were 

monitored using a 300 kN load cell and the strain gauges mounted on the CFRPs, respectively. 
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Figure 8. Prestressing setup. 

 

 

Figure 9. Strain history of steel and CFRP plates in PUR-NM specimen during prestress and release 

process. 

 

Upon reaching the desired prestressing force in the CFRP plates of specimen PBR-NM, the 

epoxy adhesive was applied to the sand-blasted steel surfaces and the specimen was placed in between 

the CFRP plates. The prestressing force was kept constant for 6 days, and afterwards gradually 

released to zero. By contrast, as can be seen in Figure 9, the entire prestress and release process for 

specimen PUR-NM was completed in less than one hour owing to the fact that after prestressing, the 

CFRP plates were immediately anchored to the steel substrate using the newly developed mechanical 

clamping system. After tightening the prestressed bolts, the prestressing load was gradually decreased 

to zero. This resulted in a slight decrease in the prestrain level of the CFRP reinforcements owing to 

the compressive deformation of the steel substrate (see Figure 9). At this state, the average 

compressive strain on both sides of the steel plate was 368 μm/m, which corresponds to a compressive 

stress of 73.9 MPa. Next, the CFRP plates were cut from both extremities to realize the configuration 

depicted in Figure 6d. The prestressed specimens were then taken to the tensile testing machine. 

 

4.4. Static and fatigue test setup 

A 1-MN static/fatigue servo-hydraulic Schenck machine with an Instron controller was used to 

perform the static and fatigue tensile tests. Figure 10a shows the test setup and the instrumentation 

used to monitor the specimens during static and fatigue testing. All the static tests were performed 
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under displacement-controlled conditions at a speed of 1 mm/min, which was intentionally kept lower 

than the general recommendation provided in DIN EN ISO 6892-1 [38], in order to avoid any 

probable undesired strain dependency effects on the performance of the adhesively bonded 

reinforcements. The fatigue test on the mechanical clamping system (Figure 6a) was performed under 

load-controlled conditions with a load ratio (R = Tmin/Tmax) of 0.9, and a frequency of 15 Hz. The 

maximum load level (Tmax) during the fatigue test was equal to 124 kN, which corresponded to 32% of 

the nominal tensile strength of the utilized CFRP. It should be noted here that a range of R = 0.1–0.3 is 

deemed representative of the practical fatigue load ratio range experienced by most of the fatigue-

prone members in metallic bridges (see for example [28]). Assuming R = 0.2 for a tensile metallic 

member which needs to be strengthened, the load ratio experienced by the prestressed CFRP 

reinforcements (the developed PUR system) can be estimated approximately as R = 0.9 using the 

analytical model proposed in Section 2.1 (for the specific configuration given in Figure 6d). 

Consequently, to simulate the real stress state, experienced by the proposed mechanical clamping 

system, a relatively high load ratio (i.e., R = 0.9 in this case) was incorporated in the fatigue test. 

 

 

 

(a) (b) 

Figure 10. (a) Test setup for static and fatigue experiments; (b) load–displacement response of clamp 

test specimens. 

 

5. Results and discussion 

5.1. Static and fatigue tests on the proposed mechanical clamping system 

Figure 10b illustrates the load–deformation response of the three clamp test specimens, 

monotonically loaded until failure. It can be seen in the figure that when double-sided sand paper was 

used between the CFRP plate and the steel substrate, the friction joint behaved relatively softer, while 

at 60% of the CFRP tensile strength, the stiffness of the joint dropped to almost zero and the unstable 

slippage of the system occurred. On the other hand, when diamond friction shims were used to 

increase the interface friction of the CFRP-steel joint, no reduction in the joint stiffness or slippage of 

the clamps was observed until the tensile rupture of the CFRP plates occurred. 
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In order to investigate the fatigue performance of the proposed mechanical clamping system, the 

third clamp test specimen was first subjected to 10 million fatigue cycles with Tmax = 124 kN and R = 

0.9. Afterwards, a monotonic loading was applied on the specimen until the ultimate strength of the 

CFRP plates was reached. The experimental results provided in Figure 10b demonstrate that the 

proposed mechanical clamping system is capable of transferring the entire tensile capacity of the 

CFRP plates to the steel substrate, even after experiencing 10 million fatigue cycles. 

 The maximum bending strain generated in the mechanical clamps is plotted against the applied 

torque on the eight M12 (grade 12.9) bolts of the system in Figure 11a. It can be seen in the figure that 

the maximum bending strain, generated in the clamp plates at the allowable torque of 160 N·m, was 

approximately equal to 3000 μm/m which corresponded to a maximum bending stress of almost 600 

MPa (considering Es = 200 GPa). This stress level is equal to 0.6σy, i.e., the allowable stress limit 

which was initially considered to design the clamp plate. Consequently, a comparison of the 

experimental values provided in Figure 11a with the FE results presented in Figure 4 reveals that a 

good correlation exists between the experimental and FE results in terms of the maximum bending 

stress in the clamp plates (see Section 3.2.2).  

The maximum strain levels in the clamp plates were monitored during the 10 million fatigue 

cycles, and their evolution with respect to the elapsed fatigue cycles are provided in Figure 11b. The 

figure reveals that the maximum bending strain in the clamp plates was slightly reduced by 

approximately 1.5% over 10 million fatigue cycles, which indirectly indicates that the prestressing 

force in the M12 bolts was reduced by almost 1.5%. This is believed to be due to the creep of the 

composite matrix in the transverse direction, while this level of prestress loss in the bolts over 10 

million fatigue cycles is deemed acceptable for the proposed mechanical clamping system. 

 

  
(a) (b) 

Figure 11. (a) Maximum bending strain in clamp plates versus applied torque; (b) evolution of 

maximum bending strain in mechanical clamps with respect to fatigue cycles. 

 

5.2. Static tests on CFRP-strengthened steel plates 

Load–strain responses of all the specimens, tested under uniaxial monotonic loading in the 

second sets of the experiments are plotted in Figure 12, while the results are summarized in Table 3. 

As stated earlier, fatigue strengthening of metallic members is the main focus of the current study. 
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Therefore, all the specimens were subjected to uniaxial tensile loads equal to 300 kN, which 

corresponded to approximately 0.5σy in the bare (unstrengthened) steel, and therefore can fairly 

represent the high-cycle fatigue problem in such steel members [15].  

Figure 12 illustrates that strengthening of the steel plate specimens using nonprestressed bonded 

or unbonded CFRP reinforcements slightly increased the stiffness of the member within the 

strengthened length, while this stiffness improvement is almost identical for the case of bonded and 

unbonded solutions. As expected, utilizing nonprestressed bonded UHM CFRP reinforcements further 

improved the stiffness of the steel member as the strain in the mid-length of the steel plate at T = 300 

kN was reduced by 16.3% compared to the reference unstrengthened specimen. 

 

 

Figure 12. Load–strain response of tested specimens and model predictions. 

 

Table 3. Static test specimens’ description and test results. 

Test 

No. 
Specimen label 

Total prestressing 

force (kN) 

Maximum strain in steel 

at T = 300 kN (μm/m) 

Strain reduction in steel compare with 

reference specimen at T = 300 kN (%)  

1 Reference - 995 - 

2 NPBR-NM - 931 6.4 

3 NPUR-NM - 925 7.0 

4 NPBR-UHM - 833 16.3 

5 PBR-NM 120 Debonding failure N.A. 

6 PUR-NM 120 547 45.0 

NPBR = nonprestressed bonded reinforcement; PUR = prestressed unbonded reinforcement 

NPUR = nonprestressed unbonded reinforcement; NM = normal modulus 

PBR = prestressed bonded reinforcement; UHM = ultra-high modulus 
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Figure 12 obviously shows the great advantage of using prestressed CFRP reinforcements to 

reduce the tensile strain level in the steel substrate under external loading. However, the two 

prestressed bonded CFRP plates in specimen PBR-NM were debonded from the steel substrate at 

relatively very low levels of the external tensile load, T = 50 and 153 kN, respectively. As can be seen 

in Figure 12, the brittle debonding failure started at the extremity of the prestressed CFRP 

reinforcements and rapidly propagated towards the mid-length of the specimen. Debonding in this case 

is generally attributed to the fact that prestress force release generated considerable interfacial shear 

stresses in the CFRP end zones [20,21]. The external tensile loading on the CFRP-steel joint then 

increased the accumulated interfacial shear stresses, which resulted in the debonding failure of the 

prestressed CFRP reinforcement at the critical external load level. This experimental observation is in 

accordance with the interpretation provided at the end of Section 2.2. By contrast, the developed 

mechanical clamping system, used to strengthen specimen PUR-NM, could carry the prestressing 

force up to the end of loading procedure; the system experienced no slippage (see Figure 12). 

Load–strain behavior of the strengthened specimens was predicted by the proposed analytical 

models (presented in Section 2), and the predictions are also plotted in Figure 12 for comparison 

purposes. As the load–strain responses of the tested specimens (illustrated in Figure 12) were directly 

obtained from the experiments, the analytical formulations of the stress in the steel substrate, presented 

in Section 2 (i.e., Eq. (1) for the case of unbonded, and Eq. (15) for the case of bonded 

reinforcements), were translated into strain functions using Hooke’s law. Note that in Eqs.(1) and (15), 

y = 0 was incorporated, owing to the fact that the strain gauges were installed at mid-length of the steel 

specimens (see Figure 6) as the state of stresses at this location of the strengthened plates was the most 

interesting. 

It can be concluded from Figure 12 that the proposed analytical models are capable of 

accurately predicting the behavior of non-prestressed and prestressed CFRP-strengthened steel plates, 

both in the case of bonded and unbonded solutions. As mentioned earlier, linear-elastic behavior of all 

the individual elements of the joint (i.e. steel, CFRP, and adhesive) is the main assumption of the 

developed analytical models. This assumption, however, applies when fatigue strengthening of 

existing metallic members is of interest. 

 

 

Figure 13. Efficiency of different strengthening solutions in terms of strain reduction in steel 

compared with reference specimen at T = 300 kN. 
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Figure 13 shows the efficiency of the different strengthening solutions utilized in this study in 

terms of strain reduction in the steel substrate compared to the reference unstrengthened specimen at T 

= 300 kN. It can be concluded from the figure that the efficacy of having relatively high prestressing 

forces in the NM CFRP reinforcements is much higher than the stiffness improvement obtained by 

using UHM CFRPs. This is important when fatigue crack prevention or fatigue crack arrest is of 

interest in metallic members, given that in practical strengthening projects the application of UHM 

CFRP materials may be much more expensive than using the proposed PUR system. 

 

6. Conclusions and recommendations 

Based on the analytical modeling and experimental test results, provided in the current study, 

the following conclusions can be drawn: 

 Sets of static and fatigue tests, performed on the proposed mechanical clamping system, 

revealed that the proposed unbonded friction-based system is capable of transferring the 

entire tensile capacity of the CFRP plates to the steel substrate, even after experiencing 10 

million fatigue cycles. Further experimental tests on the steel plate specimens strengthened 

with the proposed PUR system confirmed the high performance of the system, as no 

slippage/failure was observed. 

 Uniaxial tensile tests were performed on the reference unstrengthened and CFRP-

strengthened steel plates up to approximately 0.5σy in the bare steel, which indeed represents 

the maximum stress level experienced by structural metallic members in high-cycle fatigue 

regime. Experimental results demonstrated that the use of nonprestressed bonded/unbonded 

CFRP reinforcements can slightly enhance the stiffness of the member within the 

strengthened length; this stiffness improvement is almost identical for the case of bonded and 

unbonded solutions.  

 Static test results on CFRP-strengthened steel plates revealed that the efficacy of having 

relatively high prestressing forces in the NM CFRP reinforcements is much higher than the 

stiffness enhancement obtained by using UHM CFRPs. This conclusion can be certainly 

important when fatigue strengthening of existing metallic members is of interest, owing to 

the fact that in practical strengthening projects application of UHM CFRP materials can be 

much more expensive than using the proposed PUR system. Although application of 

prestressed UHM CFRP plates could be an idealized solution for fatigue strengthening of 

metallic members, the brittle nature of the UHM CFRP composites makes their practical 

prestressing solutions almost impossible. 

 Experimental results of the current study showed that even though adhesively bonded CFRPs 

can transfer certain levels of prestressing force to the steel substrate, the available bond 

capacity of the PBRs is relatively low for carrying the external loads on the strengthened 

member. More research would be needed to further investigate the bond behavior and 

debonding capacity of PBR solutions, in particular to better realize the coupled effects of 

moderately high service temperatures, creep, and fatigue. 

 A very good correlation was observed between the experimental test results of the CFRP-

strengthened steel plates and the predictions of the proposed simple analytical models. The 

models can be used to estimate the stress levels in the CFRP-strengthened tensile steel 

members subjected to temperature change and external loading in the elastic regime for both 
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adhesively bonded and mechanically clamped CFRP plates. The analytical models also take 

into account the prestrain level in the CFRP reinforcements. 

 Owing to the advantages of the proposed PUR system including its fast application, 

elimination of any surface preparation and adhesive curing procedure, high performance of 

the system in terms of prestressing levels, and insensitivity of the proposed system to high 

service temperatures, the PUR system can be used as a better alternative to the conventional 

adhesively bonded solutions for static and/or fatigue strengthening of existing tensile 

metallic members. 

 The mechanical clamping system, developed in this study, was designed to clamp a pair of 

prestressed CFRP plates (i.e., one reinforcement plate on each side of the steel substrate). 

Nevertheless, in practical applications, the prestressing force that is provided by a pair of 

CFRP plates might not be sufficient to prevent fatigue crack initiation or to arrest the 

propagation of an existing fatigue crack. In such cases, several sets of the proposed PUR 

system can be used in parallel, if possible. Alternatively, similar mechanical clamping 

systems, capable of holding multiple prestressed CFRP plates, need to be developed. It is 

believed that the knowledge and the understanding which has been gained through this work 

would certainly help to design such mechanical clamping systems. It is also worth noting 

that the abovementioned concluding remarks are based on limited sets of experimental tests, 

while a more comprehensive test layout with statistically sufficient test repetition has to be 

performed in future research studies in order to provide a reliable probabilistic basis and 

determine proper partial safety factor values.  
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2.2. Short-term bond behavior and debonding capacity of prestressed CFRP composites 

to steel substrate
*
 

Abstract 

In this study, the short -term bonding behaviors of prestressed CFRP plates to steel substrates 

and their debonding capacities have been investigated. For this purpose, single lap-shear and prestress 

release tests were performed on adhesively bonded CFRP-to-steel joints. The feasibility of accelerated 

curing (AC) of the adhesive by heating was also investigated based on the conducted tests. Moreover, 

bond tests with partial prestress release and subsequent lap-shear loading were conducted to examine 

the feasibility of prestressed strengthening of steel members using AC. A three-dimensional (3D) 

digital image correlation (DIC) technique was utilized to monitor the bond behavior of CFRP-to-steel 

joints. Experimental results demonstrated that a mixed-mode I/II (tensile/shear) fracture governs the 

debonding failure of CFRP-to-steel joints during the prestress release. However, given that the steel 

substrate cannot undergo tensile failure, a relatively high prestressing force can be transferred to the 

steel substrate prior to debonding. The experimental results also revealed that the AC of the epoxy 

adhesive can be an advantageous alternative to the conventional room temperature curing (RTC) for 

strengthening steel members with prestressed bonded CFRP plates. 

 

Keywords: strengthening of steel structures, carbon fiber reinforced polymer composite, prestressing, 

short-term bond behavior of CFRP-to-steel, lap-shear test, accelerated curing, digital image 

correlation. 

 

1. Introduction 

Strengthening of existing steel structures using carbon fiber reinforced polymer (CFRP) 

composites has become a commonly used technique owing to the unique advantages of the material, 

such as its light weight, corrosion resistance, increased strength, and fatigue endurance [1]. It has been 

shown that applications of CFRP composites can enhance the ultimate and serviceability states of steel 

members [2–7]. Externally bonded reinforcement (EBR) is the most commonly used strengthening 

technique through which CFRP laminates are applied on the surface of a steel or concrete member 

using proper epoxy adhesive. The technique has attracted increased interest as a fast and relatively 

easy solution for static and fatigue strengthening of existing structural elements. However, the 

efficiency of the EBR method is hampered by premature debonding of the composite reinforcement 

from the substrate [8,9]. Such an undesirable debonding failure significantly reduces the efficiency of 

the EBR solution, as the tensile capacity of the CFRP reinforcement cannot be utilized in its entirety 

[10]. 

Owing to the importance and complexity of the issue, a number of studies have been conducted 

to investigate the bond behavior and debonding capacity of CFRP-to-steel joints [10–14]. Moreover, it 

is well-known that the application of nonprestressed EBR can only partially contribute in supporting 

the additional service loads on the structure, while the application of prestressed CFRPs can reduce the 

existing stresses in a member. The latter solution, that is, the application of prestressed CFRPs, is of 

significant interest in cases of fatigue strengthening of steel structures [15–17] as it reduces the mean 

stress levels, thereby resulting in an enhanced fatigue life [5–7]. Despite the advantages, fewer 

attempts have been expended to utilize prestressed bonded CFRP reinforcements to strengthen steel 
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elements [18–24]. The reason is attributed to the fact that adhesively bonded CFRP composites exhibit 

a low bond capacity prior to the debonding failure from the steel/concrete substrate, as mentioned 

above. However, this limited capacity can be severely affected by the prestressing of the CFRP 

reinforcement [16,23,25]. Therefore, in almost all the aforementioned studies that deal with the 

strengthening of steel members with prestressed bonded CFRP reinforcements, mechanical end-

anchorages were used to avoid undesirable premature debonding of the prestressed reinforcement. 

Using such mechanical end-anchorages in the previous research studies, to prevent debonding of 

prestressed CFRPs from the steel substrate, certainly indicates the lack of knowledge on the bond 

behavior and debonding capacity of prestressed CFRP composites to the steel substrate. Consequently, 

the current study is dedicated to address the aforementioned knowledge gap. The main intention of the 

present study is therefore to investigate the bond behavior of prestressed CFRP plates to steel substrate 

during prestress force release procedure. 

In this study, a special lap-shear and prestress release test setup has been designed and 

assembled at the Structural Engineering Research Laboratory of Empa in order to systematically 

investigate and compare the bond behavior of nonprestressed and prestressed CFRP plates to steel 

substrates. Sets of experiments were conducted, while a 3D digital image correlation (DIC) system 

was used for full-field deformation measurements to better interpret the bond behavior of the tested 

CFRP-to-steel joints. Furthermore, in the current study, the feasibility of accelerated curing (AC) of 

epoxy adhesive layer based on heating—to be used as an alternative for the conventional cold curing 

in adhesively bonded CFRP-to-steel joints—has also been investigated. It is worth mentioning that, 

the current paper is an extended version of the authors’ paper presented in the Fourth Conference on 

Smart Monitoring, Assessment and Rehabilitation of Civil Structures (SMAR 2017) [26]. 

 

2. Prestressed partially bonded reinforcement technique 

The concept of a practical solution for strengthening of steel beams using prestressed CFRP 

reinforcement is proposed in this section. A CFRP plate is placed on the bottom flange of a steel beam 

with the epoxy resin applied to both ends (Figure 1a). The bonded length, on each end, should be at 

least two times the effective bond length (see Section 4.3.4). After the prestressing of the CFRP 

reinforcement to the desired level (considering an adequate safety factor) the adhesive in the two 

ending zones is cured using the AC procedure (see Section 3.2 for further details). After the AC of the 

epoxy adhesive in both of the prestressed reinforcement ends, a waiting period of approximately two 

hours is required to reach the ambient temperature. The prestress load can be then released to be 

carried by the end-zones of the formed bond (Figure 1b). This allows the permanent loads on the steel 

member to be partly carried by the prestressed partially bonded CFRP reinforcement, and 

subsequently lead to a reduction of the existing stress level in the member. For this purpose, 

approximately half of the bond length is required, while the other half is reserved for the additional 

external forces that are transferred to the CFRP reinforcement owing to the service loads (Figure 1c). 

In order to investigate the short-term response of the proposed prestressed partially bonded CFRP 

reinforcement at the bonded end zones, different bond tests have been designed and performed in this 

study, which are comprehensively explained in the following section. 
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(a) 

 
(b) 

 

(c) 

Figure 1. Principle of the proposed technique for strengthening steel beams using prestressed partially 

bonded CFRP plates: (a) prestressing and accelerated curing of the epoxy adhesive, (b) prestress force 

release and state of the tensile force in the CFRP plate (assuming a relatively stiff substrate), and (c) 

effect of external (service) load on the strengthened member. 

 

3. Experimental program 

3.1. Test setup 

Sets of lap-shear, prestress release, and mixed bond tests, were conducted to investigate and 

compare the bond behavior of nonprestressed and prestressed CFRP plates to the steel substrate. In a 

lap-shear test (Figure 2a), curing of the epoxy adhesive layer is the first step that occurs in an unloaded 

(nonprestressed) state, while at the second step the load is increased on one side until the joint begins 

to fail. In a prestress release test (Figure 2b), however, the first step is to increase the tensile load in 

the CFRP plate to a desired prestressing level. The adhesive layer is then cured, and the prestress force 

is then gradually released from one side, while being kept constant on the other side. 

Figure 3 shows the procedure of a mixed bond test, i.e., prestress release followed by a 

subsequent lap-shear test. The first step of the mixed bond test (see step 1 in Figure 3) is very similar 

to a prestress release test except from the fact that the CFRP plate should be prestressed to a level that 

is lower than the bond strength (see Section 4.1.2). This avoids any debonding failure during the 

prestress release process. In the second step, AC of epoxy is conducted to reduce the curing time of the 

adhesive layer. Once the prestressing force is released to zero on one side, in the final step, the force in 

the CFRP plate is increased on the opposite side until occurrence of the failure of the bond (see Figure 

3). The main aim of performing a mixed bond test is to simulate the stress state in the end zones of a 

prestressed partially bonded CFRP reinforcement, when the prestress force is released and the 

strengthened member is subjected to external service loading (see Figure 1). 

Figure 4 depicts the test setup, which has been developed at the Structural Engineering Research 

Laboratory of Empa to perform the different bond tests. A steel I-profile (IPE 220) was vertically 

anchored to the strong floor with the help of four prestressed forks, while a horizontal constraint was 

provided to avoid any rigid-body movement of the specimen during the lap-shear or prestress release 
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tests. Two mechanical grips, which were connected to the high-strength (Grade 12.9) M13 threaded 

steel rods, were used to clamp the CFRP plate. MTS load cells, with a capacity of 150 kN were 

installed on either side of the grips to monitor the prestressing and/or lap-shear forces. M13 steel rods 

were kept in the center axis of hollow plunger hydraulic cylinders, which were installed on the outer 

flanges of short columns on both sides of the test setup (see Figure 4). 

 

 

(a) (b) 

Figure 2. Procedure of (a) lap-shear and (b) prestress release test (FLS = lap-shear capacity; Fpre = 

prestressing force; FPR = prestress release capacity). 

 

 

Figure 3. Procedure of mixed bond test depicting the prestress release, and subsequent lap-shear test 

(FPR = prestressing force; FLS = lap-shear capacity). 

 

 

Figure 4. Test setup (all dimensions in mm). 
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3.2. Adhesive curing conditions 

Two different curing conditions were used for the epoxy adhesive layer between the CFRP plate 

and the flange of the IPE 220 steel profile: (a) room temperature curing (RTC), which is 

straightforward but demands a longer waiting time (i.e., a period of three days was used in the current 

study), and (b) accelerated curing (AC), which can be advantageous in a practical applications by 

reducing the required time. The AC would especially improve the installation progress in a practical 

strengthening project dealing with prestressed reinforcements, where the prestressing setup needs to 

stay in place to keep the prestressing force constant over the curing period of the epoxy adhesive. In 

addition, the AC of epoxy adhesive can slightly improve its glass transition temperature (Tg), which is 

of great interest for outdoor strengthening of steel structures, subjected to moderately high service 

temperatures [27]. In the current study, the AC was carried out by using a special heating device, as 

shown in Figure 5. 

The heating device was originally developed at Empa for application of prestressed CFRP plates 

on concrete using the gradient anchorage method (see [28] for further details). The entire procedure of 

the AC takes 35 min during which the maximal temperature in the heating element (and not in the 

adhesive layer) reaches 160 °C for approximately 15 min. An infrared (IR) camera was used to capture 

the heat distribution in the specimen during the AC procedure. It can be seen in Figure 6a that almost 

the entire steel substrate (i.e., IPE 220 steel profile) was heated up during the AC of epoxy adhesive. 

Furthermore, the temperature within the adhesive layer was measured at three different positions using 

thermocouples, and the results are plotted in Figure 6b. The measured temperature history shows that 

the maximal curing temperature was approximately 80 °C. This temperature is slightly lower than the 

curing temperature in the AC of the adhesive layer in concrete strengthening applications [29]. This 

observation could be attributed to the higher thermal conductivity coefficient of the steel substrate 

compared to that of concrete. 

 

 

Figure 5. Accelerated curing of epoxy adhesive using a special heating device. 
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3.3. Test layout 

Ten tests were conducted in three main experimental series, i.e., lap-shear (L), prestress release 

(Px), and mixed bond tests (PxL). The notation used for the test specimens in the lap-shear series is L–

SP–C–n, where L refers to the lap-shear test; SP refers to the type of adhesive which is S&P Resin 

220, C identifies the curing condition (i.e., RTC or AC), and n distinguishes the ordinal number of 

each test (1 or 2). For the prestress release series, the notation used for the test specimens was similar 

to the lap-shear series (Px–SP–C–n) with the exception of P that referred to the prestress release test, 

and x, which is the initial prestressing force in the CFRP plate in kN. Similarly, in the case of the 

mixed bond test series, the specimens were designated as PxL–SP–C–n, in which L referred to the 

subsequent lap-shear test. 

 

 

 

(a) (b) 

Figure 6. (a) Infrared thermal image showing the heat distribution in IPE 220 during AC of epoxy 

adhesive, (b) temperature history in the adhesive layer in specimen P90–SP–AC–1 (Ti = i
th
 

thermocouple in the adhesive layer). 

 

3.4. Material properties 

Steel I-profiles of type IPE 220 were used in the experiments with a grade of S355J2+M and a 

nominal yield strength and elastic modulus of 355 MPa and 210 GPa, respectively. In all the tests, 

CFRP plates of type S&P 150/2000–50/1.4 were used (S&P Clever Reinforcement Company AG) 

with a width of 50 mm and a thickness of 1.4 mm. The nominal ultimate strength of the utilized CFRP, 

ff,u, was 2800 MPa according to the manufacturer’s catalogue. The elastic modulus of the CFRP 

material was measured to be Ef = 160 GPa. 

A two-component epoxy adhesive of type S&P Resin 220 (S&P Clever Reinforcement 

Company AG) was used to bond the CFRP plates to the steel substrate. In order to characterize the 

mechanical properties of the utilized epoxy adhesive, sets of tensile tests were conducted on dogbone 

samples of the epoxy adhesive prepared at RTC and AC conditions. In the case of the RTC, the 

dogbone samples were cured in a climate room under a constant temperature of 20°C and a relative 

humidity of 50% for 7 d. In the case of the AC, however, the samples were placed inside a Vötsch 

climate chamber (model VC 4100) for 60 min under a constant temperature of approximately 95°C. 

The samples were then placed in a climate room under a constant temperature of 20°C and a relative 

humidity of 50% for 2 h to allow them to cool down. Finally, the specimens were demolded and tested 

according to ISO 527 [30,31]. Further details regarding the performed tensile tests, as well as the 

determination of the glass transition temperature Tg of the utilized epoxy resin can be found in [27]. 
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The obtained stress–strain (σa–εa) curves for all the tensile tests are plotted in Figure 7, while the 

average ultimate tensile strength, fa,u, rupture strain, εa,u, and elastic modulus, Ea for the tested samples 

are provided in Table 1. Note that the reported tensile stress, σa, as well as the ultimate tensile strength, 

fa,u, are nominal values, as they are obtained by dividing the applied maximum tensile force by the 

average cross-sectional area of the samples. Therefore, the stress values do not account for the 

existence of any pores that may reside inside the failure plane, as sometimes observed in hand-mixed 

resin batches under ambient temperature and/or accelerated curing (see [32] for more details). 

 

 

Figure 7. (a) Effect of curing condition on the stress–strain behavior of the utilized epoxy adhesive 

(RTC = room temperature curing (5 samples), AC = accelerated curing (4 samples)). 

 

Table 1. Nominal average tensile strength, fa,u, strain at rupture, εa,u, and elastic modulus, Ea for the 

utilized epoxy adhesive (RTC = room temperature curing, AC = accelerated curing). 

Curing 

condition 

Age of sample at the 

day of test 

Number of tested 

samples 

fa,u 

(MPa) 

CV
*
 

(%) 

εa,u 

(%) 

CV
*
 

(%) 

Ea 

(GPa) 

CV
*
 

(%) 

RTC 7 d 5 18.9 12.4 0.24 20.5 9.32 3.8 

AC 2 h (cooling time) 4 16.4 20.8 0.21 19.9 8.15 7.2 

* CV = Coefficient of variation. 

 

3.5. Specimen preparation 

In order to ensure the bond quality, adequate surface preparation was performed on the steel 

substrate prior to the application of the epoxy adhesive. Thus, the surface on the upper flange of steel 

I-profiles used for the adhesive bonding was sandblasted and carefully cleaned with acetone. The IPE 

220 steel profile was then placed into the right position in the test setup and was tightened to the 

strong floor (see Figure 5). The S&P Resin 220 was then used to glue the CFRP plate to the sand 

blasted area of the IPE 220 steel profile. It is noted that a foil of Teflon was used to prevent adhesive 

bonding outside the considered bond zone, i.e., the 50 × 300 mm middle area of the IPE 220 steel 

profile. 
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3.6. Digital image correlation (DIC) 

A noncontact, full-field, 3D digital image correlation (DIC) system, known as ARAMIS [33] 

(GOM GmbH, Braunschweig, Germany), was used to monitor the deformations in all the tests. The 

system consisted of two digital cameras with four-megapixel resolutions that were installed on an 

aluminum frame (see Figure 8). Using ARAMIS [33] software, the entire 3D deformation/strain fields 

of the object were obtained by comparing the reference (unloaded) stage with the successive images 

taken during the loading process. It is worth mentioning that in order to ensure successful image 

processing, it was necessary for the images to have a suitable texture to create random features [34]. 

Thus, because neither the steel nor the CFRP surfaces originally contained a suitable texture, a black 

and white speckle pattern was applied onto the specimen’s surface using an airbrush just before the 

execution of the experiments (see Figure 8). Further discussions regarding the accuracy and validation 

of the DIC system utilized, are provided in Section 4.3.1. 

 

 

Figure 8. 3D digital image correlation (DIC) system used for full-field deformation measurements 

during tests. 

 

4. Results and discussions 

4.1. Bond strength 

4.1.1. Lap-shear and prestress release tests  

Table 2 presents an overview of all the performed tests, including the average adhesive 

thickness ta, and the ultimate bond strength Fu, as obtained in each test. The obtained results from the 

bond strength tests of the CFRP-to-steel joints under the RTC condition revealed that the capacity of 

the joint was more or less the same for the lap-shear and prestress release tests, provided that the 

adhesive was cured at room temperature. Unlike all other specimens cured at room temperature, 

specimen P90–SP–RTC–1 was cured for 6 d rather than 3 d owing to some technical problems 

encountered in the execution of the test. Assuming that no other factor such as probable defects in the 

adhesive layer, influenced the obtained bond capacity in the aforementioned specimen, it may be 

concluded that by curing the adhesive for 6 d, the bond strength was reduced by 15% owing to the 
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longer curing time. It has been demonstrated in [32,35] that a longer curing time resulted in a stiffer 

adhesive behavior. Therefore, in the case of a CFRP-to-steel joint, shorter effective bond lengths and 

lower bond strengths can be expected. Further research, however, is needed to confirm this hypothesis.  

The tests in which the AC was implemented, exhibited a significant difference in the obtained 

bond strength based on the type of loading, i.e., lap-shear or prestress release. In the lap-shear tests 

under the AC, the average bond strength was in the same range as those test specimens cured at room 

temperature. However, the bond strength of prestress release series, in which the AC was used, was 

significantly higher than that of the RTC specimens. This result is attributed to an indirect influence of 

the adhesive layer thickness, which is comprehensively explained in the following paragraphs. 

Figure 9a illustrates the bond strength of all the performed lap-shear and prestress release tests 

versus the thickness of the adhesive layer. As discussed earlier, all the RTC specimens had bond 

capacities in the same range, regardless of loading type (lap-shear or prestress release). This indicates 

that although the values of the adhesive layer thickness ranged from 2.0 to 2.9 mm, there was no 

significant influence of ta on the obtained bond capacities. In the tests with AC, however, the bond 

strength increased with the increase of ta. The former results (i.e., RTC specimens) revealed no direct 

influence of the thickness, while the latter suggested an indirect influence of the adhesive layer 

thickness associated with the AC procedure. This indirect influence can be found when examining the 

temperature measurements, as presented in Figure 9b for two of the tested specimens that were used as 

examples. 

In Figure 9b, both curves show the temperatures measured at the center of the bond length. In 

specimen L–SP–AC–1, the adhesive layer was considerably thinner (ta = 0.9 mm) than specimen P90–

SP–AC–1 (ta = 1.7 mm). The reason is that by putting the heating device on the prestressed CFRP 

plates in specimens P90–SP–AC–1(2), the weight of the heating device could be partially carried by 

the prestressed CFRP plate, unlike the case of the nonprestressed CFRP plates used in specimens L–

SP–AC–1(2). Additionally, the viscosity of the adhesive was reduced by heating, while the epoxy 

adhesive was squeezed out of the specimens L–SP–AC–1(2) during the AC procedure. Thus, the 

adhesive layer was significantly thicker in specimens P90–SP–AC–1(2), which means that less energy 

was available to cure the adhesive. Consequently, the epoxy adhesive reached lower temperature 

levels during the AC period (see Figure 9b). This resulted in a partly cured adhesive in specimens 

P90–SP–AC–1(2) with a more ductile behavior as previously observed [32]. A more ductile epoxy 

adhesive, however, allows the bond to achieve higher load levels before debonding failure occurs [13]. 

 

Table 2. Test results (RTC = room temperature curing; AC = accelerated curing). 

No. 
Specimen 

label 

Type of 

test 

Type of 

curing 

Initial prestress 

force, F0 

(kN) 

Adhesive 

thickness, ta 

(mm) 

Bond 

strength, Fu 

(kN) 

1 L–SP–RTC–1 Lap-shear RTC - 2.0 40.9 

2 L–SP–RTC–2 Lap-shear RTC - 2.7 40.6 

3 L–SP–AC–1 Lap-shear AC - 0.9 43.7 

4 L–SP–AC–2 Lap-shear AC - 0.5 39.2 

5 P90–SP–RTC–1
*
 Prestress release RTC 90.3 2.9 35.3 

6 P90–SP–RTC–2 Prestress release RTC 92.1 2.7 40.9 

7 P90–SP–AC–1 Prestress release AC 87.6 2.0 78.5 

8 P90–SP–AC–2 Prestress release AC 88.3 1.7 69.7 

9 P40L–SP–AC–1 Mixed AC 39.8 1.8 67.1 

10 P40L–SP–AC–2 Mixed AC 40.5 1.5 67.2 

* Cured at room-temperature for 6 d. 
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(a) (b) 

Figure 9. (a) Effect of the adhesive thickness and curing condition on bond strength of CFRP-to-steel 

joints, and (b) influence of adhesive thickness on the temperature history of the adhesive during the 

AC procedure. 

 

It is worth mentioning here that, experimental results of some existing research studies on bond 

strength of CFRP-to-steel joints, cured at room temperature, showed that an increase in the adhesive 

layer thickness might lead to an increased bond capacity [12,36]. However, some other experimental 

investigations revealed that no general correlation can be found between the adhesive layer thickness 

and the bond capacity of such joints, due to the scatter of the test results [37]. Therefore, it is believed 

that further research studies are needed to investigate the role of adhesive layer thickness on bond 

behavior and debonding capacity of CFRP-to-steel joints, specifically when using the AC. 

 

4.1.2. Mixed bond tests 

In the case of prestress release tests, the CFRP plates were prestressed up to a target tensile 

force of approximately 90 kN, which was higher than the CFRP-to-steel bond capacity during 

prestress release. As it can be observed in Table 2, an average bond capacity of 74.1 kN is obtained in 

the prestress release tests in which the AC was incorporated. 

By assuming an approximately 50% of the prestress release bond capacity as the design 

prestressing level for practical strengthening applications (utilizing the same configuration of CFRP, 

adhesive, and AC), an initial prestressing force of 40 kN (approximately 20% of the CFRP tensile 

strength) was used for the mixed bond tests (test numbers 9 and 10 in Table 2). As previously 

mentioned, the main intention of performing such mixed bond tests was to investigate the residual lap-

shear capacity of a bonded CFRP reinforcement after release of the design prestressing force. The 

subsequent lap-shear test simulates the effect of external loading on the member after strengthening 

(see Section 2). The experimental results presented in Table 1 shows that the bonded CFRP-to-steel 

joints can still carry a significant lap-shear force after the prestress force is released. This short-term 

residual lap-shear capacity is almost the same as the bond capacity obtained in prestress release tests in 

which the AC was used, i.e., P90–SP–AC–1(2). Further explanations regarding this interesting result 

are provided in Section 4.3.4. 
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4.2. Failure mode 

Figure 10 illustrates typical failure modes observed in the performed tests. Cohesive failure was 

observed in all ten experiments, regardless of the implemented curing condition (see Figure 10). In the 

lap-shear tests, the debonding crack propagated in close proximity to the CFRP-adhesive interface 

(Figure 10a,b). In prestress release tests, however, debonding crack propagation was closer to the 

steel-adhesive interface. Careful inspection of Figure 10 reveals that the debonding crack propagated 

in close proximity to the steel-adhesive interface in the case of mixed bond tests (Figure 10e,f). It is 

worth mentioning that in this case, failure occurred owing to the subsequent lap-shear loading, and not 

during prestress release. Consequently, the failure that occurred in the bonded zone subjected to the 

subsequent lap-shear should be considered as the dominant mode of failure, and the rest is believed to 

be the secondary effect of the brittle debonding failure (see Figure 10e,f). In all of the performed tests, 

the adhesive was attached in one of the adherends. On the other hand, as only a thin layer of adhesive 

remained on one of the adherends (on the CFRP in the case of the lap-shear, and on the steel surface in 

the case of the prestress release), the failure mode can be better referred to as “cohesive near 

interface” failure. 

 

  

(a) Specimen L–SP–RTC–1 (b) Specimen L–SP–AC–1 

  

(c) Specimen P90–SP–RTC–1 (d) Specimen P90–SP–AC–1 

  

(e) Specimen P40L–SP–AC–1 (f) Specimen P40L–SP–AC–2 

Figure 10. Typical failure modes of tested specimens. 
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4.3. Investigation of bond behavior using 3D DIC 

4.3.1. Validation of the DIC measurements 

According to the user manual of the DIC system utilized [33], the accuracy of the measurements 

is 0.01–0.1 pixels for the in-plane, and 0.1–1.0 pixels for the out-of-plane deformations, respectively. 

This can be translated to accuracy ranges of 0.002–0.018 mm, and 0.018–0.175 mm, for the in-plane 

and out-of-plane deformation measurements, respectively, considering that in the test setup utilized the 

field of interest was 350 × 350 mm, monitored by 2000 × 2000 pixel cameras. 

Although there is no doubt regarding the guaranteed accuracy of the DIC system used, a 

comparison between conventional strain gauge readings and DIC measurements, in terms of strain and 

in-plane deformation of the CFRP plate, is indicatively provided in this section. For that purpose, 

several electrical strain gauges of type 1–LY–66–6/120 with an electrical resistance of 120 Ω ± 0.30% 

(HBM AG, Germany) were mounted on the prestressed CFRP plate in test specimen P90–SP–RTC–2 

(Figure 11a). Afterwards, a black and white speckle pattern was applied onto the entire specimen’s 

surface. Figure 11b shows the DIC field of interest and the section which was considered for 

comparing the DIC measurements with the strain gauge readings. 

 

 

(a) 

 

(b) 

Figure 11. (a) Arrangement of the strain gauges mounted on CFRP plate, and (b) DIC field of interest 

and position of the considered DIC section in specimen P90–SP–RTC–2 (all dimensions are in mm). 

 

Figure 12a illustrates the evolution of the longitudinal strain profiles during the prestress force 

release, which were obtained from both the DIC measurements and strain gauge readings. As it can be 

seen in Figure 12a, the agreement between the strain values, measured by the DIC and strain gauges, is 

quite satisfying. Careful inspection of Figure 12a reveals that the strain profiles obtained by the DIC 
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system exhibit certain fluctuations; however, the strain values obtained by the DIC system at the 

locations of the strain gauges (illustrated by black dots) are almost the same as those measured by the 

strain gauges. It is worth mentioning that the strain values obtained from the DIC and strain gauges are 

not supposed to be identical, owing to the following reasons: (1) as illustrated in Figure 11b the 

location of the strain gauges (in the transverse direction of the CFRP plate) is not identical to that of 

the considered DIC section, because the DIC measurements on the strain gauges could be biased, and 

(2) the strain gauges in fact provide an average strain value for the entire grid length (6 mm for the 

strain gauge utilized), while the strains provided by the DIC system are based on the displacement 

values measured on a fine grid of points with an interval of 13 pixels (2.275 mm). The latter also 

explains why the DIC results exhibit more fluctuations, compared to the strain gauge readings. 

 

 

(a) 

 
(b) 

Figure 12. Comparison of 3D DIC measurements (full lines) with strain gauge readings (dash lines) in 

specimen P90–SP–RTC–2: (a) longitudinal strain profiles, and (b) in-plane deformation profiles along 

the CFRP plate (Fpre = 92.1 kN, last stage load Fmax = 40.4 kN). 
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Similar DIC-to-strain gauge comparisons, but in terms of in-plane CFRP deformation, are provided in 

Figure 12b. Note that the strain gauge readings can be used to calculate the longitudinal deformation 

of the CFRP, assuming that the substrate is rigid (please refer to [12] for the detailed formulation). 

Figure 12b shows that a very good correlation exists between the in-plane deformation profiles 

obtained from the DIC measurement and those calculated based on the strain gauge readings. Once 

again, the DIC results are not supposed to be in complete agreement with those of the strain gauges 

due to the previously mentioned reasons. However, careful scrutiny of Figure 12b reveals that the 

accuracy of the DIC system is indeed within the range, guaranteed by the manufacturer. 

 

4.3.2. Global behavior of the bond in lap-shear and prestress release tests 

In all the lap-shear and prestress release tests, the relative in-plane displacement between the 

CFRP plate and the steel substrate (hereafter referred to as slip sf) at the loaded end of the CFRP plate 

was determined for the captured stages of loading using the DIC system. The results were used to plot 

the load–slip curves, as shown in Figure 13. It can be observed in Figure 13 that all the lap-shear tests 

yielded similar behaviors, regardless of the curing condition. However, in the case of prestress release 

tests, the load–slip response of the RTC specimens exhibited a nonlinear behavior at lower load levels 

compared to the exhibited behavior of the lap-shear tests. This might be explained by the mixed-mode 

I/II (shear/tensile) state of loading in a prestress release case, which expedited the debonding failure 

(see Section  4.3.3). Moreover, the load–slip behavior of specimens P90–SP–AC–1(2) confirmed the 

previous statement regarding the increased ductile behavior of the partly cured adhesive (see 

Section  4.1.1). From the very first stages of loading, these joints were much softer and experienced 

larger slip values compared to fully cured specimens (see Figure 13b). This ductile behavior of the 

partly cured adhesive allowed the joint to withstand a considerably higher load level before debonding 

failure occurred. It is also evident that specimen P90–SP–AC–2 (ta = 1.7 mm) exhibited a slightly 

stiffer behavior compared to specimen P90–SP–AC–1 (ta = 2.0 mm) owing to the increased energy 

available for curing during the AC procedure, and owing to the thinner layer of adhesive in the former 

specimen (see the discussions in Section  4.1.1). 

 

  

(a) (b) 

Figure 13. Load vs. slip at the loaded end of the CFRP plate for lap-shear and prestress release tests: 

(a) full range, (b) initial stiffness (
* 

note that the specimen was cured at room temperature for 6 d 

before the test execution). 
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4.3.3. Evolution of the in-plane and out-of-plane deformation profiles in the lap-shear and prestress 

release tests 

In order to further investigate and compare the bond behavior of nonprestressed and prestressed 

CFRP plates to the steel substrate, and to better realize the effect of accelerated curing, full-field 3D 

deformations obtained from the DIC measurements were used to plot the in-plane and out-of-plane 

deformation profiles in Figure 14. Figure 14a,b shows that in a lap-shear test, the shear deformation 

(i.e., mode II) governs the behavior regardless of the curing condition as the relative out-of-plane 

deformation of the CFRP plates (hereafter referred to as separation rf) is almost negligible. 

 

  

  

(a) L–SP–RTC–1 (last stage load Fmax = 38.6 kN) (b) L–SP–AC–1 (last stage load Fmax = 40.0 kN) 

  

  

(c) P90–SP–RTC–2 (last stage load Fmax = 40.4 kN) (d) P90–SP–AC–2 (last stage load Fmax = 69.2 kN) 

Figure 14. Evolution of in-plane and out-of-plane deformation profiles during lap-shear and prestress 

release tests. 
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In the prestress release tests, a significant separation of the CFRP plate from the steel substrate 

was observed (see Figure 14c,d). This separation occurred because of the eccentricity of the prestress 

release load with respect to the steel surface, which generated considerable tensile (peeling) stresses in 

the adhesive layer. Consequently, the assumption of pure mode II behavior is no longer valid for the 

prestress release case, as the mixed-mode I/II behavior governed. Furthermore, it can be observed in 

Figure 14c that the effective bond length in specimen P90–SP–RTC–2 is approximately equal to 70 

mm, and approximately equal to 120 mm in specimen P90–SP–AC–2 (Figure 14d). Therefore, it can 

be concluded that the partly cured condition of adhesive achieved in the AC process resulted in a more 

ductile adhesive, and subsequently, in a larger effective bond length, and in increased bond strength. 

 

4.3.4. Mixed bond tests 

Figure 15 shows the longitudinal deformation field obtained by ARAMIS [33] for specimen 

P40L–SP–AC–1 after the prestress release and just before the debonding failure owing to the 

subsequent lap-shear. It can be observed in this figure that the deformation field owing to the prestress 

release on the left side of the bonded zone did not interfere with that of the subsequent lap-shear on the 

other side of the CFRP plate. This observation correlates well with the previously presented test results 

regarding the subsequent lap-shear capacity of the joint (see Section 4.1.2). 

In order to further investigate the bond behavior of the prestress CFRP to steel during the mixed 

bond test of specimen P40L–SP–AC–1, the obtained full-field deformation measurements were used 

to plot the slip, separation, longitudinal strain, and interfacial shear stress profiles in Figure 16. Note 

that the interfacial shear stress profiles were calculated using the longitudinal strain profiles using a 

virtual gauge length of approximately 25 mm (see Hosseini and Mostofinejad 2013 [38] for the 

calculation method). As it can be seen from Figure 16, by releasing the prestress force in specimen 

P40L–SP–AC–1, the strain and the interfacial shear stresses gradually increased over the effective 

bond length, while the CFRP plate exhibited no significant separation owing to the fact that the 

released force was designed to be approximately half of the prestress release capacity of the bonded 

joint. The effective bond length in this case was approximately 120 mm, while the rest of the bonded 

length was absolutely intact, and this nonstressed intact bond length (on the right side) was capable of 

carrying the full lap-shear capacity. Figure 16g illustrates that the peak interfacial shear stress, τa, 

during prestress release was maintained at approximately 10 MPa, while the critical value that 

corresponded to the debonding failure was approximately 20 MPa (see Figure 16h).  

 

 

Figure 15. Longitudinal deformation field in specimen P40L–SP–AC–1 after prestress force release 

just before failure owing to the subsequent lap-shear measured using the 3D DIC system. 

  

Fpre = 39.8 kN FLS = 65.2 kN

Bonding zone
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The full-field deformation measurements in the mixed bond tests suggest that by providing 

enough bond length (at least two times the effective bond length), an adhesively bonded CFRP-to-steel 

joint can safely hold the design prestressing force, while concurrently possessing the full lap-shear 

capacity to withstand the external (service) loading on the joint. 

 

  
(a) (b) 

  
(c) (d) 

  

(e) (f) 

  
(g) (h) 

Figure 16. Evolution of (a), (b) slip, (c), (d) separation, (e), (f) longitudinal strain, and (g), (h) 

interfacial shear stress profiles during prestress release and subsequent lap-shear test in specimen 

P40L–SP–AC–1 (Fpre = 39.8 kN, FLS = 65.2 kN). 
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5. Summary and concluding remarks 

In the current study, sets of single lap-shear and prestress release tests were conducted on 

CFRP-to-steel bonded joints to investigate the short-term bond behavior and capacity of prestress 

CFRP plates to the steel substrate. The feasibility of the accelerated curing (AC) of epoxy adhesive 

based on heating was also studied. Moreover, a set of mixed bond tests with partial prestress release 

and a subsequent lap-shear was conducted to examine the short-term response and stress state in a 

prestressed partially bonded CFRP reinforcement, which can be used for strengthening of existing 

steel beams. A DIC system was used in all the tests in order to monitor the 3D full-field behavior of 

CFRP plates bonded to the steel substrate, during the lap-shear and/or prestress release test. Based on 

the experimental results and the 3D DIC measurements, the following concluding remarks can be 

drawn:  

  The AC of the epoxy adhesive layer based on heating led to almost the same lap-shear 

strength as the cured CFRP-to-steel joints at room temperature. However, the debonding 

loads of the prestress release tests performed on the accelerated-cured CFRP-to-steel bonded 

joints were much higher than those developed in the corresponding joints cured at room 

temperature. The reason for such behavior can be attributed to the partly cured state of the 

epoxy adhesive, which resulted in a more ductile behavior, a longer effective bond length, 

and consequently, to a higher bond strength.  

 In the case of CFRP-to-steel bonded joints cured at room temperature, the debonding loads 

of prestress release tests were slightly lower than the corresponding loads in lap-shear tests. 

It was observed that in the prestress release tests, the slip and separation of the CFRP plate 

with respect to the steel substrate had the same order of magnitude. Consequently, the lower 

debonding load obtained in prestress release tests compared to the lap-shear tests, was 

attributed to the mixed-mode I/II state of the fracture in the adhesive layer in the prestress 

release test. However, more research is needed to further investigate the bond behavior of 

prestressed CFRPs to the steel substrate, and to better clarify the influence of a partly cured 

epoxy adhesive as well as the role of adhesive layer thickness in the mixed-mode I/II stress 

state. 

 The AC of the epoxy adhesive based on heating can be a promising alternative to the 

conventional room temperature curing (RTC) for strengthening of steel members with 

prestressed bonded CFRP plates. It is clear that the AC can be certainly advantageous in 

practical applications in reducing the overall strengthening time. The AC would especially 

improve the installation progress in a practical strengthening project dealing with prestressed 

CFRP reinforcements, where the prestressing system needs to stay in place to maintain the 

prestressing force constant during the curing period. 

 A new strengthening approach was proposed, which employs a prestressed partially bonded 

reinforcement. In order to simulate the stress state in the anchorage zones of the proposed 

technique, a set of mixed bond tests with a partial prestress force release and a subsequent 

lap-shear loading was conducted. Experimental results revealed that by providing enough 

bond length (at least two times the effective bond length), an adhesively bonded CFRP-to-

steel joint can hold the design prestressing force, while concurrently possessing the full lap-

shear capacity to withstand the external (service) loading on the joint. Future laboratory 

studies, as well as pilot field applications are indeed required to extend the existing 

knowledge on the long-term behavior of prestressed bonded CFRP reinforcements for the 

strengthening of steel members. 
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3. Mode I fatigue crack arrest in tensile steel 

members 

Summary 

Prior to study the mixed mode I/II fatigue crack arrest in metallic members, the more common 

case of mode I fatigue cracking in tensile steel members and the strengthening approach to arrest such 

a crack using prestressed CFRP plates are firstly addressed in this chapter. In Section 3.1, an analytical 

model is proposed to calculate the required prestressing level in CFRP reinforcements to arrest an 

existing mode I fatigue crack in a tensile steel member. To verify the proposed analytical model, a set 

of stepwise HCF tests was performed on precracked steel plates with and without the proposed PUR 

system. Furthermore, the efficiency of using nonprestressed bonded ultra-high modulus CFRP plates is 

compared with that of the proposed PUR system, in terms of the fatigue life extension, achievable by 

using either of the two strengthening solutions. An FE simulation is performed to further investigate 

the reduction in the SIF range in precracked steel plates strengthened with the proposed PUR system, 

and the FE results are compared with those obtained from the proposed analytical model.  

The developed PUR system, presented in Section 2.1, could not be readily used in the 

experimental program of Section 3.1. The reason is attributed to the fact that the state of the precracks 

(at the middle of the specimens) was required to be visually monitored for any probable crack 

reinitiation. This requirement, however, could not be fulfilled by using the already developed PUR 

system. Therefore, using the principle of the developed PUR system presented in Section 2.1, another 

variation of the PUR system was designed to hold four CFRP plates (two on each side of the 

precracked specimens) away from the fatigue precrack tips; Section 3.2 presents the FE simulations, as 

well as the static and HCF tests that were required for the development of the tailored PUR system 

used in Section 3.1. 
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3.1. Mode I fatigue crack arrest in tensile steel members using prestressed CFRP plates
*
 

Abstract 

Numerous studies in the literature have shown that the strengthening of steel members using 

car-bon fiber reinforced polymer (CFRP) composites can significantly extend the fatigue life of these 

structures. However, not enough attention has been focused on the potential of prestressed CFRP 

reinforcements for fatigue crack arrest in such members. In the current study, a simple analytical 

model is proposed to calculate the required prestressing level in the CFRP reinforcements in order to 

arrest the propagation of an existing fatigue crack in tensile steel members. Furthermore, a novel 

mechanical unbonded system is developed to anchor the high prestressing forces in CFRP 

reinforcements to the steel substrate using friction. A set of fatigue tests are performed on 

unstrengthened and strengthened precracked steel plates to verify the proposed model. The 

experimental results of the current study showed that the application of nonprestressed ultra-high 

modulus CFRP plates as externally bonded reinforcements can increase the fatigue life of precracked 

steel plates by a factor of 4.3. However, fatigue crack arrest is only possible when prestressed CFRPs 

of a certain prestressing level are used. Based on the analytical, numerical, and experimental results of 

the current study, it can be concluded that existing fatigue cracks in tensile steel members can be 

arrested using the proposed prestressed unbonded reinforcement system with the initial prestressing 

level calculated using the proposed model. In addition, some design recommendations are provided for 

fatigue crack arrest in practical cases. 

 

Keywords: steel structures, fatigue strengthening, crack arrest, carbon fiber reinforced polymer 

(CFRP), prestressed unbonded reinforcement (PUR). 

 

1. Introduction 

A large number of steel structures worldwide are currently aging, and most of these structures, 

such as road and railway bridges, offshore structures, and communication towers, are subjected to 

fatigue loading. The increasing service loads and harsh environmental conditions make these 

structures even more vulnerable to fatigue failure. As a result, the fatigue strengthening of metallic 

structures has attracted much interest. Various techniques such as using bolted or welded cover plates 

to bridge existing cracks, overloading the structure to retard the fatigue crack propagation, as well as 

drilling stop holes at crack tips have been conventionally used to prolong the fatigue life of cracked 

metallic members [1]. For the last two decades, however, the unique advantages of carbon fiber 

reinforced polymer (CFRP) composites such as high corrosion resistance, light weight, high strength 

and elastic modulus, as well as excellent fatigue life, have made CFRP composites a well-accepted 

alternative for the static and fatigue strengthening of such structures [2,3].  

Because several pioneer researchers have demonstrated the potential of CFRP composites in the 

fatigue strengthening of steel structures [3-9], a considerable number of studies have been conducted 

on mode I fatigue strengthening of steel plates using nonprestressed bonded CFRP reinforcements [10-

18]. The existing literature on this subject mainly focuses on valuable experimental results with 

analytical or numerical models to predict the fatigue life of CFRP-strengthened steel plates. 

Furthermore, a few researchers took into account the effects of near-crack debonding of CFRP from a 

steel substrate [19-21]. 

                                                 
*
 Ardalan Hosseini, Elyas Ghafoori, Masoud Motavalli, Alain Nussbaumer, and Xiao-Ling Zhao. Composite Structures, 178 

(2017): 119-134 (doi.org/10.1016/j.compstruct.2017.06.056). 
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Recently, strengthening of fatigue-sensitive or fatigue-damaged steel members with prestressed 

CFRP plates is becoming increasingly popular, because a reduction in the stress level that causes 

damage to the structure would be possible with prestressed reinforcements [7,22-28]. Although the 

aforementioned studies have demonstrated the advantages of prestressed CFRP reinforcements over 

nonprestressed ones, fewer attempts have been made to develop a model to calculate the required 

prestressing level in CFRPs for fatigue crack arrest [7,29,30]. The reason for this might be that 

adhesively bonded CFRPs have a limited bond capacity prior to debonding from the substrate (i.e. 

steel/concrete) [31]; this capacity is severely affected by the prestressing of the CFRP reinforcements 

[32]. Consequently, the premature debonding of prestressed CFRP reinforcements should be avoided 

owing to the high interfacial and peeling stresses generated in the end zones of the reinforcement 

plates. Thus, in almost all the above-mentioned studies that deal with the strengthening of steel 

members with prestressed bonded CFRP reinforcements, mechanical end-anchorages were used [7,25-

27,29]. 

In 2015, Ghafoori [33] conducted extensive research on mode I fatigue strengthening of steel 

beams using bonded and unbonded prestressed CFRP reinforcements with the intention of preventing 

fatigue cracking. The research project resulted in different analytical models to estimate the safety 

state of a steel member under fatigue loading as well as the required prestressing level in CFRP 

reinforcements to prevent fatigue-crack initiation when strengthening with prestressed reinforcement 

was deemed necessary [34,35]. Furthermore, a novel prestressed unbonded reinforcement (PUR) 

system was developed by Ghafoori and Motavalli [36] and was used to strengthen a 120-year-old 

railway metallic bridge in Switzerland [37]. It was concluded by the authors that the proposed PUR 

system has certain advantages such as ease of application, elimination of any surface preparation 

(which is required for bonded systems), and high performance of the system in terms of prestressing 

levels [36]. 

More recently, an innovative thermally activated shape memory alloy (SMA)/CFRP patching 

system was developed by El-Tahan et al. [38] for the strengthening of fatigue-sensitive steel members. 

This patching system generates compressive stresses in the steel after the activation of SMA wires. 

Through a comprehensive experimental investigation, Zheng and Dawood [39] proved that 

strengthening with the help of a prestressed SMA/CFRP patching system can lead to upgrading the 

fatigue detail from worse than an American Association of State Highway and Transportation 

Officials (AASHTO) Category E detail to better than a Category B detail. However, near-crack 

debonding was reported in all of the specimens strengthened with CFRP and SMA/CFRP patches 

during the fatigue loading, which has a negative impact on the fatigue life improvement, but is 

unavoidable in adhesively-bonded reinforcements [39]. 

As it can be seen from the literature survey, some previous studies have reported fatigue crack 

arrest in prestressed CFRP-strengthened steel members. However, there exists no analytical model to 

predict the required prestressing level in CFRP reinforcements to achieve a complete crack arrest. In 

the current study, an analytical model is proposed to calculate the required prestressing level in CFRP 

reinforcements to arrest the propagation of an existing fatigue crack in a tensile steel member. To 

apply such a prestressing level in practical cases, a high performance PUR system has been developed. 

In order to verify the proposed analytical model, a set of fatigue tests has been performed on 

precracked steel plates with and without the proposed PUR system; the test procedure and 

experimental results are comprehensively discussed in this paper. Furthermore, a finite element (FE) 

analysis has been developed and the results have been compared to those obtained from the proposed 

analytical model. Lastly, some design recommendations are provided for the use of the proposed 

analytical model and the PUR system for fatigue crack arrest in practical cases. 
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2. Analytical solution for crack arrest 

The schematic of a tensile steel member under far-field fatigue loading with a ratio of R = 

σmin/σmax, is considered in Figure 1a. For the member strengthened using the PUR system (Figure 1b), 

by assuming that the acting stresses and mechanical clamps are far away from the crack (which is a 

reasonable assumption in practical applications), the loading ratio experienced by the crack can be 

expressed as follows: 

c
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(1) 

where Rr is the loading ratio that the retrofitted member experiences, σc is the compression generated 

in the steel owing to prestressing, and ρ is the stiffness ratio with respect to the member after the 

strengthening and is calculated as follows: 
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where As, Af, Es and Ef are the cross sectional areas and elastic moduli of the steel and CFRP 

reinforcements, respectively. On solving Eq. (1) for σc, we obtain the following:   
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In order to arrest the existing mode I fatigue crack in the assumed steel member, the following 

criterion should be fulfilled: 

thIeffI KK ,, 
 

(4) 

where ΔKI,th is the mode I threshold stress intensity factor (SIF) range. This value is a characteristic of 

the material and should be known or assumed while considering an adequate safety factor for the 

strengthening (refer to Section 6.1 for the detailed discussion). ΔKI,eff is the effective mode I SIF range 

that accounts for the crack closure effect as follows: 

,I eff IK U K    (5) 

where U is a factor less than unity and a function of the loading ratio R, and ΔKI is the mode I SIF 

range, which can be generally expressed using Eq. (6). Further details regarding suitable crack closure 

models that can be used for mild steel are provided in Section 6.2. Nevertheless, it should be noted 

here that when the arrest of an existing fatigue crack is of interest, the initial R ratio, i.e. the load ratio 

prior to strengthening (and not Rr) should be considered in the selected crack closure model to estimate 

U (see Section 6.2). This is because the residual plastic deformation in the wake of an existing fatigue 

crack is the key parameter that controls the magnitude of the crack closure effect. The size of the 

plastic zone, however, is a function of the initial loading ratio of the member, R. In other words, the 

existing fatigue crack has not propagated and will not propagate for Rr after strengthening owing to the 

fatigue crack arrest.  
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where for the strengthened member (Figure 1b),   
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and f(a,w) is a geometry function that accounts for the half-crack length a and width of the steel 

member w. For a middle-cracked steel plate, which is also used in the experimental program of the 

current study, f(a,w) can be estimated using Eq. (8) [40], while for a wider range of geometries, f(a,w) 

is given in [41], 
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(a) (b) 

Figure 1. (a) An assumed tensile steel member having a fatigue crack under far-field loading; (b) effect 

of strengthening of the assumed member using the proposed PUR system. 
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For clamped-end cases, the aforementioned expression, i.e., Eq. (8), is accurate to within 1% for 

2a/w ≤ 0.8 [40]. On substituting Eqs. (5) to (7) into the main criterion in Eq. (4) and solving for Rr, we 

obtain the following: 
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where for design purposes the equality form of Eq. (9) can be used. On obtaining the maximum 

allowable Rr for crack arrest from Eq. (9), the minimum required compression in steel σc can be easily 

calculated from Eq. (3); subsequently, the minimum required initial prestrain in the CFRP 

reinforcements can be calculated using a previously developed analytical model [42], as: 
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As mentioned above, Eq. (9) is valid for Rr ≤ 0. In the case of Rr > 0, Δσ is a function of ρ, while 

it is independent of σc (see Eq. (7) and Figure 1b). This emphasizes that the strengthening of cracked 

steel members under very high R ratios can only decrease Δσ by a factor ρ, which depends on the 

reinforcement stiffness and not on the prestressing force. Therefore, prestressing is an efficient 

solution for the fatigue strengthening of cracked steel members when Rr ≤ 0 can be reached after 

strengthening. This is generally the case with steel structures, as steel members do not experience very 

high R ratios; this means that Rr ≤ 0 after the cracked member is strengthened with prestressed 

reinforcements. It is also worth mentioning that the analytical formulation derived in this section is 

independent of the reinforcement material and/or prestressing technique. Thus, the aforementioned 

formulation can be used to estimate the required compression in a tensile steel member for an existing 

mode I fatigue crack to be arrested. Subsequently, a suitable reinforcement material and technique 

may be selected to provide the calculated compression force in the member, while considering the 

boundary conditions. In the current study, a PUR system consisting of normal-modulus (NM) CFRP 

plates and novel high-performance mechanical clamps has been used in the experimental program to 

verify the accuracy of the proposed analytical model. 

 

3. Experimental program 

3.1. Test layout and specimen details 

In order to evaluate the performance of the proposed analytical model to predict the required 

prestressing force for an existing fatigue crack to be arrested, a set of fatigue tests were performed on 

three precracked middle-tension (M(T)) steel specimens of dimensions 900 × 150 × 10 mm (length × 

width × thickness). The three different specimens tested under fatigue loading are depicted in Figure 2. 

While the reference specimen had no external reinforcement (Figure 2a), nonprestressed bonded ultra-

high-modulus (UHM) and prestressed unbonded normal-modulus (NM) CFRP plates were used to 

strengthen the second and the third specimen, which are denoted as NPBR-UHM (Figure 2b) and 

PUR-NM (Figure 2c), respectively. The aim of having the NPBR-UHM specimen was to compare the 

performance of nonprestressed UHM CFRPs with prestressed NM CFRPs for the fatigue 

strengthening of cracked steel members and to evaluate the feasibility of crack arrest in each case. The 

details regarding the strengthening procedures used for each specimen are provided in the subsequent 

sections. 
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As shown in Figure 2a, all the steel specimens were cut so that the rolling direction of the steel 

plates was perpendicular to the loading direction, and parallel to the crack propagation path. This was 

done to minimize the potential effects of residual stresses (at the microscopic level) due to the rolling 

process of steel on the experimental results of crack propagation or crack arrest. An electrical 

discharge machine (EDM) was used to cut a through-thickness notch at the center of all the specimens, 

as illustrated in Figure 2a, prior to the fatigue precracking. The notch was designed based on the 

recommendations provided by the American Society for Testing and Materials (ASTM) E647-15 [40]. 

 

   

(a) (b) (c) 

Figure 2. Specimen dimensions and notch details (all dimensions are in mm): (a) reference specimen; 

(b) nonprestressed bonded reinforcement with ultra-high modulus CFRPs (NPBR-UHM); (c) 

prestressed unbonded reinforcement with normal modulus CFRPs (PUR-NM). 

 

3.2. Material properties 

The utilized steel was of grade S355J2+N with a nominal yield strength of 355 MPa. After the 

completion of the first fatigue test on the reference unstrengthened specimen, 10 standard tensile 

samples of diameter 6.00 mm were manufactured from the specimen and tensile tests performed on 

each according to DIN EN ISO 6892-1:2009 [43]. The stress-strain curves for all the samples are 

plotted in Figure 3, while the mechanical characteristics of the steel both parallel and perpendicular to 

the rolling direction are reported in Table 1. The experimental results showed no significant difference 

in the mechanical properties of the steel parallel or perpendicular to the rolling direction.     
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In order to strengthen the steel plate specimens, two different types of unidirectional CFRP 

plates were used. For the second specimen, four UHM CFRP plates of type Carbolam THM 450-50 × 

1.2 with measured cross-sectional dimensions of 25 × 1.5 mm (width × thickness) were used. For the 

third specimen, four NM CFRP plates of type S&P 150/2000 with measured cross-sectional 

dimensions of 25 × 1.4 mm (width × thickness) were used. The mechanical properties of the CFRP 

plates are provided in Table 2. Furthermore, in the NPBR-UHM specimen, a two-component epoxy 

adhesive of type Araldite 420 A/B was used to bond the UHM CFRP plates to the steel substrate. The 

ultimate tensile strength of the adhesive was obtained from three six-day samples (see Michels et al. 

[45] for the test procedure) and was determined to be 26.0 MPa. No auxiliary test was performed to 

determine the shear modulus Ga of the adhesive as part of the current study; however, a shear modulus 

of Ga = 730 MPa is proposed by the manufacturer for room temperature applications. 

 

  

(a) (b) 

Figure 3. Stress–strain behavior of S355J2+N steel: (a) parallel to the rolling direction; (b) 

perpendicular to the rolling direction. 

 

Table 1. Mechanical properties of grade S355J2+N steel plates. 

Specimen direction
*
 Elastic modulus (GPa) Yield stress (MPa) Ultimate strength (MPa) 

Parallel, mean 205 421 526 

CV
**

 (%) 0.99 2.18 0.12 

Perpendicular, mean 205 430 527 

CV
**

 (%) 0.12 1.12 0.25 

*
 With respect to the rolling direction. 

**
 Coefficient of variation based on five tests. 

 

Table 2. Mechanical properties of CFRP plates. 

Material Type Minimum tensile strength (MPa) Elastic modulus (GPa) 

NM CFRP S&P 150/2000-50/1.4 2800 156 [42] 

UHM CFRP THM 450-50×1.2 1200 435 [44] 

NM= Normal modulus; UHM= Ultra high modulus 
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3.3. Fatigue precracking 

The steel plate specimens were precracked prior to being strengthened with CFRP plates. The 

purpose of precracking is to provide a sharpened real fatigue crack of adequate size and straightness 

that ensures the following: a) the effect of the machined starter notch and related residual stresses are 

removed from the specimen SIF calibration, and b) the effects caused by the change in the crack front 

shape or precrack load history on the subsequent crack growth rate data are eliminated [40]. 

Consequently, based on the recommendations provided in ASTM E647-15 [40], a minimum precrack 

of 1.0 mm (on each side of the starter notch) is required for the designed M(T) specimens with the 

special machined notch depicted in Figure 2a. Table 3 presents the details of the fatigue precracking 

for all the specimens. It should be noted that 200,000 fatigue cycles in total with Δσ = 75 MPa and R = 

0.2 were applied to each of the steel plates for fatigue precracking, and approximately 100,000 of 

those fatigue cycles were required for the crack to initiate from the EDM notch. 

 

Table 3. Notch length and precracking details of specimens before strengthening. 

No. 
Specimen 

label 

Initial notch length 

(mm) 

Precracking Δσ 

(MPa) 

Precrack length, 2a0 
*
 

(mm) 

1 Reference 14.97 75 17.39 

2 NPBR-UHM 14.97 75 16.85 

3 PUR-NM 14.93 75 17.21 

* 
Considering approximately 1 mm precrack in each side after 200,000 fatigue cycles. 

NM= Normal modulus; UHM= Ultra high modulus 

NPBR= Nonprestressed bonded reinforcement; PUR= Prestressed unbonded reinforcement 

 

3.4. Strengthening techniques 

3.4.1. Nonprestressed bonded reinforcement (NPBR) 

After the fatigue precracking of the second specimen, the specimen was taken out of the fatigue 

machine to be strengthened with nonprestressed UHM CFRP plates. As it was intended to visually 

monitor the crack development with a travelling microscope to detect crack arrest, if any, two UHM 

CFRP plates were bonded on each side of the specimen away from the precrack tips (Figure 2b). To 

do so, the four bond areas were first sandblasted and carefully cleaned with acetone. Two 400 × 25 × 

1.5 mm (length × width × thickness) UHM CFRP plates were then immediately glued on one side of 

the specimen using the two-component epoxy adhesive. After curing for 24 h, the specimen was 

turned over and the other two UHM CFRP plates were bonded to the other side of the specimen as 

well. The entire sample was cured at room temperature for 7 days and, the adhesive thickness was then 

measured at three locations along each of the CFRP plates using a micrometer with a resolution of 

0.01 mm. The adhesive thickness was found to be in the range of 0.04 to 0.11 mm. 

  

3.4.2. Prestressed unbonded reinforcement (PUR) 

The third specimen was also removed from the test setup, after fatigue precracking, to be 

strengthened with four prestressed NM CFRP plates as illustrated in Figure 2c. The strengthening 

configuration including the positions of the reinforcement plates for both the second and third 

specimens were the same, which allowed the results to be directly compared. As shown in Figure 2c, 

the prestressed NM CFRP plates were held on both sides of the steel plate specimen using mechanical 

clamps which work via friction. As it can be seen in Figure 4, each set of the designed clamps consists 
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of four toothed hard plates with a hardness of HRC 58(-60) on the Rockwell scale, which press the 

CFRP plates against the steel substrate using a compression force. This force is generated in the upper 

and lower clamp plates by fastening a set of M10 and M12 bolts. In total, eight M10 and four M12 

high-strength (grade 12.9) bolts are used in each of the clamp sets that are tightened with torques of 54 

and 160 N·m, respectively, to generate a total prestressing force of 518 kN per clamp set. As the entire 

system functions with the help of friction, 3M
TM

 diamond friction shims of grade 10 (3M Technical 

Ceramics GmbH, Germany), were used between the CFRP plates and steel substrate to increase the 

friction. Furthermore, because the normal force generated by the prestressed bolts is transferred to the 

hard plates via the upper and lower clamp plates and causes high bending stresses in those parts, the 

upper and lower clamp plates were manufactured from high-strength steel M200 with a nominal yield 

strength of 1000 MPa.   

As mentioned in Section 3.4.1, the CFRP plates were not intended to cover the crack because 

the state of the crack was required to be visually monitored for any probable crack re-initiation. 

Consequently, the PUR system in this study was designed and developed to hold the four CFRP plates 

apart at the crack tips (Figure 2c). However, another configuration of the PUR system has been 

previously designed and tested to anchor two 50 × 1.4-mm (width × thickness) CFRP plates [42], 

which can be installed at the cracked zone of a tensile steel member in practical cases. The advantage 

of the aforementioned PUR system is its relatively simple installation owing to the lower number of 

mechanical parts and bolts (i.e. eight M12 bolts in total) involved [42]. It is also worth mentioning that 

a set of static and fatigue tests on the unbonded mechanical clamps were performed to evaluate the 

ultimate capacity of the developed unbonded system. All the performed tests showed that even after 10 

million fatigue cycles, the designed system is capable of exhibiting the tensile capacity of the CFRP 

plates before any slippage occurs. However, further details on this topic are beyond the scope of the 

current paper. 

 

 

Figure 4. Details of mechanical clamps. 
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3.4.3. Prestressing setup and procedure 

To strengthen the precracked specimen using the developed PUR system, a special prestressing 

setup was designed and assembled in order to simultaneously prestress four parallel CFRP plates 

(Figure 5). To do so, the four CFRP plates were first placed in the specially designed prestressing 

grips. Using a hydraulic jack, an average prestrain level of 5180 μm/m was generated in the CFRP 

plates. This value was slightly higher than the required value, i.e., 5040 μm/m, which was calculated 

based on the procedure described in Section 2 (Eq. (10)) considering ΔKI,th = 100 N/mm
3/2

 and U = 1.0 

(refer to Section 4.1. and Section 6 for further explanation on the considered values). The 

aforementioned prestrain value in the CFRP plates corresponded to a load level of 110.8 kN, which 

was monitored using a 300 kN load cell along with all the strain gauges on the CFRP plates and the 

steel specimen upon prestress force release. Immediately after prestressing the CFRP plates, the high-

strength bolts of the mechanical clamps were tightened with the required torque using a digital torque 

meter. The prestressing force in the cylinder was then released to zero and the CFRP plates were cut 

from both sides of the mechanical clamps to realize the final configuration depicted in Figure 2c. It 

should be noted that the procedure of strengthening of the third steel plate specimen using the PUR 

system was carried out in less than 2 h hours because, unlike bonded systems, no surface preparation 

or curing of adhesive are required when using unbonded mechanical clamps. 

 

 

Figure 5. Prestressing setup. 

 

3.5. Instrumentation, test setup, and test procedure 

A 1000-kN static/fatigue servo-hydraulic Schenck machine with an Instron controller was used 

for the fatigue precracking as well as fatigue testing of all the specimens until failure. All the tests 

were performed under the load-control condition with a load ratio of R = 0.2 and a frequency of 15 Hz. 

Figure 6 shows the test setup and the instrumentation used to monitor the specimens during the fatigue 

testing. Several 120Ω±0.30% electrical foil strain gauges (HBM AG, Germany) were mounted on the 

specimens to monitor the evolution of strain in steel and CFRP plates during the tests. Strain gauges of 

type 1-LY61-6/120 were installed at the mid-width of both sides of the steel specimens at a distance of 

52.5 mm from the specimen’s mid-length; strain gauges of type 1-LY66-6/120 were used at the mid-
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length of all the CFRP plates. An MTS clip gauge (model 632.03C-20) with a gauge length of 12 mm 

was installed on all the steel specimens to monitor the crack mouth opening displacement (CMOD) 

during the fatigue loading. 

A travelling microscope (Spindler & Hoyer, Germany) was installed on the lower grip of the 

testing machine (Figure 6), thus allowing the crack length to be visually measured with a resolution of 

0.01 mm. Furthermore, the beach marking technique was also incorporated in all the tests, both in the 

stages of fatigue precracking of the bare steel specimens as well as the fatigue testing of the 

strengthened specimens. Figure 7 illustrates the typical loading scenario for beach marking, where the 

fatigue test (or fatigue precracking) starts with N1 cycles at the desired mean and stress range and 

continues with N2 cycles, during which the maximum fatigue load was kept constant but the loading 

ratio was increased from 0.2 to 0.6. This leaves a visible mark along the crack front to determine the 

crack length after the complete failure of the specimen. It should be noted that in the fatigue 

precracking of all the specimens and fatigue tests of the first and second specimens, the values of N1 = 

50,000 and N2 = 25,000 were used, while in the third fatigue test, the values used were N1 = 100,000 

and N2 = 50,000. Herein, only summations of the N1 cycles are considered in number of the applied 

cycles on the specimens. 

 

 

Figure 6. Test setup and PUR-NM specimen under fatigue loading. 
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Figure 7. Loading scenario for beach marking technique in fatigue tests. 

 

4. Experimental results and discussions 

4.1. Fatigue life extension and crack arrest 

All the prepared steel specimens were tested under fatigue loading with a load ratio of R = 0.2 

until failure. The applied fatigue stress range Δσ, the number of elapsed cycles until failure, and the 

fatigue life extension ratio are reported in Table 4. As can be observed in Table 4, the strengthening of 

the precracked steel-plate specimen using nonprestressed UHM CFRP plates extended the fatigue life 

by a factor of 4.3 compared to the reference unstrengthened specimen. On the other hand, using the 

PUR system with the calculated prestressing force based on the proposed analytical model led to the 

complete arrest of the existing crack in the PUR-NM specimen for Δσ = 75 MPa. It should be noted 

here that an operational definition of crack arrest can be considered as a fatigue crack growth rate of 

10
-10

 m/cycle or less [40]. Consequently, considering the resolution of the travelling microscope used 

for the crack-length measurements, i.e., 0.01 mm, at least 100,000 fatigue cycles were required to 

verify the crack arrest. However, in order to strongly prove the complete arrest of the existing crack 

and to verify the high performance of the proposed PUR system, the PUR-NM specimen was 

subjected to 2.5 million fatigue cycles, with no crack extension detected. 

 

Table 4. Fatigue loading and fatigue life extension of tested specimens. 

No 
Specimen 

label 

Δσ
a
 

(MPa) 

Number of fatigue cycles 

to failure (million) 

Fatigue life extension 

ratio  

1 Reference 75 0.935 - 

2 NPBR-UHM 75 4.028 4.3 

3 PUR-NM 75 2.500
b
 ∞

c
 

4 PUR-NM
d
 91 2.500

b
 ∞

c
 

5 PUR-NM
d
 105 2.509 2.7 

a
 Applied on the unstrengthened cross section of steel.  

b
 Test stopped owing to fatigue crack arrest. 

c
 Crack was fully arrested. 

d
 Δσ was increased in the same specimen. 
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As the existing crack in the PUR-NM specimen was fully arrested for Δσ = 75 MPa, the loading 

range was increased by 20% to Δσ = 91 MPa for the same R ratio. The specimen was then subjected to 

this higher fatigue-loading range for another 2.5 million cycles. Once again, no crack extension was 

detected by the travelling microscope and no increase in CMOD was detected by the clip gauge, thus 

confirming the crack arrest in the PUR-NM specimen for Δσ = 91 MPa. The fatigue load was then 

increased to Δσ = 105 MPa (40% more than the initial loading level) again. After approximately 

300,000 fatigue cycles at this level, it was found that the crack was re-initiated, resulted in complete 

failure of the steel plate after approximately 2,509,000 fatigue cycles. Consequently, the fatigue tests 

performed on the PUR-NM specimen showed that using the PUR system resulted in complete crack 

arrest even for the 20%-higher stress range, while the fatigue life of the cracked steel specimen that 

was strengthened with the PUR system in the range of 140% of the initial stress was extended by a 

factor of 2.2 compared to the unstrengthened steel plate.  

It should be mentioned that the prestress level used in the PUR system was initially calculated 

so that the SIF range, experienced by the material in front of the crack after strengthening with the 

PUR system, would be equal to the assumed ΔKI,th = 100 N/mm
3/2

 for the stress range of Δσ = 75 MPa. 

By increasing the stress range to Δσ = 91 and 105 MPa, the SIF range experienced by the specimen 

was increased to 200 and 285 N/mm
3/2

, respectively. As the crack started to re-initiate in the fatigue 

stress range of Δσ = 105 MPa, it can be concluded that ΔKI,th for the utilized steel in this study was in 

the range of 200 to 285 N/mm
3/2
. The same order of ΔKI,th for mild steel is reported in the study by 

Otsuka et al. [46] based on an extensive experimental research on three grades of low carbon steel. 

After the complete failure of all tested specimens, i.e. propagation of the crack through the 

entire section of the steel plates, the specimens were removed from the test setup and a Canon D70 

digital camera with a resolution of 20.2 megapixels was used to capture high quality images from the 

failed cross sections of the specimens, as shown in Figure 8. A MATLAB toolbox was then used to 

read the beach marks and to plot the half-crack length a, against the elapsed number of fatigue cycles 

in Figure 9. As shown in Figure 9, the strengthening of an existing cracked steel plate with 

nonprestressed UHM CFRP plates can be a very efficient technique to extend the fatigue life of such a 

tensile member as the a–N curve shows an approximately a linear behavior when the crack tip is 

beneath the CFRP plates. However, crack arrest was only possible when the required prestressing 

force in the damaged member was provided. The a–N results presented in Figure 9 were used to obtain 

the crack growth rate versus half-crack length (da/dN–a) plots shown in Figure 10. The figure shows 

that in the reference specimen, the crack growth rate rapidly increases by propagation of the fatigue 

crack. However, in the specimen strengthened with nonprestressed UHM CFRP plates, the crack 

growth rate initially increases for a few millimeters of crack extension and then gradually decreases 

when the crack propagates beneath the CFRP plates. The decrease in da/dN with the increasing crack 

length is attributed to the ability of bonded CFRP plates to bridge the crack as previously mentioned in 

[7]. However, after the crack propagates through the entire width of the CFRP plates, the crack growth 

rate starts to rapidly increase until complete failure of the specimen occurs. Careful inspection of 

Figures 9 and 10 reveals that an existing crack can experience further propagation before the sudden 

failure of the remaining section when the steel plate is strengthened with CFRP plates. This is because 

the stresses acting on the cracked section are lower when the steel plate is strengthened with 

nonprestressed or prestressed CFRPs, as the CFRP plates contribute to carrying the external load, 

especially when the crack is relatively long. 
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(a) 

 
(b) 

 

(c) 

Figure 8. Cross sectional view of failed specimens and beach marks: (a) reference specimen; (b) 

NPBR-UHM specimen; (c) PUR-NM specimen. 

 

 

Figure 9. Half-crack length versus elapsed fatigue cycles for all the tested specimens under fatigue 

loading. 

 

The maximum CMOD of all the tested specimens during fatigue loading is plotted against the 

elapsed number of cycles in Figure 11. Figure 11 illustrates that the CMOD–N curve in the reference 

unstrengthened specimen exhibited a non-linear increasing trend until complete failure of the 

specimen occurred. However, in the NPBR-UHM specimen, the CMOD first linearly increased with 

the number of cycles (until approximately 3.5 million cycles), which was followed by a sharp 

ascending branch until the propagation of the fatigue crack through the entire steel section (at 

approximately 4.0 million fatigue cycles). The fatigue loading was then continued until the complete 
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failure of the specimen, which was a combination of CFRP debonding from the steel substrate and 

CFRP tensile rupture (Figure 12). It is worth mentioning that during the last 28,600 fatigue cycles, the 

entire tensile fatigue load was transferred to the UHM CFRP plates via the adhesive, because the 

entire section of the steel plate was cracked. The bond failure that occurred in the NPBR-UHM 

specimen demonstrates that the fatigue performance of the bond is of great importance and should be 

carefully considered when adhesively bonded reinforcements are used for fatigue strengthening of 

metallic members. On the other hand, Figure 11 shows that the CMOD in the PUR-NM specimen was 

constant for the two sets of 2.5 million fatigue cycles with slight jumps when the fatigue stress range 

Δσ increased from 75  to 91 MPa (at 2.7 million fatigue cycles) and later to 105 MPa (at 5.2 million 

fatigue cycles), respectively. Having a constant CMOD over the elapsed fatigue cycles strongly 

confirms that the fatigue crack was completely arrested for the fatigue stress ranges of Δσ = 75 and 91 

MPa. With a 40% increase in the fatigue stress range to Δσ = 105 MPa, the crack again began to 

propagate, which resulted in the CMOD increasing until the complete failure of the steel plate. 

 

 

Figure 10. Crack growth rate versus half-crack length of tested specimens under fatigue loading. 

 

 

Figure 11. Maximum crack mouth opening displacement (CMOD) versus the elapsed cycles for the 

tested specimens under fatigue loading. 
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Figure 12. Ultimate failure of NPBR-UHM specimen with CFRP rupture and debonding. 

 

The evolution of the maximum strain in the CFRP plates of the NPBR-UHM specimen with 

respect to the elapsed fatigue cycles is plotted in Figure 13. As shown in the figure, the tensile strain at 

the mid-length of the UHM CFRP plates slightly increased with the number of cycles until 

approximately 0.75 million cycles, when the crack reached the CFRP plates. Between 0.75 and 3.0 

million fatigue cycles, the crack propagated beneath the 25-mm wide CFRP plates, while the strain in 

the CFRP plates was increasing. This ascending trend continued with a sudden increase in the CFRP 

strain at approximately 4.0 million cycles when the entire steel section cracked (Figure 13). It should 

be noted that the value of the strain generated in the UHM CFRP plates after the complete failure of 

the steel plate was approximately 3000 μm/m (0.3%). This value is very close to the ultimate 

elongation of the material at tensile rupture. As a result, a combined failure mode consisting of 

debonding and CFRP rupture could be expected in the NPBR-UHM specimen and was indeed 

observed (Figure 12). 

 

 

Figure 13. Evolution of maximum strain in nonprestressed UHM CFRP plates with respect to fatigue 

cycles (NPBR-UHM specimen). 
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As mentioned in Section 3.4.3, a special prestressing setup (Figure 5) was used to apply the 

required prestressing force in the NM CFRP plates to strengthen the third precracked steel plate using 

the PUR system. Figure 14 shows the strain history of the steel and CFRP plates during the 

prestressing process. First, all the four CFRP plates were prestressed using a hydraulic jack and the 

prestrain level was manually adjusted to the desired value with the help of a hydraulic valve (Figure 

14). The prestressed CFRP plates were then anchored to the steel plate using mechanical clamps, and 

the load in the hydraulic jack was released to zero. This resulted in a slight decrease in the prestrain 

level of the CFRP plates owing to the compressive deformation of the steel, which based on Eq. (10), 

was considered to reach the required compressive strain of approximately 370 μm/m in the steel plate 

specimen for the existing fatigue crack to be arrested (Figure 14). It is worth mentioning that, as 

shown in Figure 14, the strain level was not identical in all the four CFRP plates; obtaining an 

identical prestrain level in all the CFRP plates would be practically impossible as all the CFRP plates 

were prestressed together. However, the maximum difference in the final strain level in the different 

CFRP plates was less than 6%, which is deemed acceptable. 

 

 

Figure 14. Strain history of steel and CFRP plates in PUR-NM specimen during prestressing process. 

 

Figure 15 illustrates the evolution of the maximum strain in the prestressed CFRP plates of the 

PUR-NM specimen with respect to the elapsed fatigue cycles. It can be seen from the figure that, 

during the fatigue cycles, the maximum strain in the prestressed CFRP plates remained constant for 

the first two 2.5 million cycles with a sudden increase at 2.7 million cycles due to the 20% increase in 

load. Firstly, this shows that no crack propagation occurred during the first two 2.5 million fatigue 

cycles for Δσ = 75 and 91 MPa, respectively, and secondly, proves that the proposed PUR system 

experienced no slippage during fatigue loading as no reduction in prestrain level was observed. On 

increasing Δσ from 91 to 105 MPa after 5.2 million cycles, a second sudden increase in the CFRP 

strain levels is observed owing to the increase in load, and the strain in the CFRP plates then started to 

increase with the number of cycles owing to the crack propagation. A sudden jump in the strain was 

observed when the crack finally propagated through the entire steel section at approximately 7.5 

million cycles (Figure 15). 
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Figure 15. Evolution of maximum strain in prestressed CFRP plates in response to fatigue cycles 

(PUR-NM specimen). 

 

4.2. Crack closure phenomenon 

The term crack closure [47] refers to the phenomenon whereby the fracture surfaces of an 

existing fatigue crack come into contact during the unloading regime of a fatigue cycle and force is 

transferred across the crack [40]. It is generally well understood that crack closure can occur owing to 

one or more of the following phenomena [48,49]: 

1) residual plastic deformation in the wake of the crack, which is also known as plasticity-

induced crack closure or Elber mechanism, 

2) a mismatch between the two crack surfaces caused by surface roughness asperities, crack 

branching, or undesired mixed-mode crack opening, and 

3) crack surface oxidation, known as oxide-induced crack closure, usually associated with an 

aggressive environment. 

Crack closure can occur while the applied force on the cracked member is above the minimum 

force in the fatigue cycle. As a result, upon reloading from the minimum force in a subsequent cycle, 

some increment in the loading must be applied before the crack is fully open and activated. 

Consequently, crack closure provides a mechanism in which the effective SIF range ΔKI,eff 

experienced by the crack is lower than the applied value of ΔKI  (see Eq. (5)) [40]. Information 

regarding the magnitude of the crack closure is crucial to interpreting and predicting crack growth (or 

arrest) behavior [40,49]. An estimate of ΔKI,eff can be obtained experimentally by determining the 

minimum force at which the crack is fully open (opening force, Po). Given the value of Po in hand, it is 

possible to determine U (see Eq. (5)) as follows: 
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Owing to the importance of the crack closure effect, many experimental techniques have been 

introduced in the literature to determine the opening force and, subsequently, U [40]. In the current 

study, the compliance offset method which is comprehensively described in [40], was applied to near-

crack-tip strain measurements to determine Po. To do so, a special small strain gauge of type 1-LY61-

3/120 (HBM AG, Germany), was mounted in the vicinity of the notch tip as illustrated in Figure 16. 

Load–strain diagrams for N=1 and 200,000 cycles obtained from the near-crack-tip measurements are 
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plotted in Figure 17a. As shown in the figure, residual compressive strain was generated in the vicinity 

of the notch tip after the first cycle unloading; the unloading portion of the diagram is, however, linear 

because the crack had not initiated yet. At N=200,000 cycles, the near-crack-tip load–strain diagram 

exhibited a bilinear behavior both in the loading and unloading portions of the cycle. This bilinear 

behavior of the load–strain diagram clearly indicates the crack closure effect. Po can be calculated 

based on the procedure describe in [40] using the compliance offset, defined as follows: 

Compliance offset 100



o

o

C

CC
 (12) 

where C is the compliance defined as ε/P, and Co is the open-crack compliance determined as the 

slope of the strain–load diagram over a span range of the upper 25% portion of the cyclic load. A plot 

of the load versus the compliance offset for the unloading portion at N=200,000 cycles is provided in 

Figure 17b, from which the opening force corresponding to the 2% compliance offset was determined 

to be Po=39.3 kN. Consequently, U = 0.9 as calculated using Eq. (11) by substituting Po=39.3 kN, 

Pmax=140.6 kN, and Pmin=28.1 kN.  

 

 

Figure 16. Microscopic view of the notch and crack tip and the mounted strain gauge to measure near-

crack-tip strain for the compliance offset method.  

 

In order to show the significance of the crack closure effect on the crack growth rate behavior, 

a–N plot data of the reference specimen presented in Figure 9 were used to construct the da/dN versus 

ΔKI curve in Figure 18. It should be noted that the a–N curve results of the specimen during the 

precracking stage were excluded from the da/dN–ΔK plots in order to consider the stage II of crack 

propagation (Paris regime). Paris law parameters C and m for the steel used were determined both with 

and without the crack closure effect (see Figure 18). It is obvious that an accurate crack growth rate-

estimation can be only achieved by using ΔKI,eff (calculated from Eq. (5)) and applying the intrinsic 

Paris law parameters m = 3.401, and C = 2.32 × 10
-14
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(a) 

 
(b) 

Figure 17. Compliance offset method using near-crack-tip strain measurement: (a) load–strain 

behavior; (b) load–compliance offset diagram for the unloading regime at N = 200,000 (fatigue crack 

length of approximately 1 mm). 

 

 

Figure 18. Paris’ law parameters for the reference specimen and effect of crack closure phenomenon. 
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4.3. State of holes in PUR system 

As shown in Figure 19, several holes are required to be drilled in the steel plate for the 

installation of the PUR system, and the fatigue performance of these holes might be of concern. 

Consequently, strain gauges of type 1-LY61-3/120 were installed adjacent to the holes in order to 

monitor their state during the fatigue test of the PUR-NM specimen (see Figure 19b). It should be 

noted that holes of diameter 11 and 13 mm were drilled into the steel plate for M10 and M12 bolts, 

respectively (see Figure 19b). Thus, the prestressed bolts can be assumed to not be in contact with the 

inner surfaces of the holes during the fatigue loading. 

 

  
(a) (b) 

Figure 19. (a) PUR-NM specimen and the required holes in steel for the PUR system; (b) location of 

applied strain gauges in the vicinity of holes. 

 

Figure 20a illustrates the experimental load–strain behavior of the holes at fatigue cycle number 

N = 2,500,000. It can be seen from Figure 20a that holes 1 and 5 experienced higher strain levels in a 

loading cycle compared to the others, as they are less affected by the prestressing force generated in 

the steel using the CFRP plates (see Figure 19). Furthermore, holes 2 and 3 are in stiffer zones than the 

others because they benefit more from the additional stiffness provided by the CFRP and hard plates. 

It is evident from the load–strain behavior of the different holes in Figure 20a that holes 1 and 5 are 

the most fatigue-prone holes in the PUR system. Consequently, the evolution of the maximum strain 

in the vicinity of holes 1 and 5 with respect to the number of cycles was monitored during the entire 

fatigue testing of the PUR-NM specimen, the results of which are provided in Figure 20b. It is 

apparent that any crack initiation and subsequent propagation from holes 1 and/or 5 will result in an 

increase in the measured strain levels in the vicinity of the holes. However, Figure 20b verifies that no 

crack was initiated from the holes because the maximum strain level in the vicinity of holes 1 and 5 

was nearly constant until the failure of the steel plate occurred. In addition to the strain measurements, 
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visual inspection of the holes after disassembling the PUR system confirmed that no crack initiated 

from the holes. 

 

 
(a) 

 

(b) 

Figure 20. (a) Load versus strain in the vicinity of the holes in the PUR-NM specimen at N = 

2,500,000; (b) evolution of maximum strain in the vicinity of the most fatigue-prone holes with 

respect to fatigue cycles. 

 

Experimental strain measurements in the vicinity of the most fatigue-prone holes, i.e. holes 1 

and 5, were used in Figure 21 to compare the condition of holes with predictions from different 

constant life diagram (CLD) criteria. It should be noted that, as the experimental strain measurements 

were performed at a distance of 8.85 mm from the holes’ center (see Figure 19b), the following 

formulation was used to estimate the stress at the holes’ edges [50]: 
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where εexp is the experimental strain obtained from the strain gauges mounted in the vicinity of the 

holes, r is the hole radius (r = 5.5 mm in this case), and x is the distance between the hole center and 

strain gauge centerline (x = 8.85 mm in this case). 

Figure 21 shows the experimental state of holes 1 and 5 in terms of mean stress (

2

min,max,

,

hh

hm





 ) and alternating stress (

2

min,max,

,

hh

ha





 ) compared to the Goodman and Gerber 

CLD criteria. Any point below an assumed CLD criterion represents an infinite fatigue life (no crack 

initiation/propagation) for the assumed metallic detail. Thus, it can be seen from Figure 21 that the 

predictions of the Gerber CLD criterion for all the three steps of loading correlated well with the 

experimental observations for holes 1 and 5 (i.e., no crack initiation). On the other hand, the Goodman 

criterion is considered to be more conservative as it predicts an infinite fatigue life for the holes only 

under the initial loading level (Δσ = 75 MPa). Consequently, the experimental results verify that the 

fatigue endurance limit of the holes in the PUR system can be predicted using the Gerber CLD 

criterion; alternatively, the Goodman CLD criterion might be used for a conservative design. As a 

detailed discussion on different CLD criteria is beyond the scope of the current paper, readers may 

refer to [35,37] for a comprehensive background and further discussions regarding different CLD 

criteria and their performance in fatigue endurance limit determination in metallic structures. 

 

 

Figure 21. Constant life diagrams (CLDs) for estimating the state of holes in PUR system (Sy = yield 

strength of steel, Sut = ultimate strength of steel, and Se = fatigue endurance limit in geometry and 

condition of use [37]). 

 

5. Finite element (FE) modeling 

5.1. Geometry, mesh, and boundary conditions 

FE models of the reference and CFRP-strengthened steel specimens were created using 

ABAQUS 6.14-1 [51]. The geometries and dimensions used in the FE models were similar to those 

described in Section 3.1 for each specimen (Figure 2). However, owing to the fact that hydraulic grips 

were used to clamp the specimens in the fatigue-testing machine (Figure 6), the 150-mm steel plate 

extremities that were clamped inside the hydraulic grips were not considered in the FE models. First, 

the reference unstrengthened steel plate was modeled, and subsequently, a model for each of the 

NPBR and PUR cases was developed using the UHM and NM CFRP plates in the reference model 
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and implementing the required interactions between the CFRP reinforcements and steel substrate. 

Owing to the symmetry of the specimen, only one-eighth of each specimen was modeled (as shown in 

Figure 22) to reduce the computational effort. The steel was modeled using 8-node linear brick 

elements of type C3D8R with reduced integration and hourglass control, while the CFRP was modeled 

using 20-node quadratic brick elements of type C3D20R with reduced integration. Furthermore, a very 

fine radial mesh was generated around the tip of the crack (Figure 22), while 6-node linear triangular 

prism elements of type C3D6 were used at the crack tip. The model of a CFRP-strengthened steel plate 

consisted of approximately 10,000 3D elements. The crack was modeled in ABAQUS by introducing 

the crack tip and crack extension direction, while a free boundary condition was applied for the notch 

surface and the 1.0 mm precrack length as illustrated in Figure 22. A static uniform pressure of σmax = 

93.7 MPa was introduced at the end of the steel plate to simulate the maximum far-field tensile load 

during fatigue cycles. 

 

 

Figure 22. Details of the FE model created in ABAQUS [51]. 

 

5.2. Material behavior, interactions, and CFRP prestressing 

Both the steel and CFRP were modeled as isotropic linear elastic materials, and the material 

properties were adopted in the models based on the performed auxiliary tests (described in Section 

3.2). It should be noted that the Poisson ratio was considered to be 0.3 for both the steel and CFRPs. In 

the NPBR-UHM specimen, surface-to-surface tie constraints were used to model the adhesive bond of 

the UHM CFRP to the steel substrate. In this model, the entire length of the CFRP plate was tied to the 

steel by introducing the steel and CFRP as the master and slave surfaces, respectively. The tie 

constraint does not allow any relative displacement to occur between the CFRP and steel in the 

interaction plane, which is a simplifying assumption for modeling the adhesively bonded joints. 

However, as the main intention of the FE modeling in the current study was to investigate the effect of 

prestressing on the SIF experienced by the crack in the PUR system (and not precisely modeling the 

bond), this simplified approach was used. Valuable research studies that deal with different modeling 

aspects of bonded CFRP-strengthened steel plates, such as near-crack debonding, can be found in the 

literature [19-24]. For the PUR-NM specimen, only the 85-mm long end of the CFRP (which is equal 

to the length of the hard plates) was tied to the steel substrate, which reflects the behavior of the 
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unbonded mechanically anchored CFRP-to-steel joint well in the friction-based PUR system used. A 

predefined stress field in the Y direction (see Figure 22) was introduced to the NM CFRP plate in the 

FE model of the PUR-NM specimen to simulate the desired prestressing force. During the initial step 

of analysis in ABAQUS, this predefined stress field was redistributed to obtain a force equilibrium in 

the entire model. This process reflects the release of the hydraulic jack prestressing force in the 

prestressing setup fairly well (see Figure 5); this leads to compression in the steel as well as a 

prestressing loss in the CFRP reinforcement due to the shortening of the steel plate. 

 

5.3. FE results 

In all the FE models, the SIF experienced at the 1.0-mm fatigue precrack tip was calculated 

using J-integral in ABAQUS, and the results are plotted versus the external loading introduced to the 

models in Figure 23. Furthermore, the analytical procedure described in Section 2 was used to 

calculate the SIF versus the external load in all the three specimens, and the results are shown in 

Figure 23 for comparison with the obtained FE results. As can be observed, the predicted SIF using 

the proposed analytical model correlates well with the FE results for the reference unstrengthened 

specimen as well as for the NPBR-UHM and PUR-NM specimens. It should be mentioned that in the 

PUR-NM specimen, owing to the compression force generated in the steel by the prestressed 

unbonded CFRP plates, the SIF remains negative for a major portion of the external loading (see 

Figure 23). Although negative values of the SIF might be meaningless from the physical point of view, 

it shows that the crack tip is under compression because of the prestressing. Furthermore, careful 

inspection of Figure 23 reveals that upon applying the fatigue loading in the PUR-NM specimen, the 

ΔKI experienced by the crack would be equal to the desired value for crack arrest (ΔKI,th = 100 

N/mm
3/2

) for which the required prestressing level was calculated from the proposed analytical model. 

 

 

Figure 23. Comparison of FE and analytical results for the tested specimens. 
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Consequently, the simple analytical model proposed in Section 2 can be safely used to calculate 

the required prestressing force for an existing fatigue crack in a tensile steel member to be arrested. 

However, for more complicated configurations of steel cross sections, f(a,w) in Eq. (8) cannot be 

analytically derived, which means that ΔKI cannot be explicitly formulated. In such cases, the 

proposed FE modeling can be used to determine f(a,w) for the unstrengthened member, and 

subsequently, the analytical procedure described in Section 2 can be used to calculate the required 

prestressing level in the CFRP reinforcements for crack arrest. 

 

6. Design recommendations 

6.1. Threshold stress intensity factor (SIF) range 

It is clear that in order to design a reliable strengthening system to arrest the propagation of an 

existing fatigue crack in a tensile steel member using prestressed CFRP plates, a fairly accurate 

estimation of the threshold SIF range (ΔKI,th) should be obtainable. ΔKI,th can be determined for the 

material of interest by performing adequate fatigue tests based on existing guidelines such as ASTM 

E647-15 [40]. However, such tests are time-consuming and costly, while sample extraction can be 

unfavorable or even impossible in some practical cases. Furthermore, the existing literature shows a 

relatively large scatter in ΔKI,th with characteristic values ranging from 126.5 N/mm
3/2

 [52] to 484.8 

N/mm
3/2

 [53] for mild steel. Such a high scatter may be attributed to the fact that a variety of materials, 

specimen configurations and test protocols were used by different researchers. In addition, tests were 

conducted with different R ratios ranging from -1.0 [46] to 0.7 [52], and in most cases no information 

is provided by the researchers regarding the crack closure effect and probable residual stresses due to 

annealing and/or rolling of the steel. Consequently, a suitable value of ΔKI,th should be carefully 

selected from the existing literature. However, in the case that no information is available regarding 

the material of the metallic member that is required to be strengthened, and performing a proper test is 

not feasible, a design value equal to ΔKI,th = 100 N/mm
3/2

 can be conservatively used for a safe 

strengthening design. 

 

6.2. Crack closure effect 

As comprehensively discussed in Section 4.2, the crack closure phenomenon has a significant 

effect on the determination of the crack growth rate and the prediction of crack arrest. It has also been 

proven in several studies that U (see Eq. (11)) is a function of the material as well as the loading ratio 

R [50]. A number of empirical models have been proposed in the literature to quantify the crack 

closure effect or to determine U; Dilling [54] proposed the following empirical formulation for mild 

steel, which was then recommended by other researchers in the field such as [7,25,49]: 

RU 45.069.0  ; 33.01  R  (14) 

Moreover, based on an extensive experimental program on center-notched specimens of 

structural steel, Kurihara et al. [55] proposed the following empirical formulation that covers a wider 

range of R ratios: 

R
U




5.1

1
; 5.00.5  R  (15) 

which, for R ≥ 0, provides values similar to Dilling’s model [54]. On substituting R = 0.2 in Eqs. (14) 

and (15), we obtain U = 0.78 and 0.77 as the predictions of the Dilling [54] and Kurihara et al. [55] 

models, respectively, for the mild steel used in the current study. Therefore, the aforementioned 
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empirical models overestimate the crack closure effect by approximately 14% compared to the 

experimental result, U = 0.9 (see Section 4.2). It should be note that U is a material-dependent factor; 

however, there is no information available regarding the probable residual stresses caused by the 

rolling or annealing of the samples used for the calibration of the empirical models. Therefore, a 

difference of 14% between the experimentally obtained U and the predicted values is deemed to be 

acceptable; thus, the Dilling [54] or Kurihara et al. [55] models can be useful in obtaining an idea 

regarding the influence of the crack closure phenomenon. However, similar for obtaining ΔKI,th, the 

ideal approach for determining Po and, subsequently, U for the material of interest would be 

performing standard tests as discussed in Section 4.2 using the real R ratio experienced by the steel 

member. In case of a lack of information or experimental data, U = 1.0 may be used for a conservative 

safe strengthening design. 

 

6.3. Special considerations regarding PUR system 

As comprehensively discussed in Section 4.3, the fatigue performance of the required holes, 

which must be drilled into the steel member in the proposed PUR system, might be of concern. Thus, 

in practical strengthening designs, the fatigue endurance limit of the most fatigue-prone holes has to be 

estimated using proper CLD criteria (see Section 4.3), and the infinite fatigue life of the PUR system 

must be verified prior to its use. It should be noted here that in addition to the proposed PUR system in 

the current study, other configurations of the PUR system in which no hole is required to be drilled in 

the steel member have been developed and successfully tested [36,37,44,56,57]. Thus, based on the 

geometry and configuration of the fatigue-prone (fatigue-damaged) member, a suitable PUR system 

can be selected and used. 

 

7. Conclusions 

In the current study, a simple analytical model was proposed to calculate the required 

prestressing level in external strengthening reinforcements to arrest the propagation of an existing 

fatigue crack in a tensile steel member. A novel PUR system was then introduced to anchor the 

required prestressing forces in the CFRP plates to the steel substrate. Fatigue tests on precracked steel 

plate specimens strengthened with nonprestressed bonded UHM CFRP plates (NPBR-UHM 

specimen), and prestressed unbonded NM CFRPs (PUR-NM specimen) were conducted to evaluate 

the proposed analytical model and to verify the performance of the PUR system. Moreover, an FE 

simulation was performed to further investigate the reduction in the SIF range in precracked steel 

plates strengthened with the proposed PUR system. The analytical modeling, experimental results, and 

FE simulations presented in the current study allow the following conclusions to be drawn: 

 Strengthening of the fatigue precracked steel plate with nonprestressed UHM CFRP plates 

increased the fatigue life of the member by a factor of 4.3 compared to the unstrengthened 

steel plate. However, crack arrest was only possible when prestressed CFRP reinforcements 

with a certain level of prestressing were used in the PUR-NM specimen. Thus, it can be 

concluded that the efficacy of the prestressing force in CFRP reinforcements is much higher 

than the stiffness effect of the reinforcement for fatigue strengthening of cracked steel 

members. 

 The fatigue tests on the PUR-NM specimen verified that the proposed analytical model is 

capable of predicting the required prestressing level in CFRP reinforcements for an existing 

fatigue crack to be completely arrested. It is evident that the accuracy of the analytical model 

largely depends on the available estimation of the input variables (such as ΔKI,th and U); 
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hence, adequate recommendations for a safe design have been provided in the current study. 

It should be noted that the application of the proposed analytical model is not limited by the 

reinforcement material and/or prestressing technique. 

 The experimental crack closure measurements that were performed in the current study using 

the compliance method for the near-crack-tip strain readings showed that the crack closure 

phenomenon had an influence of 30% on the crack growth rate estimations for the steel used. 

Thus, experimental results revealed that the crack closure phenomenon has a significant 

effect on the crack growth rate prediction and, subsequently, on the required prestressing 

level for a fatigue crack to be arrested. 

 The SIF predicted using the proposed analytical model for the PUR-NM specimen fits well 

with the results of the performed FE model simulation. Consequently, the proposed simple 

analytical model can be safely used to calculate the required prestressing force in external 

reinforcements to reach a desired SIF range in a cracked tensile steel member. The proposed 

FE simulation can be used to determine the SIF of unstrengthened cracked members having 

complex steel cross-section configurations, and subsequently, the analytical model can be 

used to determine the required prestressing level in the external reinforcements for crack 

arrest. 

 The experimental results proved the high performance of the developed PUR system for 

prestress strengthening of fatigue-cracked steel plates, and neither prestress losses nor 

fatigue crack initiation from the required holes in the steel plate were observed during 7.5 

million fatigue cycles. Owing to the advantages of the developed PUR system, such as the 

capability of carrying high prestressing forces and elimination of any surface preparation and 

curing process for adhesively bonded reinforcements, the system can be considered as a 

good alternative to the conventional bonded reinforcements for fatigue strengthening of 

damaged steel members. It should be noted that the infinite fatigue life of the proposed PUR 

system has to be verified using proper CLD criteria prior to its practical use. 

 In practical strengthening projects intended to arrest the propagation of an existing fatigue 

crack in a tensile steel member, it is desired to determine the threshold SIF range (ΔKI,th) and 

take into account the effect of the crack closure phenomenon by performing adequate 

standard tests on the material of interest under the practical loading scenarios experienced by 

the member. However, as such tests are time-consuming and costly, and sample extraction 

can be unfavorable or even impossible in some cases, ΔKI,th = 100 N/mm
3/2

 can be assumed 

for a safe design calculation, while the crack closure phenomenon might be neglected to 

obtain a conservative result. 
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3.2. Prestressed unbonded reinforcement system with multiple CFRP plates for fatigue 

strengthening of steel members
*
 

Abstract 

Carbon fiber reinforced polymer (CFRP) composites have exhibited a great potential for 

strengthening of steel structures. In the current study, an innovative prestressed unbonded 

reinforcement (PUR) system is introduced for fatigue strengthening of existing steel members. The 

system relies on a pair of mechanical clamps; each holds multiple CFRP plates and anchors their 

prestressing forces to the steel substrate via friction. A finite element model was established to 

optimize the design of the required mechanical components of the system. A set of static and fatigue 

tests was conducted on the developed mechanical clamps as the key elements of the proposed PUR 

system. The performance of the PUR system was then evaluated using a set of fatigue tests on two 

precracked steel plate specimens, one without any strengthening system and the other one 

strengthened with the proposed PUR system. In the latter specimen, the CFRP plates were prestressed 

up to about 800 MPa (approximately 30% of the CFRP tensile strength), which resulted in a complete 

fatigue crack arrest in the precracked steel plate. Furthermore, neither slippage of the mechanical 

clamps nor any prestress loss in the CFRP plates was observed after 7.5 million fatigue cycles. Based 

on the promising experimental results, obtained from the sets of fatigue tests performed in the current 

study, it can be concluded that the proposed PUR system can be considered as an efficient alternative 

to the conventional bonded reinforcement solutions for fatigue strengthening of damaged steel 

members. 

 

Keywords: steel structures, fatigue crack, fatigue strengthening, carbon fiber reinforced polymer, 

prestressed unbonded reinforcement, mechanical clamp, finite element simulation. 

 

Nomenclature: 

CFRP Carbon fiber reinforced polymer N Number of fatigue cycles (-) 

EDM Electrical discharge machine R Fatigue loading ratio (-) 

NM Normal modulus Tmax Maximum tensile fatigue load (kN) 

PBR Prestressed bonded reinforcement Tmin Minimum tensile fatigue load (kN) 

PUR Prestressed unbonded reinforcement μs Friction coefficient (-) 

SIF Stress intensity factor Δσ Fatigue stress range (MPa) 

ΔKI Mode I SIF range (N/mm
3/2

) σf,u CFRP tensile strength (MPa) 

ΔKI,th Mode I threshold SIF range (N/mm
3/2

) σy Steel yield strength (MPa) 

 

1. Introduction 

Fatigue behavior of metallic members has been intensively studied in the past [1] and the 

efficiency of a number of conventional techniques for strengthening of fatigue-prone structures (such 

as drilling stop holes and/or application of bolted, riveted or welded cover plates) have been 

experimentally investigated in the literature [2]. Due to the certain advantages of carbon fiber 

reinforced polymer (CFRP) composites, several pioneer researchers investigated the potential of such 

advanced materials for the fatigue strengthening of existing metallic structures [3–7]. Adhesively 

bonding of CFRP reinforcements is considered to be an easy and practical solution for such 
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strengthening applications. Thus, a number of researchers have investigated the bond behavior and 

debonding capacity of CFRP-to-steel [8–11], and a few others took into account the effects of near-

crack debonding of CFRP from a steel substrate [12,15]. From a practical point of view, the first 

known field application of CFRP composites for strengthening of a metallic structure goes back to 

2000, when Lane and Ward [16] used wet layup CFRPs for strengthening of Tickford Bridge in the 

UK. In 2001, Miller et al. [17] used pultruded CFRP laminates for strengthening of Christina Creek 

Bridge in the United States; while Luke [18] described strengthening of two historical bridges, i.e., 

Hythe Bridge in Oxford and Slattocks Canal Bridge in Rochdale, UK, using CFRP plates. 

It is obvious that strengthening of fatigue-prone or fatigue-damaged metallic members with 

prestressed or post-tensioned CFRP composites is more advantageous due to the fact that a reduction 

in the tensile stress level that causes damage to the member would be possible by prestressed 

reinforcements [19,20]. Although the available experimental and numerical studies have demonstrated 

the aforementioned advantage of prestressed CFRPs [3,19–24], fewer attempts have been made to use 

prestressed bonded reinforcement (PBR) in practical cases [25]. The reason is attributed to the fact that 

a bonded CFRP reinforcement can carry a limited tensile force before debonding failure occurs [8]. 

This limited bond capacity, however, can be significantly reduced by prestressing the reinforcement 

[26], leading to the undesirable premature debonding of the prestressed CFRP reinforcement from the 

steel substrate under transient service loads. 

A series of laboratory tests was performed to compare the behavior of steel beams strengthened 

by PBR and prestressed unbonded reinforcement (PUR) systems [27]. The results have shown that 

when metallic beams are strengthened by prestressed CFRP plates, the performance of the CFRP-

strengthened steel beams is more sensitive to the magnitude of prestress level rather than the presence 

of the bond [28,29]. Based on these results, a novel prestressed unbonded CFRP reinforcement system 

was developed [19] and tested in the laboratory [21]. The system was used for fatigue strengthening of 

Münchenstein Bridge, a 120-year-old metallic railway bridge in Switzerland [20]. Different shapes 

and configurations (i.e., trapezoidal, flat and triangular) of the prestressed unbonded CFRP 

reinforcement system were suggested in [30] for strengthening of metallic I-beams. The development 

and testing of the PUR systems, however, has been so far limited to steel I-beams. Consequently, there 

is a need for such retrofit system that can be used for strengthening of existing tensile steel members. 

In the current study, an innovative PUR system has been developed as an alternative to the 

conventional PBR technique for strengthening of fatigue-damaged steel plates. The system consists of 

two sets of high performance mechanical clamps, which hold multiple prestressed CFRP plates, and 

transfer their prestressing forces to the damaged/cracked steel substrate to reduce the acting stress 

level in the member, and consequently, enhance its fatigue performance. A finite element (FE) 

simulation is carried out to optimize the required mechanical components of the system, while the 

important design aspects are discussed. The ultimate capacity and fatigue performance of the 

developed PUR system are evaluated using a set of static and fatigue tests, performed on the proposed 

mechanical clamping system. Furthermore, the great performance of the developed system in terms of 

stress reduction in a CFRP-strengthened steel member was demonstrated through a set of fatigue tests 

on precracked steel plate specimens, with and without the proposed PUR system. 

 

2. Finite element simulation  

2.1. Model description  

As illustrated in Figure 1a, the proposed mechanical clamping system was designed to hold 

multiple prestressed CFRP plates on both sides of a steel plate, and transfer their prestressing forces to 
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the steel substrate via friction. The steel plate represents a fatigue-damaged steel member which needs 

to be strengthened with prestressed CFRP reinforcements. Each set of the mechanical clamping system 

consists of four toothed hard plates, which press the CFRP plates against the steel substrate using a 

compression force. This force is generated in the clamp plates by fastening a set of M10 and M12 

bolts. In total, eight M10 and four M12 high-strength (grade 12.9) bolts are used in each of the 

mechanical clamping sets which are tightened with torques of 54 and 160 Nm, respectively, to 

generate a total compressive clamping force of 518 kN per clamp set. The detailed sketches of the 

clamp plate and hard plate are depicted in Figure 1b,c, respectively. 

Given the complexity of the system, a finite element (FE) model was created using Abaqus [31] 

to optimize the dimensions of the different mechanical components, and to predict the ultimate 

capacity of the CFRP-steel mechanical joint before slippage of the CFRP plates. The geometry and 

dimensions used in the FE model are provided in Figure 1a. Owing to the symmetry of the system, 

however, only one fourth of the system shown in Figure 1a was modeled. The FE model consisted of a 

CFRP plate with cross-sectional dimensions of 25 × 1.4 mm (width × thickness) pressed against the 

steel substrate via the mechanical clamp. All the steel parts and the CFRP plate were modelled as 

isotropic linear-elastic materials with elastic moduli of 209 and 160 GPa, respectively, and a Poisson’s 

ratio of 0.3.  

A hard contact was considered between the clamp plate, hard plate, CFRP reinforcement, and 

the steel substrate in the normal direction. On the other hand, using the penalty formulation, an 

isotropic tangential friction with a friction coefficient (μs) of 0.4 was introduced between the CFRP–

steel substrate, as well as between the CFRP–hard plate. The steel substrate was modelled using 8-

node linear brick elements of type C3D8R with reduced integration and hourglass control, while 

CFRP plate was modelled using 20-node quadratic brick elements of type C3D20R with reduced 

integration. Both the hard plate and the clamp plate were modelled using a 10-node quadratic 

tetrahedron of type C3D10HS with improved surface stress visualization. The elements had an average 

dimension of approximately 2 mm, giving a total number of approximately 89,500 elements for the 

entire model. 

 

   

(a) (b) (c) 

Figure 1. (a) Dimensions used in finite element simulation; (b) detailed sketch of clamp plate; and (c) 

detailed sketch of hard plate (all dimensions in mm; (a–c) not to same scale). 
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In addition to the symmetry boundary conditions, a fixed support boundary was introduced at 

the steel plate extremity to stabilize the model assembly (see Figure 2). In the first loading step in 

Abaqus, a uniform pressure of 0.001 MPa was applied on the clamp plate to activate the defined 

contact interactions between different components. It is important to note that avoiding this loading 

step can pose a convergency problem. In the second loading step, static uniform pressures of 218 and 

396 MPa per bolt location were introduced on the clamp plate to simulate the prestressing forces of 

28.8 and 72 kN per bolt, generated in M10 and M12 high-strength bolts, upon fastening with the 

allowable torques of 54 and 160 Nm, respectively. In the final Abaqus loading step, a uniform 

displacement-controlled loading was applied to the free edge of the CFRP plate to evaluate the 

anchorage capacity of the joint before slippage of the mechanical clamping system. 

 

 

Figure 2. Finite element model created in Abaqus and distribution of von Mises’ stresses in different 

components of the proposed mechanical clamping system at ultimate anchorage capacity. 

 

2.2. Finite element results 

Figure 2 shows the distribution of von Mises’ stresses in different components of the FE model, 

when the full bolts preload has been applied on the clamp plate, and the CFRP-steel joint was loaded 

up to its ultimate capacity. It can be seen from Figure 2 that by using 25 mm-thick clamp plates, 

manufactured from M200 steel with a nominal yield strength (σy) of 1000 MPa, the maximum stress in 

the clamp plate is below 0.6σy. This criterion was initially considered to design the thickness of the 

clamp plate. Furthermore, Figure 2 illustrates that an almost uniform contact pressure was reached 

δ

M12 bolt location

M10 bolt location
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between the CFRP plate and the hard plate. This was achieved by cutting 7-mm transverse fillets with 

an inclination angle of 1.5° on the surface of the hard plate which is in contact with the clamp plate 

(see Figure 1c). Note that obtaining an almost uniform contact pressure between the hard plate and the 

CFRP strip, especially in the transverse direction, is of crucial importance for the proposed system. 

The reason is attributed to the fact that any stress concentrations on the CFRP edges can result in 

longitudinal delamination of unidirectional CFRP plates, when prestressed/loaded. 

The generated axial stress in the CFRP plate as a function of the applied displacement on the 

CFRP free edge was obtained from the FE simulation, and the results were used to plot the stress–

elongation response of the CFRP plate provided in Figure 3. Based on the obtained FE results, it can 

be concluded that the proposed mechanical clamping system is capable of carrying the entire tensile 

strength of the CFRP plate, σf,u (a nominal value of 2800 MPa was considered for σf,u) before slippage 

of the clamp. 

 

 

Figure 3. Finite element (FE) results: axial stress vs. applied displacement to carbon fiber reinforced 

polymer (CFRP) free edge mechanically clamped to steel substrate. 

 

3. Experimental program 

3.1. Test specimens  

In the current study, two sets of tensile tests were carried out. The first set of experiments was 

conducted on so called clamp test specimens, as depicted in Figure 4a, to evaluate the ultimate 

capacity and fatigue performance of the proposed mechanical clamping system, as the main 

component of the PUR system. As it is shown in Figure 4a, the clamp test specimen was specially 

designed to evaluate the capacity of the proposed mechanical clamping system for anchoring CFRP 

plates to steel substrate via friction. 

In the second set of the experiments, performance of the PUR system was investigated by 

conducting fatigue tests on two precracked middle-tension (M(T)) steel plate specimens, one without 

any strengthening as the reference specimen (Figure 4b), and the other one strengthened with the 

proposed PUR system (Figure 4c). Further details regarding the test specimens used in the second set 

of the experiments can be found in [32]. 
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(a) (b) (c) 

Figure 4. Specimen dimensions (all dimensions are in mm): (a) clamp test specimen; (b) reference 

specimen and electrical discharge machine (EDM) notch details; and (c) prestressed unbonded 

reinforcement (PUR) specimen. 

 

3.2. Prestressed unbonded reinforcement (PUR) system 

3.2.1. Mechanical clamps 

Different components of the proposed mechanical clamping system, with the optimized 

dimensions, are illustrated in Figure 5. As it can be seen in Figure 5, each set of the designed clamps 

consists of four toothed hard plates with a hardness of HRC 58(-60) on the Rockwell scale. Owing to 

the fact that the entire clamping system functions with the help of friction, 3M
TM

 diamond friction 

shims of grade 10 (3M Technical Ceramics GmbH, Germany), were used between the CFRP plates 

and the steel substrate to increase the friction. Furthermore, because the normal force generated by the 

prestressed bolts is transferred to the hard plates via the upper and lower clamp plates and causes 

relatively high bending stresses in those parts (see Section 2.2), the upper and lower clamp plates were 

manufactured from high strength steel M200 with a nominal yield strength of 1000 MPa. 

It should be mentioned here that the PUR system, developed in the current study, was specially 

designed to hold multiple CFRP plates (two CFRP plates on each side of the steel plate) apart at the 

crack tips (Figure 4c). This allows the state of the crack to be visually monitored, which is of great 

interest in laboratory fatigue experiments, as well as in practical cases. It is obvious that, the PUR 

system can be designed to hold only two CFRP plates (one on each side of the steel member) covering 

the fatigue-damaged zone. This would lead to a relatively simpler design procedure for the mechanical 

clamping system with fewer mechanical components involved. However, proportionally lower 

prestressing forces can be achieved when fewer CFRP plates are used. 
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3.2.2. Prestressing setup 

To strengthen the precracked specimen (Figure 4c) in the second phase of the experiments, a 

prestressing setup (Figure 6) was designed and assembled at the Structural Engineering Research 

Laboratory of Empa in order to simultaneously prestress four parallel CFRP plates and anchor their 

prestressing forces to the precracked steel plate using the developed mechanical clamping system. To 

do so, the four CFRP plates were first placed in the specially designed prestressing grips (see Figure 

6). Using a hydraulic hollow plunger cylinder, an average prestrain level of 5180 μm/m 

(approximately 30% of the nominal strength of the composite) was generated in the CFRP plates. 

The prestrain level was obtained based on an analytical calculation of the mode I stress intensity 

factor (SIF) range (ΔKI) in the PUR specimen, to be less than an assumed mode I threshold SIF range 

ΔKI,th (considering ΔKI,th = 100 N/mm
3/2

) to obtain complete crack arrest (see [32] for the 

comprehensive background and further details). The aforementioned prestrain value in the CFRP 

plates corresponded to a load level of 110.8 kN, which was monitored using a 300 kN load cell along 

with all the strain gauges on the CFRP plates and the steel specimen upon prestress force release. 

Immediately after prestressing the CFRP plates, the high-strength bolts of the mechanical clamps were 

tightened with the required torque using a digital torque meter. The prestressing force in the cylinder 

was then released to zero and the CFRP plates were cut from both sides of the mechanical clamps to 

realize the final configuration depicted in Figure 4c. 

 

 

Figure 5. Different components of the developed mechanical clamping system. 

 

 

Figure 6. Prestressing setup (all dimensions are in mm). 
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3.3. Material properties 

With the exception of the mechanical components of the proposed clamping system, which were 

manufactured from high strength M200 steel with a nominal yield strength of 1000 MPa, the utilized 

steel plates in all the experiments were of type S355J2+N with a nominal yield strength of 355 MPa. 

Elastic modulus, yield, and ultimate strength of the utilized steel along the rolling direction were 

obtained to be 205 GPa, and 421 and 526 MPa, respectively, while no significant difference in the 

mechanical properties of the steel parallel or perpendicular to the rolling direction was observed. 

Further details regarding the auxiliary tensile tests which were performed to characterize the 

mechanical properties of the utilized steel can be found in [32]. Furthermore, NM CFRP plates of type 

S&P 150/2000 with measured cross-sectional dimensions of 25 × 1.4 mm (width × thickness) were 

used. The nominal tensile strength of the CFRP plate is 2800 MPa based on the manufacturer’s 

catalogue, while the elastic modulus was measured as 156 GPa [33]. 

 

3.4. Static and fatigue test setup 

A 1-MN static/fatigue servo-hydraulic Schenck machine with an Instron controller was used to 

perform static and fatigue tensile tests on the clamp test specimens (i.e., the first phase of the 

experiments), as well as fatigue tests on the reference and PUR specimens (i.e., the second phase of 

the experiments). Static tensile tests on the clamp test specimens (Figure 4a) were performed under 

displacement-control conditions at a speed of 1 mm/min, while the fatigue test on this specimen 

configuration was performed under the load-control condition with a load ratio (Tmin/Tmax) of R = 0.9, 

and a frequency of 18 Hz. Figure 7a shows the test setup and the instrumentation (i.e., electrical foil 

strain gauges of type 1–LY61–6/120 and 1–LY66–6/120 mounted on steel and CFRP plates, 

respectively) used to monitor the clamp test specimens during static and fatigue loading. 

In the second phase of the experiments, fatigue tests were performed on the reference and PUR 

specimens (Figure 4b,c) under the load-control condition with a load ratio of R = 0.2 and a frequency 

of 15 Hz. It is worth mentioning here that the selected load ratio of R = 0.2 in this case deemed to 

represent the practical load ratio experienced by most of the fatigue-prone members in metallic 

bridges. Assuming R = 0.2 for a metallic member (to be strengthened), the load ratio experienced by 

the PUR system can be calculated as R = 0.9 using the stress state in the prestressed CFRP 

reinforcements [33]. Thus, in case of fatigue tests, performed in the first and second phases of the 

experiments, R = 0.9 and 0.2 were used, respectively. 

 

4. Results and discussions 

4.1. Static and fatigue tests on the proposed mechanical clamping system 

Figure 7b illustrates the load–displacement response of the two clamp test specimens, 

monotonically loaded until failure. First, a clamp test specimen was placed in the testing machine 

(Figure 7a) and the ultimate capacity of the proposed mechanical clamping system was evaluated 

using a monotonic tensile loading. It can be seen from Figure 7b that no reduction in the joint stiffness 

neither any slippage of the clamping system was observed until tensile rupture of the CFRP plates 

occurred (see Figure 7b). The second clamp test specimen was first subjected to 10 million fatigue 

cycles. The maximum load level during the fatigue test was equal to Tmax = 162.5 kN, which 

corresponded to 41% of the nominal tensile strength of the utilized CFRP. Afterwards, a monotonic 

load was applied on the specimen until the ultimate strength of the CFRP plates was reached. The 

experimental results provided in Figure 7b demonstrate that the proposed mechanical clamps are 

capable of transferring the entire tensile capacity of the CFRP plates to the steel substrate, even after 
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experiencing 10 million fatigue cycles. Careful inspection of Figure 7b reveals that the second clamp 

test specimen (subjected to 10 million fatigue cycles), exhibited slightly higher stiffness compared to 

the first specimen especially at higher tensile load levels. This is believed to be the influence of fatigue 

loading, as cyclic loading can align the individual fibers within the composite with respect to the 

tensile loading direction and, consequently, a slightly higher stiffness and ultimate strength of the 

CFRP reinforcement can be achieved. 

Evolution of the maximum and minimum cylinder position, as well as the amplitude of the 

cylinder displacement are illustrated in Figure 8a for the fatigue test performed on the second clamp 

test specimen. It can be seen from the experimental results of Figure 8a that both of the curves, 

representing maximum and minimum of the cylinder position, experienced considerable fluctuations 

over fatigue cycles. This is deemed to be mainly due to the temperature difference over the fatigue 

testing period (approximately 6.5 days). However, the amplitude of the cylinder displacement is 

almost constant over the elapsed 10 million fatigue cycles, which strongly proves the fact that the 

proposed mechanical clamping system experienced no slippage during the elapsed 10 million fatigue 

cycles. Moreover, evolution of the maximum stress in the four CFRP plates, as well as the steel 

substrate with respect to fatigue cycles is provided in Figure 8b. It can be seen from the experimental 

results of Figure 8b that the maximum stress levels in the four CFRP plates were almost identical, and 

these levels of stress in the CFRPs and the steel substrate were quite constant over the 10 million 

fatigue cycles. The aforementioned observation firstly verifies that all the CFRP plates were uniformly 

loaded, and secondly, none of the four CFRP plates slipped out from the proposed mechanical 

clamping system during the fatigue test. It is worth mentioning that the stress values, provided in 

Figure 8b, are calculated by multiplying the elastic modulus of CFRP and steel by the corresponding 

strain values, obtained from the mounted electrical strain gauges on CFRPs and steel (Figure 7a), 

which were monitored during the fatigue test using a digital data acquisition system. 

 

  

(a) (b) 

Figure 7. (a) Static and fatigue test setup; and (b) load–displacement response of clamp test specimens 

and CFRP rupture in monotonic loading after 10 million fatigue cycles. 
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(a) (b) 

Figure 8. (a) Evolution of cylinder position during fatigue test; and (b) the evolution of maximum 

stress in CFRP plates and steel substrate in response to fatigue cycles. 

 

4.2. Performance of the proposed PUR system for fatigue strengthening of cracked steel 

members  

The evolutions of the maximum and minimum average steel strain (i.e., average of strain 

readings on both sides of the steel plates) in the reference and PUR specimens with respect to the 

fatigue cycles are plotted in Figure 9. It can be seen in the figure that the maximum and minimum 

average strain level in the reference specimen, subjected to the fatigue stress range (Δσ) of 75 MPa, 

gradually reduced by increasing the number of elapsed fatigue cycles. The reason is attributed to the 

fact that, the strain gauges used to monitor the strain level in the steel plates were mounted at the mid-

width of both sides of the steel plates at a distance of 52 mm from the specimens’ mid-length (see 

Figure 10). Consequently, the fatigue crack growth resulted in a gradual reduction in the strain 

readings until the complete fatigue failure of the reference specimen occurred at N = 0.935 million 

cycles (see Figure 10a).         

Figure 9 shows that applying the PUR system on the precracked steel plate used in the PUR 

specimen considerably reduced the strain level in the steel substrate. It can be seen from the figure 

that, during the fatigue cycles, the maximum and the minimum strain levels in the steel substrate 

remained constant for the first two 2.5 million cycles with a sudden increase at 2.7 million cycles due 

to the 20% increase in Δσ. This proves that the proposed PUR system experienced no slippage during 

fatigue loading as no reduction in the prestressing effect was observed. On increasing Δσ from 91 to 

105 MPa after 5.2 million cycles, a second sudden increase in the steel strain levels was observed 

owing to the increase in the applied loading. Similar to the reference specimen, the strain level in the 

steel substrate was then started to decrease with the number of cycles because of the fatigue crack re-

initiation and propagation. A sudden jump in the strain levels was observed when the crack finally 

propagated through the entire steel section (see Figure 10b). 

The experimental results provided in Figure 9 demonstrates that, strengthening of the cracked 

steel plate using the proposed PUR system considerably reduced the tensile portion of the acting cyclic 

stresses. This reduction in the tensile stresses then resulted in ΔKI values to be less than ΔKI,th for Δσ = 

75 and 91 MPa. Increasing Δσ by 40% to 105 MPa, however, re-initiated the fatigue crack, and 
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resulted in a gradual reduction of measured strain values in the steel. It should be noted here that, the 

main intention of discussing the fatigue test results on the reference and PUR specimens in this section 

was to show the superior performance of the proposed PUR system for fatigue strengthening of 

cracked steel members. Thus, a detailed discussion on the fracture mechanics aspects of crack 

propagation and crack arrest in the reference and PUR specimens is beyond the scope of the current 

paper, and readers may refer to [32] for a comprehensive discussion on the aforementioned topics. 

 

  

(a) (b) 

Figure 9. Evolution of: (a) maximum; and (b) minimum average strain in steel with respect to fatigue 

cycles (Δσ = fatigue stress range applied to the unstrengthened cross section of steel). 

 

  

(a) (b) 

Figure 10. Arrangement of strain gauges and fatigue failure in (a) reference specimen; and (b) PUR 

specimen. 
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5. Summary and conclusions 

In the current study, an innovative friction-based mechanical clamping system was introduced 

to strengthen fatigue-prone or fatigue-damaged steel members using multiple prestressed unbonded 

CFRP plates. First an FE simulation was carried out to optimize the design of the required mechanical 

components of the proposed mechanical clamping system, and the important design aspects were 

discussed. The ultimate capacity of the mechanical clamping system was then predicted using the 

established FE model. Afterwards, a set of static and fatigue tests was performed to evaluate the 

ultimate capacity and fatigue performance of the proposed mechanical clamping system. Experimental 

results strongly confirmed that the developed mechanical clamping system is capable of transferring 

the entire tensile capacity of the CFRP plates to the steel substrate, even after experiencing 10 million 

fatigue cycles. The performance of the developed PUR system for fatigue strengthening of cracked 

steel members was then evaluated in a set of fatigue tests on precracked steel plate specimens. 

Experimental results showed that the existing fatigue crack in the precracked steel plate, strengthened 

with the proposed PUR system, was completely arrested even for the 20% higher stress range, 

compared to the initial stress range applied on the reference specimen. Furthermore, neither slippage 

of the mechanical clamps nor any prestress loss in the four CFRP plates was observed during 7.5 

million fatigue cycles. Consequently, owing to the advantages of the developed PUR system, such as 

the capability of applying relatively high prestressing forces to arrest an existing fatigue crack without 

the need for any surface preparation and curing process, which are often required for bonded solutions, 

the proposed system can be considered as a good alternative to the conventional bonded CFRP 

reinforcements for fatigue strengthening of damaged steel members. 
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4. Mixed mode I/II fatigue crack arrest in steel 

members 

Summary 

This chapter serves as the core of the present PhD work, which addresses the main objective of 

the current research, i.e., the mixed mode I/II fatigue crack arrest in steel members. Following a brief 

literature survey on the proportional mixed mode I/II fatigue problem in mild steel, a strengthening 

design approach is proposed, through which the required prestressing level in the reinforcements can 

be determined to completely arrest an existing mixed mode I/II fatigue crack in a steel member. Sets 

of stepwise HCF tests were conducted on precracked steel plates, having various mode mixity angles, 

with and without CFRP-strengthening to evaluate the mixed mode I/II threshold criterion in bare 

(unstrengthened) mild steel, as well as to verify the performance of the proposed model for the arrest 

of an existing mixed mode I/II fatigue crack by using the developed PUR system. The experimental 

results in terms of the mixed mode I/II fatigue crack threshold and kink angle in unstrengthened and 

CFRP-strengthened specimens are compared with the existing criteria in the literature. Furthermore, a 

design flowchart for the mixed mode I/II fatigue crack arrest in mild steel is provided, along with 

some specific recommendations that should be considered in the design of fatigue strengthening 

solutions in structural retrofitting. 

It is worth mentioning that supplementary results of HCF fatigue tests, presented in this chapter, 

are reported in Appendix B, while Appendix C presents the various Matlab scripts that were written 

and used to post-process the experimental data, and to generate the existing mixed mode I/II fatigue 

criteria.   
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4.1 Mixed mode I/II fatigue crack arrest in steel members using prestressed CFRP 

reinforcement
*
 

Abstract 

In the present study, a strengthening design approach is proposed for the mixed mode I/II 

fatigue crack arrest in existing structural steel members using prestressed unbonded carbon fiber 

reinforced polymer (CFRP) composites. Through the analytical formulation of mode I and II stress 

intensity factor ranges, a design model is proposed to determine the strengthening solution, including 

the required prestressing level and/or the cross-sectional area of the reinforcement, which would 

ensure the complete arrest of an existing mixed mode I/II fatigue crack in a steel member. In parallel, 

sets of stepwise high-cycle fatigue tests were carried out on reference unstrengthened and prestressed 

CFRP-strengthened precracked steel plates of grade S355J2+N under various mode mixities. The 

experimental results revealed that the maximum tangential stress (MTS) criterion fairly predicts the 

state of the mixed mode I/II fatigue cracks (i.e., crack arrest or growth) in unstrengthened specimens, 

while the proposed design model provides a conservative estimation of the mixed mode I/II fatigue 

threshold in prestressed CFRP-strengthened specimens. Furthermore, the crack propagation 

characteristics of grade S355J2+N steel, i.e., Paris’ law parameters (C and m) and the crack closure 

parameter (U), were determined and demonstrated to be independent of the material rolling direction. 

Based on the analytical and experimental results of the current study, it can be concluded that the 

proposed model can be used for the safe design of strengthening solutions, which is an increasing need 

to extend the service life of existing fatigue-damaged steel structures; certain recommendations are 

provided in this regard for practical strengthening applications. 

 

Keywords: mild steel, steel structures, high-cycle fatigue testing, mixed mode I/II loading, crack 

arrest, carbon fiber reinforced polymer, prestressed strengthening, design model. 

 

Nomenclature 

Latin symbols ρ Global stiffness ratio 

A Cross-sectional area  σ Normal stress 

a Half-crack length τ Shear stress 

C Paris’ law constant Subscripts 
E Elastic modulus I Mode I 

K Stress intensity factor (SIF) II Mode II 

k Local SIF c Compression 

m Paris’ law slope eff Effective 

N Number of fatigue cycles eq Equivalent 

R Fatigue load ratio f Fiber reinforced polymer (FRP) 

r Polar distance l Load increase 

s Mode II to I threshold SIF range ratio max Maximum 

T Tensile force  mean Mean 

U Crack closure parameter min Minimum 

w Width n Nominal 

Greek symbols pre Prestress 

α Rolling direction angle r Retrofitted 

β Mode mixity angle s Steel  

ε Strain th Threshold 

θ Kink angle u Ultimate 

ν Poisson’s ratio y Yield 

                                                 
*
 Ardalan Hosseini, Alain Nussbaumer, Masoud Motavalli, Xiao-Ling Zhao, and Elyas Ghafoori. International Journal of 
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1. Introduction 

The inevitable increasing service demand on steel bridges both in terms of load magnitude and 

number of cycles per a certain operation period makes these metallic structures vulnerable to fatigue 

cracking and failures. Therefore, owing to the significance of the issue, primitive techniques, such as 

welding or bolting steel cover plates to increase the members’ stiffness and overloading the cracked 

members and/or drilling stop holes at crack tips to retard the crack propagation rate, have been 

conventionally used for the fatigue strengthening of such structures [1]. However, steel reinforcements 

are bulky, difficult to handle, and prone to fatigue and corrosion of themselves; while those 

conventional strengthening techniques are costly and time-consuming, they often introduce new 

imperfections (such as welding and hole drilling) into the parent structure.      

Carbon fiber reinforced polymer (CFRP) composites exhibit excellent mechanical and durability 

characteristics; therefore, as an alternative to the conventional steel reinforcements, CFRPs are 

becoming more popular for the static and fatigue strengthening of existing steel structures [2]. 

However, unlike the fatigue fracture of metallic members and components, which has been intensively 

studied in the past [3–5], comparatively less research has been devoted to the fatigue behavior of 

CFRP-strengthened steel members over the last decade [6]. Furthermore, existing knowledge on the 

issue is more focused on CFRP-strengthening of notched steel plates/beams under the simple mode I 

(tensile mode) loading condition, such as uniaxial tension/bending (see for example [7–16]). However, 

it is quite evident that a combination of modes I and II (shear mode), hereafter referred to as the mixed 

mode I/II loading condition, often acts on structural members that can lead to fatigue crack initiation 

and propagation up to the failure of fatigue-critical structural members [17,18]. Although some 

research studies have been conducted on the mixed mode I/II fatigue behavior of bare 

(unstrengthened) mild steel [19–26], which is relevant for civil structural applications, only a few 

studies can be found in the literature on the mixed mode I/II fatigue strengthening of steel members, 

which typically dealt with nonprestressed CFRP patching of steel plates with inclined starter notches 

[27–31]. 

A number of experimental studies have demonstrated the excellent performance of prestressed 

CFRP reinforcements for fatigue crack prevention [32,33] or fatigue crack arrest [13,34–37] in steel 

members subjected to the mode I loading condition. However, the practical application of prestressed 

bonded CFRPs for the strengthening of existing steel members has been quite limited so far [38]. The 

reason is attributed to the relatively low bond capacity of prestressed bonded reinforcements (PBRs) 

prior to their debonding failure, as well as certain concerns that are associated with the durability and 

fatigue performance of adhesively bonded CFRP-to-steel joints [39,40]. Consequently, various 

prestressed unbonded retrofit (PUR) solutions were introduced [41,42], and their excellent 

performance has been demonstrated for the fatigue strengthening of metallic bridge girders in 

Switzerland [43] and Australia [44,45].   

Recently, the authors have demonstrated that an existing mode I fatigue crack in a tensile steel 

member can be safely arrested by providing sufficient prestressing force in the CFRP reinforcements; 

the required level of prestressing can be determined through the proposed analytical model [37]. 

However, to the best knowledge of the authors, to date no research has been conducted on the mixed 

mode I/II fatigue crack arrest in steel members by using prestressed reinforcements. Therefore, the 

main intention of the current study is to demonstrate the excellent potential of prestressed CFRP 

plates, which are applied through the recently developed PUR system [46], to arrest an existing mixed 

mode I/II fatigue crack in a structural steel member.  

In the current study, a strengthening design approach is first proposed, through which the 

required prestressing level in the reinforcements can be determined to completely arrest an existing 
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mixed mode I/II fatigue crack in a steel member. Sets of high-cycle fatigue tests on precracked steel 

plates with and without CFRP-strengthening were then conducted to evaluate the mixed mode I/II 

threshold criterion in bare (unstrengthened) mild steel, as well as to verify the performance of the 

proposed model for the arrest of an existing mixed mode I/II fatigue crack by using prestressed 

unbonded CFRP plates. A design flowchart for the mixed mode I/II fatigue crack arrest in mild steel is 

provided, along with some specific recommendations that should be considered in the design of 

fatigue strengthening solutions in structural retrofitting. 

 

2. Strengthening design approach for mixed mode I/II fatigue crack arrest 

2.1. The proportional mixed mode I/II fatigue problem in mild steel 

Owing to the fact that structural members and engineering components are often subjected to a 

combination of normal and shear stresses, various critical plane-based criteria have been proposed in 

the literature to deal with the problem of mixed mode I/II fatigue crack growth [18]. Such criteria rely 

on the experimental observations that a fatigue crack nucleates along a certain plane in the material, 

which is called the “critical plane”, and the stress/strain components on this critical plane can be used 

for fatigue analysis [47]. Critical plane-based criteria can be classified into two categories based on 

their underlying failure mechanism, i.e., tensile or shear failure [48]. 

The maximum tangential stress (MTS) criterion first proposed in 1963 by Erdogan and Sih [49] 

is the most used critical plane-based model relying on the tensile failure mechanism, with the 

assumption that an existing crack propagates perpendicular to the MTS plane adjacent to the crack tip. 

Although many experimental studies have proven the assumption that fatigue cracks propagate in a 

mode I mechanism, especially in brittle materials, this is not necessarily the case in the mixed mode 

I/II fatigue threshold of steels and aluminum alloys [17]. 

Otsuka et al. [19] performed an extensive experimental study on the mixed mode I/II fatigue 

behavior of mild steel and observed both tension- and shear-dominated fatigue crack growth. They 

concluded that existing fatigue cracks in mild steel can either grow perpendicular to the MTS plane 

(i.e., tensile mode growth), or along the maximum shear stress (MSS) plane (i.e., shear mode growth) 

[19]. They revealed that the key parameter that dictates the mode of crack growth in mild steel is the 

load level. In other words, the mixed mode I/II fatigue fracture of mild steel is a load-dependent 

phenomenon so that under relatively lower load levels, the MSS criterion applies, while under higher 

load levels, the MTS criterion governs the crack propagation [19].  

To further elaborate on the various crack threshold and propagation mechanisms under mixed 

mode I/II fatigue loading condition, Pook [50] proposed a so-called “failure mechanism map” in terms 

of the normalized mode I and II stress intensity factor (SIF) ranges (

, ,

 vs. II I

I th I th

K K

K K

 

 
), as 

schematically depicted in Figure 1. Based on the available experimental results at the time, Pook [50] 

stated that no crack growth takes place in region I, while regions II and III represent the possible shear 

and tensile modes of crack growth, respectively (see Figure 1). As ΔKI > ΔKI,th is the necessary 

condition for a tensile mode growth of an existing crack, it is well expected that in region IV, tensile 

crack growth occurs through the initiation and propagation of a mode I kink [50]. It is still believed 

that the conditions associated with crack growth in regions II and III are not clearly understood [51] 

and can only be discovered through experimental fatigue testing [19]. However, owing to the fact that 

the available experimental results demonstrated that cracks in region II are nonpropagating (i.e., self-

crack arrest takes place after a relatively short shear mode growth, if any [19]), the use of the MTS 

criterion is proposed as a lower bound for engineering design purposes [51].  
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Figure 1. Fatigue failure mechanism map for an existing crack under the mixed mode I/II loading 

condition (adopted from [50]). 

 

It is worth mentioning here that the abovementioned mixed mode criteria (i.e., MTS and MSS) 

have been initially proposed and validated for the case of proportional loading, i.e., the loading 

condition under which mode I and II components of the loading reach the maximum simultaneously. It 

is believed that proportional mixed mode I/II fatigue is likely to be the dominant loading condition in 

most of the fatigue-prone members in steel bridges. It should also be noted that a review on the 

existing mixed mode fatigue crack growth criteria, applicable to various alloys, is beyond the scope of 

the current paper. Therefore, readers may refer to [17,18,47,52] for further information on fatigue 

crack propagation criteria under proportional and nonproportional mixed mode loading conditions. 

 

2.2. Design model for mixed mode I/II fatigue crack arrest in steel members 

The schematic of a steel member having an inclined fatigue crack under far-field cyclic stress σ, 

with the load ratio min

max

R



 , is depicted in Figure 2a. Considering the coordinate system illustrated in 

Figure 2c, the mode I and II SIF ranges for the case of an unstrengthened member can be expressed as 

follows: 

2sin ( , )IK f a w   
 

(1) 

sin cos ( , )IIK f a w    
 

(2) 

where ΔKI and ΔKII are mode I and II SIF ranges, respectively; Δσ is the far-field stress range equal to 

σmax – σmin (see Figure 2d); β is the inclination angle with respect to the loading direction; and the 

geometry function f(a,w) can be estimated by using the following equation for middle-cracked 

specimens [53]: 

( , ) sec
a

f a w a
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(d) 

 

 

(a) (b) (c) (e) 

Figure 2. Schematic of a steel member having an inclined fatigue crack subject to far-field fatigue 

loading: (a) before strengthening, (b) after strengthening using prestressed unbonded reinforcement, 

(c) coordinate system and effect of prestressed strengthening, (d) far-field fatigue loading, and (e) 

stress components experienced by the fatigue crack after strengthening. 

 

where a is the half-crack length, and w is the width of the member. For the clamped-end conditions 

(similar to that of the specimens used in the present study), Eq. (3) has within 1% accuracy for 2a/w ≤ 

0.8 [53]. It is worth mentioning that the explicit derivation of f(a,w) is available for a wide range of the 

member’s geometry [54], while it may be determined through a finite element (FE) simulation for 

more complicated geometries, where no analytical solution exists [37]. 

After strengthening the cracked member by using prestressed unbonded reinforcements (Figure 

2b) and assuming that the reinforcements (applied symmetrically on each side of the member) are long 

enough so that the end anchorages (such as the ones developed in [46]) are far away from the fatigue 

crack (a quite reasonable assumption in the strengthening of real-scale steel members), the load ratio 

that is experienced by the retrofitted member (Rr) can be formulated as follows [37]:   

min

max

c
r

c

R
 

 





 

(4) 

where σc is the far-field uniform compression generated in the retrofitted member after prestressed 

strengthening (see Figure 2c), and ρ is the global stiffness ratio of the member, which is defined as 

follows:    

s s

s s f f

A E

A E A E
 


 

(5) 

where As and Af are the cross-sectional areas of the steel member and of all the reinforcement plates, 

respectively; Es and Ef are the elastic moduli of steel and reinforcement material, respectively.  
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As schematically illustrated in Figure 2c, the prestressed strengthening of the cracked member 

has two beneficial consequences: (a) a global stiffness increase, which can be realized as a far-field 

stress reduction by a factor of ρ, and (b) a constant reduction of the tensile stress in the member by a 

value σc, owing to the prestressing reaction. Therefore, the mode I SIF range for the strengthened 

member can be formulated as follows: 

2

2

max

sin ( , )
( , )

( )sin ( , )
I y

c

f a w
K f a w

f a w

  


  

 
    

  

0

0

r

r

R
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(6) 

where Δσy is the far-field (with respect to the crack length) normal stress range acting on the cracked 

member after strengthening (Figure 2e). It can be inferred from Eq. (6) that ΔKI is independent of the 

prestressing effect (in terms of σc) when Rr > 0. In other words, for low levels of (or no) prestressing, 

ΔKI can be only reduced by a factor of ρ after strengthening. However, for higher prestressing levels 

(when Rr ≤ 0), the compressive portion of the cyclic normal stress can be disregarded in the mode I 

SIF range calculation [53]. The reason is attributed to the fact that the crack is completely closed under 

compression, and therefore, it is inactive over the compressive portion of fatigue cycles. On the other 

hand, regardless of the prestressing level (or the mathematical sign of Rr), the mode II SIF range for 

the strengthened member can be estimated as follows:  

( , ) sin cos ( , )II xyK f a w f a w        
 

(7) 

where Δτxy is the far-field (with respect to the crack length) shear stress range acting on the cracked 

member after strengthening (Figure 2e). Note that in Eq. (7), ΔKII is assumed not to be a function of 

σc, and therefore, the strengthening configuration shown in Figure 2b can only reduce its value by a 

factor of ρ. Although the crack face friction/roughness may reduce the effective ΔKII when the crack is 

closed, or no mode I tensile loading exists to open the crack [17], for the proportional mixed mode I/II 

loading condition, Eq. (7) is deemed to provide a reasonable estimation of ΔKII for a conservative 

strengthening design in structural engineering applications. As a result of the aforementioned 

conservative assumption, one can infer from Eq. (7) that the maximum ρ, which corresponds to a 

minimum required cross-sectional area of the reinforcement for the mixed mode I/II fatigue crack 

arrest (with the configuration depicted in Figure 2b), can be determined as follows: 

,

max  for 0 90
sin cos ( , )

II thK

f a w
 

  


  


 (8) 

where ΔKII,th is the mode II threshold SIF range. 

Having mode I and II SIF ranges formulated for the strengthened member (Eqs. (6), (7)), the 

effect of strengthening can be illustrated on the mixed mode I/II failure mechanism map (see Figure 

3). As stated earlier, any point beyond a selected criterion (MTS criterion in this case) represents an 

unsafe fatigue state. Therefore, the aim is to calculate for a proper prestressed (or nonprestressed, if 

possible) strengthening solution to arrest an existing mixed mode I/II fatigue crack. For this purpose, 

the MTS criterion can be used to determine the required compression in the steel member, σc, and/or 

the required stiffness ratio, ρ. The MTS criterion can be expressed as follows [19]: 

max ,( )I I thk K  
 

(9) 

where ΔkI(θ) is the mode I local SIF range at the tip of an infinitesimal kink at an angle of θ with 

respect to the plane of the main crack, and can be formulated as follows [5]: 

2 3
( ) cos cos sin

2 2 2
I I IIk K K
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Figure 3. Strengthening concept for an existing fatigue crack under the mixed mode I/II loading 

condition. 

 

In substituting Eqs. (6) and (7) into Eq. (10), and obtaining the maximum of the resultant 

function with respect to θ, the minimum required σc (in case of Rr ≤ 0) or the required ρ (in the case of 

Rr > 0) that ensures the crack arrest can be obtained from Eq. (9). Due to the nonlinearity of the 

equations, a numerical method should be incorporated to solve the abovementioned mathematical 

problem, which was done in the current study to determine the required prestressing force to arrest the 

mixed mode I/II fatigue cracks in the test specimens (see Section 4.2). However, for the sake of design 

simplicity, a linear mixed mode I/II fatigue crack growth criterion (see the black solid line in Figure 3) 

is proposed as follows, considering that the required prestressing level to arrest an existing mixed 

mode I/II fatigue crack can be explicitly derived: 

 ,II I th IK s K K   
 

(11) 

where s is the ratio of mode II to mode I threshold SIF range, as follows:  

,

,

II th

I th

K
s
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(12) 

It would be ideal to determine s by performing appropriate auxiliary fatigue tests on the material 

of interest. However, as the execution of such tests can be expensive, time-consuming, and often 

impossible due to the limitations that are associated with the sample extraction from an existing 

structure, s = 0.866 can be used based on the MTS model, which was also proven to be a fair 

prediction for mild steel [19]. 

Considering the proposed linear model (i.e., Eq. (11)), for the case of Rr > 0 (in case of using 

nonprestressed reinforcement or having relatively low levels of prestressing), the maximum stiffness 

ratio, which corresponds to the required cross-sectional area of the reinforcement for crack arrest, can 

be formulated by substituting Eqs. (6) and (7) into Eq. (11) and solving for ρ as follows: 
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Note that Eq. (13) is a function of the load ratio R. When prestressed unbonded reinforcements 

with relatively high prestressing levels are used so that Rr ≤ 0 can be achieved after strengthening, the 

maximum allowable Rr for crack arrest can be expressed as follows:  

,
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tan
1   for 0, 0 90
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( 1) sin cos ( , )

r r
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R R
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(14) 

Upon determining Rr from Eq. (14), the minimum required compression in steel for crack arrest 

that needs to be provided by sufficient prestressing force can be calculated using Eq. (4) as follows: 

max
1
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c

r

R R
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(15) 

For the configuration depicted in Figure 2b, the minimum required prestrain in the 

reinforcements (εpre) can then be calculated as [55]: 
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(16) 

Note that εpre is the initial required prestrain level for crack arrest, which accounts for a slight 

prestress loss due to the contraction of the steel member after prestress release (see [55] for further 

details). Furthermore, the obtained εpre from Eq. (16) must not exceed the maximum allowable value 

given in Section 5.3.  

In case of a pure mode I condition (i.e., β = 90°), Eq. (14) can be simplified to the following 

equation, which was previously derived by the authors for mode I fatigue crack arrest in steel members 

[37]: 
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2.3. Strengthening design flowchart for mixed mode I/II fatigue crack arrest in steel members 

Figure 3 illustrates the strengthening concept for an existing fatigue crack under the mixed 

mode I/II loading condition using nonprestressed or prestressed reinforcement. The unsafe fatigue 

state of a cracked steel member in the mixed mode I/II map is represented by a red circle. As is 

schematically depicted in Figure 3, the strengthening of the member using nonprestressed 

reinforcement (corresponding to a stiffness ratio of ρʹ) can push the unsafe fatigue state of the member 

towards the origin of the mixed mode I/II map. The reason is attributed to the fact that such a 

strengthening solution just increases the global stiffness of the member and, consequently, reduces ΔKI 

and ΔKII proportionally (see Section 2.2). The safe state of the member in this case is represented by a 

green square in Figure 3. On the other hand, application of prestressed reinforcement is deemed to 

have a superior reduction effect on ΔKI and, consequently, prestressed strengthening of the member 

alters the initial mode mixity angle β to βr (see Figure 3). Compared to the application of 

nonprestressed reinforcement, it is obvious that a prestressed strengthening solution can bring the 

fatigue state of the member on the safe criterion (represented by a green triangle in Figure 3) by 

consuming less reinforcement material, which corresponds to a greater value of ρ compared to that of 

the nonprestressed reinforcement (i.e., ρ > ρʹ). 
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Figure 4. Design flowchart for strengthening of a cracked steel member under mixed mode I/II fatigue 

loading.  

 

Considering the abovementioned explanations, the proper strengthening solution, including the 

required cross-sectional area of the reinforcement and the initial prestrain level, if needed, can be 

determined for a fatigue-cracked member through the analytical model proposed in Section 2.2. For 

this purpose, the design flowchart that is illustrated in Figure 4 can be followed as: 

1) Based on the known design parameters of the problem in hand (i.e., As, Es, f(a,w), β, Ef, σmax, 

R, ΔKI,th, s), calculate the minimum cross-sectional area of the reinforcement (which 

corresponds to ρmax) using Eq. (8).  

2) As often practical limitations, such as cross-sectional dimensions and the elastic moduli of 

commercially available reinforcements dictate the value of EfAf and, subsequently, the 

corresponding value of ρ, assume a practical value of ρ < ρmax, and calculate the maximum 

allowable Rr for crack arrest using Eq. (14). 

3) Owing to the fact that Eq. (14) is only valid for Rr ≤ 0, if the calculated Rr in step 2 is equal 

to or less than zero, go to the next step; otherwise, go to step 7. 

4) Calculate the required initial prestrain level in the reinforcements (εpre) using Eq. (16). 

5) If εpre ≤ 0.65 εf,n (see Section 5.3 for further details), go to step 8; otherwise, go to the next 

step. 

6) Increase EfAf (compared to the initial value assumed in step 2), calculate the modified ρ 

using Eq. (5), and go to step 2. 
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7) Prestressing is not required; calculate the required ρ for crack arrest using Eq. (13), and go to 

step 8. 

8) The final strengthening solution, including the required prestrain level and/or reinforcement 

cross-sectional area for crack arrest, is achieved. 

It is worth mentioning here that the proposed model is not dependent on the reinforcement 

material and/or the strengthening technique. Therefore, as long as the fundamental assumptions given 

in Section 2.2 are justified, the model can be applied to a wide range of reinforcement materials, 

including (but not limited to) high strength steel, normal, high and ultra-high modulus CFRPs, as well 

as shape memory alloys (SMAs). 

 

3. Experimental verification 

3.1. Test layout and specimens’ specifications 

In total, seven middle-tension (MT) steel plate specimens with overall dimensions of 850.0 

×150.0 × 10.0 mm (length × width × thickness) were considered for high-cycle fatigue testing. 

Reference unstrengthened and CFRP-strengthened specimens were designated as “Mβ–Rα–Ref” and 

“Mβ–R0–PUR”, respectively, where β and α represent the initial mode mixity angle ( 1tan ( )I

II

K

K
  




), and the rolling direction of the steel plate with respect to the mode I crack propagation path (in 

degrees), respectively. Moreover, Ref and PUR stand for the reference unstrengthened and CFRP-

strengthened by using the PUR technique, respectively. Figure 5 depicts the detailed dimensions of all 

the specimens. Reference specimens M90–R90–Ref (Figure 5a) and M90–R0–Ref (Figure 5b) were 

considered in the test layout to investigate the possible effects of the rolling direction on the fatigue 

characteristics of the mild steel utilized. Two reference mixed mode I/II specimens, i.e., M67.5–R0–

Ref and M45–R0–Ref (Figure 5c) were incorporated in the experimental program to examine the 

mixed mode I/II failure mechanism map in the bare steel. Finally, three CFRP-strengthened 

specimens, i.e., Mβ–R0–PUR with β equal to 90, 67.5, and 45°, were considered to verify the 

performance of the proposed model for mixed mode I/II fatigue crack arrest using the prestressed 

unbonded CFRP strengthening solution (Figure 5d).  

As is illustrated in Figure 5e and f, specially designed through-thickness notches were cut in the 

center of all the steel plate specimens by using an electrical discharge machine (EDM). The EDM 

starter notch was designed in accordance with the recommendations specified in ASTM E647–15 [53]. 

To monitor the far-field strain level (with respect to the crack length) in the steel plates, electrical 

strain gauges of type 1–LY61–6/120 (HBM AG, Germany) with the measuring grid carrier dimensions 

of 6.3 × 16.0 mm (width × length) were mounted at mid-width of both sides of the steel plates at a 

distance of 52.5 mm from the notch center (see Figure 5). Furthermore, near-crack-tip strain 

measurements were performed using special electrical strain gauges of type 1–LY61–3/120 (HBM 

AG, Germany) with measuring grid carrier dimensions of 4.7 × 9.8 mm (width × length), which were 

mounted adjacent to the EDM notch tips on both sides of the steel plates, as depicted in Figure 5e and 

f. Near-crack-tip measurements were performed first to quantify the crack closure effect (see Section 

4.1), then, second, to obtain an early indication of any fatigue crack propagation. 
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(a) (b) (c) (d) 

  

(e) (f) 

Figure 5. Specimens dimensions and locations of electrical strain gauges (all dimensions are in mm): 

(a) specimen M90–R90–Ref, (b) specimen M90–R0–Ref, (c) specimens Mβ–R0–Ref (β = 67.5, 45°), 

(d) specimens Mβ–R0–PUR (β = 90, 67.5, 45°), (e) EDM notch details for the case of β = 90°, and (f) 

EDM notch details for the case of β = 67.5, 45°. 

 

3.2. Mode I fatigue precracking 

In order to provide sharpened real fatigue cracks of adequate size and shape, all the specimens 

were fatigue precracked prior to be strengthened and/or tested. According to the recommendations 

provided in ASTM E647–15 [53], a minimum mode I fatigue precrack length of 1.0 mm on each side 

of the EDM starter notches was required to eliminate the probable effects of residual stresses caused 

by the EDM. Owing to the fact that the mixed mode I/II specimens were required to be precracked in 

the direction of the EDM starter notch, 850.0 × 450.0 × 10.0 and 700.0 × 700.0 × 10.0 mm (length × 

width × thickness) steel plates were first fatigue precracked in the mode I loading condition and, 



Chapter 4. Mixed mode I/II fatigue crack arrest in steel members 

 

120 

 

subsequently, specimens M67.5–R0–Ref (PUR) and M45–R0–Ref (PUR) were extracted from those, 

respectively, by milling the desired dimensions in the diagonal direction to realize the configuration 

depicted in Figure 5. Due to the limitations of the available loading fixture for fatigue precracking of 

such big steel plates, a finite element (FE) modeling was carried out to determine the proper mode I 

fatigue precrack loading in those steel plates. Further details regarding the FE modeling and the 

fatigue precracking of the mixed mode I/II specimens are provided in Appendix A. 

 

3.3. CFRP-strengthening using prestressed unbonded retrofit (PUR) system 

To strengthen the fatigue precracked steel specimens using prestressed CFRP plates, the 

recently developed PUR system was incorporated [46]. As is illustrated in Figure 5d, the system 

consists of a pair of mechanical clamps, which hold and press the four prestressed CFRP plates against 

the parent member (the precracked steel plate in this case), so that their prestressing force can be 

securely transferred as a compressive reaction into the parent member via friction. Note that the 

mechanical components of the PUR system were optimized through an FE study, and subsequently, 

sets of static and fatigue tests were performed on the optimized system to demonstrate its excellent 

performance in terms of high prestressing capacity and fatigue endurance. Further details regarding the 

FE simulation and static/fatigue performance of the utilized PUR system can be found in [37,46]. 

As is depicted in Figure 6, a prestressing frame was tailored for the prestressed strengthening of 

precracked specimens using CFRP plates. For this purpose, the four CFRP plates were first assembled 

in the custom designed mechanical grips, where they were held in the precise position using sets of 

high strength bolts. These mechanical grips were attached to a set of joint heads (one on each side) to 

ensure that a perfectly aligned tensile force was generated in the CFRP plates, once the hydraulic 

hollow plunger was actuated (see Figure 6). Second, the precracked steel plate was put in position 

between the CFRP plates in the nonstressed state. Afterwards, by manually actuating the hydraulic 

hollow plunger, the CFRP plates were prestressed up to the desired load level, which was monitored 

by a 300 kN load cell. Upon reaching the desired prestressing force, the PUR system was installed to 

clamp the prestressed CFRPs to the steel plate using sets of M12 and M10 high-strength bolts. The 

hydraulic hollow plunger could then be released, and the extra CFRP plates were cut to realize the 

final configuration of the strengthened plates, as depicted in Figure 5d.  

The total initial prestress forces in the four CFRP plates used for the strengthening of specimens 

M90–R0–PUR, M67.5–R0–PUR, and M45–R0–PUR, were equal to 92.9, 50.7, and 122.9 kN, 

respectively. Note that the prestressing force for each of the precracked specimens was calculated by 

using the analytical approach that is explained in Section 2.2 by assuming a proper design value for 

ΔKI,th (see Section 4.2). In addition to the strain gauges mounted on the steel plate specimens, special 

strain gauges of type 1–LY66–6/120 (HBM AG, Germany) with measuring grid carrier dimensions of 

6.3 × 16.0 mm (width × length) were also mounted on the mid-length and mid-width of all the CFRP 

plates (see Figure 5d) to monitor the strain level during the prestressing and releasing procedure.  

It is worth mentioning here that the PUR system used in this study was intentionally designed to 

hold four CFRP plates (two on each side of the precracked specimen) away from the fatigue precrack 

tips (see Figure 5d). The reason is attributed to the fact that the state of the fatigue precrack, i.e., 

whether the crack is arrested or not, was intended to be monitored by using a long-distance travelling 

microscope (see Section 3.5). Nevertheless, it is clear that in practical strengthening applications, a 

simpler configuration of the PUR system, such as that developed and tested by the authors in [55], can 

be used. 
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Figure 6. Prestressing setup tailored for the strengthening of precracked steel plates by using 

prestressed CFRP plates (all dimensions are in mm). 

 

3.4. Material properties 

All the steel plates were extracted from a single batch of structural steel of grade S355J2+N. 

The chemical composition of the utilized steel, which was received from the manufacturer (Metinvest 

Trametal SPA, Italy), is provided in Table 1. To characterize the tensile mechanical properties of the 

steel, twenty standard samples were extracted from reference specimens M90–R0–Ref and M90–R90–

Ref by using EDM wire cut and were tested according to DIN EN ISO 6892–1:2009 [56]. Table 2 

reports the elastic modulus (Es), yield stress (σy), and ultimate strength (σu) of the grade S355J2+N 

steel determined parallel and perpendicular to the rolling direction. The experimental results provided 

in Table 2 revealed that the tensile mechanical properties of the utilized steel are almost independent 

of the rolling direction, which is a result that could be expected, owing to the fact that the grade 

S355J2+N steel underwent a normalized rolling. 

In all the specimens strengthened with the PUR system, unidirectional CFRP plates of type S&P 

150/2000 (S&P Clever Reinforcement Company AG, Switzerland) with a nominal tensile strength of 

2800 MPa and cross-sectional dimensions of 25.0 × 1.4 mm (width × thickness) were used. The elastic 

modulus (Ef) and the ultimate strength (σf,u) of the CFRP plates in the fibers’ direction were 

determined as 156.0 GPa and 2905 MPa, respectively [55]. 

 

Table 1. Chemical composition of grade S355J2+N steel provided by the manufacturer. 

Element C Mn Si P S Cu Ni Cr Al Fe 

wt. (%) 0.15 1.38 0.18 0.018 0.004 0.035 0.020 0.035 0.027 remainder 

 

Table 2. Tensile mechanical properties of steel plate specimens utilized in fatigue tests. 

Sample direction
a
 Es (GPa) σy (MPa) σu (MPa) 

Parallel (mean) 201.3 415.6 509.4 

CV
b
 (%) 1.03 2.74 0.26 

Perpendicular (mean) 201.7 423.2 511.1 

CV
b
 (%) 0.97 2.37 0.17 

a
 With respect to the rolling direction. 

b
 Coefficient of variation based on 10 tests.  
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3.5. Fatigue test setup and procedure 

Fatigue tests were performed using a 1 MN servo-hydraulic uniaxial Schenk machine equipped 

with an Instron controller. Figure 7 shows the test setup for the case of high-cycle fatigue loading of 

specimen M45–R0–PUR. As can be seen in Figure 7, two clip gauges of model 632.03-20 (MTS 

Systems Corporation, USA), each having a gauge length of 12 mm and a maximum traveling range of 

4 mm (in the tensile direction), were installed on each side of the steel plate specimens to monitor the 

crack mouth opening displacement (CMOD) during the fatigue loading and, subsequently, to obtain an 

indication of the crack arrest/growth. A visual monitoring of fatigue cracks was carried out by using a 

long-distance microscope (Spindler & Hoyer, Germany) equipped with a 5-megapixel digital eyepiece 

camera of type AM7023 (Dino-Lite Digital Microscope, Taiwan) that was installed on a travelling 

frame, i.e., a micrometer with a resolution of 0.01 mm (Figure 7). 

In addition to the visual inspection of fatigue cracks by using the travelling microscope, the 

beach marking was also incorporated in all the fatigue tests as a passive technique for obtaining the 

crack length through post-mortem analysis of the fracture surface. For this purpose, the controller was 

programmed to apply N1 load cycles with the desired fatigue load levels, followed by N2 cycles for the 

beach marking (see Figure 8). The values of N1 = 50,000 and N2 = 25,000 were used in fatigue testing 

of all the unstrengthened specimens, whereas in all other fatigue tests, N1 = 100,000 and N2 = 50,000 

were incorporated. It is important to note that only the summations of N1 cycles were considered as the 

total number of elapsed fatigue cycles. As a detailed discussion on the beach marking technique is 

beyond the scope of the current paper, readers may refer to [37] for further information on this topic. 

 

 

Figure 7. Test setup and various equipment used during high-cycle fatigue loading. 
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Figure 8. Schematic load history applied in fatigue tests. 

 

As is schematically depicted in Figure 8, except for the beach marking cycles, where a fatigue 

load ratio of R = 0.6 was considered, a constant R = 0.2 was incorporated in all other fatigue cycles, 

which is deemed to fairly represent the practical load ratio that is experienced by most of the fatigue-

prone details in existing metallic members [42,44,55]. All the fatigue tests were performed under load-

controlled conditions with sine-wave cycles, while the dynamic performance of the servo-hydraulic 

actuator imposed a constant frequency limit of 15 Hz. The actuator load and position, as well as the 

output signal of all the electronic sensors, including the strain and clip gauges, were monitored using a 

digital data acquisition system of type MGCplus (HBM AG, Germany) through so-called periodic 

measurements and with a data collection frequency of 2400 Hz (see [42] for further details).   

It is worth mentioning here that in the current study, “crack arrest” was defined as a state of 

crack growth with a rate of 10
–10

 m/cycle (or less) [53]. Therefore, to verify the crack arrest condition, 

only 100,000 fatigue cycles were required, owing that the resolution of the utilized travelling 

microscope was 0.01 mm. However, for an increased confidence, 1 million fatigue cycles were applied 

at each load step (see Section 4.2); if no crack propagation/initiation could be detected thereafter, the 

precrack was considered to be thoroughly arrested, and subsequently, the test (under that specific 

fatigue load step) was considered to be a run-out. 

 

4. Experimental results and discussions 

4.1. Effect of the rolling direction on the fatigue characteristics of grade S355J2+N steel 

Any possible influence of the rolling direction on the fatigue characteristics of the utilized steel 

was investigated through the fatigue testing of the reference unstrengthened steel plates, i.e., 

specimens M90–R0–Ref and M90–R90–Ref having parallel and perpendicular rolling directions with 

respect to the mode I fatigue crack path, respectively (see Figure 5a and b). The specimens were 

subjected to high-cycle fatigue loading with a maximum far-field stress (σmax) of 93.7 MPa, until their 

complete failure (see Figure 9). Using the beach marking technique, the half-crack length (a) versus 

the elapsed number of fatigue cycles (N) were plotted in Figure 10a, while the data were used to 

construct the crack propagation rate (da/dN) versus the effective mode I SIF range (ΔKI,eff) in Figure 

10b (see [37] for the detailed procedure). Note that ΔKI,eff accounts for the crack closure effect and can 

be expressed as follows: 
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,I eff IK U K  
 

(18) 

where U is the crack closure parameter less than unity, which was determined as 0.88 for both of the 

test specimens through the compliance offset method [53] applied on the near-crack-tip strain 

measurements (see [37] for the detailed procedure). The experimental results illustrated in Figure 10 

indicate that the utilized steel exhibits almost identical fatigue characteristics (in terms of a–N and 

da/dN–ΔKI,eff responses), regardless of the rolling direction. 

 

 

(a) 

 
(b) 

Figure 9. Fracture surface of reference specimens: (a) specimen M90–R0–Ref, and (b) specimen M90–

R90–Ref. 

 

Table 3. Effect of rolling direction on fatigue characteristics of grade S355J2+N steel. 

Specimen label Rolling 

direction
a
 

Number of 

fatigue cycles to 

failure, N  

Intrinsic Paris’ law parameters
b
 Crack closure 

parameter, U
c 

m  C (mm/cycle 

(N/mm
3/2

)
-m

) 

M90–R0–Ref Parallel 830,825 3.245 6.98 × 10
-14

 0.88 

M90–R90–Ref Perpendicular 838,695 3.211 8.61 × 10
-14

 0.88 
a
 With respect to the mode I crack propagation path. 

b
 

,

m

I eff

da
C K

dN
  . 

c
 ,I effK
U

K





, corresponding to 2% compliance offset determined by the near-crack-tip strain measurements. 

 

Using the da/dN–ΔKI,eff response of the reference specimens, the intrinsic (effective) Paris’ law 

parameters (C and m) were determined and the values are reported in Table 3. Note that for the 

determination of Paris’ law parameters, only the experimental data that corresponded to the Paris 

regime (stage II crack propagation) were considered. Therefore, the precracking stage corresponded to 

7.5 mm < a < 8.5 mm, and the final a–N data points were excluded (see Figure 10b). The fatigue test 

results reported in Table 3 strongly demonstrate that the fatigue behavior of the utilized grade 

S355J2+N steel is independent of the rolling direction. Nevertheless, this conclusion is not necessarily 

valid for other types of steel/metal, in which the chemical composition and/or the micro structure of 

the material are different than those of the mild steel tested in this study. 

Beach markFinal fracture
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(a) 

 

(b) 

Figure 10. Effect of rolling direction on: (a) a–N response, and (b) da/dN–ΔKI,eff response of grade 

S355J2+N steel utilized. 

 

4.2. Mixed mode I/II fatigue failure mechanism map and performance of the proposed 

strengthening approach 

Table 4 summarizes the test specifications, as well as the ΔKI and ΔKII experienced by each of 

the specimens under various fatigue load steps. As can be seen in the table, all the fatigue precracked 

specimens were subjected to stepwise loading to obtain the critical ΔKI and ΔKII, under which the 

existing fatigue precrack started repropagation (in case of β = 90°) or reinitiation/kinking (in case of β 

≠ 90°). As was mentioned earlier in Section 3.5, 1 million fatigue cycles were applied during each of 

the load steps, while the fatigue load ratio was always kept constant at R = 0.2. 
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Table 4. Specifications of the test specimens and various load steps applied during fatigue tests. 

Specimen label 
β 

(deg.) 

a0
a
 

(mm) 

σc 

(MPa) 

Initial 

prestressing 

level
b 
(%)  

Load 

step 

σmax
c
 

(MPa) 

ΔKI 

(N/mm
3/2

) 

ΔKII 

(N/mm
3/2

) 

Crack 

state 

M90–R0–PUR 90.0 9.10 57.8 22.9 

1 93.7 160.0 0.0 

arrest
d
 

2 97.7 180.0 0.0 

3 101.7 200.0 0.0 

4 105.7 220.0 0.0 

5 109.7 240.0 0.0 

6 113.6 260.0 0.0 

7 117.6 280.0 0.0 

8 121.6 300.0 0.0 growth 

M67.5–R0–Ref 67.5 8.83 N.A. N.A. 

1 35.3 128.0 53.0 

arrest 

2 39.7 144.0 59.6 

3 44.1 160.0 66.3 

4 48.5 176.0 72.9 

5 52.9 192.0 79.5 

6 57.3 208.0 86.2 

7 61.8 224.0 92.8 

8 66.2 240.0 99.4 growth 

M67.5–R0–PUR 67.5 8.65 31.5 12.5 

1 66.9 138.3 92.7 

arrest 

2 70.9 155.1 98.3 

3 74.9 171.8 103.8 

4 78.9 188.6 109.4 

5 82.9 205.3 114.9 

6 86.9 222.0 120.4 

7 90.9 238.8 126.0 

8 94.9 255.5 131.5 growth 

M45–R0–Ref 45.0 9.11 N.A. N.A. 

1 44.2 95.4 95.4 

arrest 

2 49.9 107.8 107.8 

3 55.7 120.2 120.2 

4 61.4 132.7 132.7 

5 67.2 145.1 145.1 

6 73.0 157.5 157.5 

7 78.7 170.0 170.0 

8 84.5 182.4 182.4 growth 

M45–R0–PUR 45.0 9.11 76.4 30.2 

1 84.5 6.5 170.1 

arrest 

2 89.8 19.9 180.9 

3 95.1 33.3 191.6 

4 100.5 46.7 202.4 

5 105.8 60.2 213.1 

6 111.1 73.6 223.9 

7 116.5 87.0 234.6 

8 121.8 100.5 245.3 

9 127.1 113.9 256.1 growth 
a
 Half precrack length. 

b
 

,

pre

f u




. 

c
 Maximum far-field stress applied on the unstrengthened cross section of specimen. 

d
 Crack propagation rate less than 10

-10
 m/cycle. 
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Figure 11. Fatigue test results and predictions of various mixed mode I/II criteria. 

 

To determine the ΔKI,th of the steel utilized, specimen M90–R0–PUR was first tested under 

stepwise fatigue loading. In this specimen, the required prestressing level for the complete arrest of the 

precrack was calculated through the procedure that is explained in Section 2.2 by assuming ΔKI,th = 

160 N/mm
3/2

, which was chosen based on the available experience with this grade of steel [37]. As is 

reported in Table 4, the mode I fatigue precrack in specimen M90–R0–PUR started to grow under load 

step No. 8, meaning that ΔKI,th was in the range of 280–300 N/mm
3/2

 for the grade S355J2+N steel 

utilized. Therefore, a mean value of ΔKI,th = 290 N/mm
3/2

 was considered in this study. 

Figure 11 depicts the mixed mode I/II fatigue state observed in all of the tested specimens under 

various load steps. Using the characteristic mode I threshold SIF (i.e., ΔKI,th = 290 N/mm
3/2

), the 

mixed mode I/II threshold criteria predicted by the MTS [49], the equivalent SIF range (

2 2

eq I IIK K K    ) [57], and Liu and Mahadevan’s model [47] were also plotted in Figure 11 for 

comparison purposes. In addition to ΔKI,th, which is the necessary parameter based upon which all of 

the aforementioned mixed mode I/II criteria can be generated, Liu and Mahadevan’s model requires a 

pre-existing knowledge of the s value (see Eq. (12)). As no auxiliary test was carried out to determine 

ΔKII,th, s = 0.866 was incorporated in Liu and Mahadevan’s model (see the discussion provided in 

Section 2.2). The experimental results illustrated in Figure 11 revealed that, in the case of 

unstrengthened mixed mode specimens, MTS and Liu and Mahadevan’s models can fairly predict the 

mixed mode I/II threshold (i.e., crack arrest or growth); however, the equivalent SIF range resulted in 

unsafe predictions. 

As mentioned earlier in Section 2.2, the required prestressing force for the crack arrest in 

specimens M67.5–R0–PUR and M45–R0–PUR was determined to shift the unsafe mixed mode I/II 

fatigue state of their corresponding reference specimens (i.e., the critical ΔKI and ΔKII, under which 

the fatigue precracks in specimens M67.5–R0–Ref and M45–R0–Ref started to reinitiate) onto the 
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MTS design criterion (see the green arrows in Figure 11). In this case, a design value of ΔKI,th = 200 

N/mm
3/2

 was used to generate the MTS design criterion that was used for strengthening. Therefore, 

initial prestressing levels of 12.5 and 30.2% were calculated through the proposed approach explained 

in Section 2.2 and were subsequently used for the prestressed strengthening of specimens M67.5–R0–

PUR and M45–R0–PUR, respectively (see Table 4). It should be mentioned here that the design value 

of ΔKI,th = 200 N/mm
3/2

 was assumed in this study for grade S355J2+N steel to better demonstrate the 

capability of prestressed CFRP plates to enhance the fatigue state of an existing mixed mode I/II 

crack. However, a different design value of ΔKI,th may be used in practical cases (see Section 5.1).  

Stepwise fatigue loading of specimens M67.5–R0–PUR and M45–R0–PUR demonstrated that 

the proposed strengthening approach can lead to a safe design for the complete arrest of the existing 

fatigue cracks under mixed mode I/II loading conditions. As it can be seen in Figure 11, the crack 

growth (reinitiation under a kinked crack) in the aforementioned specimens occurred well beyond the 

mean criteria of MTS and Liu and Mahadevan. The reason is attributed to the fact that the proposed 

strengthening approach neglects the beneficial effect of the crack surface friction on the reduction of 

ΔKII, and consequently, it leads to a conservative strengthening design (see Section 2.2). On the other 

hand, Figure 11 indicates that the equivalent SIF range model can better predict the mixed mode I/II 

threshold of the prestressed CFRP-strengthened specimens, compared with the unstrengthened 

specimens.  

For the sake of comparison, the fatigue states of the precracked specimens with β = 67.5 and 45° 

were also calculated through the proposed approach in Section 2.2 for a scenario, where 

nonprestressed CFRP plates (with the same dimensions and mechanical properties as those used in the 

PUR system) are used (see the two red crosses in Figure 11). It can be concluded from the figure that, 

compared with the PUR system that is utilized, the application of nonprestressed CFRP reinforcements 

cannot significantly improve the mixed mode I/II fatigue state of a cracked member. It is also 

interesting to note that using the proposed linear mixed mode I/II model (the black solid line in Figure 

11) would lead to prestressing levels of 16.5 and 30.6% in specimens M67.5–R0–PUR and M45–R0–

PUR, respectively. In other words, application of the proposed linear mixed mode I/II model would 

result in only 4.0 and 0.4% additional prestressing levels for the crack arrest, compared to the values 

that were calculated based on the MTS design criterion (the green dotted line in Figure 11). Therefore, 

it can be concluded that the proposed linear mixed mode I/II model can be used as a simple safe 

criterion that can significantly reduce the computational effort required for the design of such 

prestressed strengthening solutions. 

 

4.3. Kink angle in the mixed mode I/II fatigue loading condition   

Figure 12 shows the microscopic view of the EDM notch, with mode I fatigue precrack and 

kinked crack observed in each of the four mixed mode I/II test specimens. It can be seen in the figure 

that kinked cracks initiated from the tip of the mode I fatigue precracks in all the specimens, except in 

specimen M45–R0–PUR, in which a branch crack initiated from the EDM notch and propagated 

further until the complete failure of the specimen (Figure 12d). Note that in this test specimen, the 

mode I fatigue precrack was never observed to be open during the entire stepwise fatigue loading, and 

therefore, the precrack tip was deemed to be suppressed. Such a suppression of the mode I precrack tip 

was also reported by other researchers [17,58,59], and its intensity is believed to be a function of the 

mode I precrack length, as well as the residual stresses at the EDM notch and/or the precrack tip 

[58,60]. 
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(a) (b) 

  
(c) (d) 

Figure 12. Microscopic view of the notch, mode I precrack, and mixed mode I/II kink observed in 

various test specimens (photos captured at 0.95Tmax): (a) M67.5–R0–Ref, (b) M67.5–R0–PUR, (c) 

M45–R0–Ref, (d) M45–R0–PUR. 

 

It has been observed that even under pure mode II loading (with no compressive mode I), 

frictional shear stresses can lock the precrack tip [17]. Such frictional stresses that oppose the slip of 

the crack surfaces, and which subsequently reduce the effective ΔKII, are the result of the 

microscopically zig-zag path of the mode I fatigue precrack [60]. This mechanism can be clearly seen 

in specimens M67.5–R0–Ref and M67.5–R0–PUR (see Appendix B). Therefore, it can be understood 

that under a combination of compression mode I and mode II fatigue loading, which was the condition 

for the mode I precrack in specimen M45–R0–PUR, the crack tip was suppressed (inactive), while a 

new crack was initiated from the EDM notch, which was subjected to cyclic deformation. However, 

the phenomenon is quite complex, and further research studies are needed to quantify the effect of 

various influential parameters. 
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Figure 13. Experimental and predicted kink angles in various test specimens. 

 

The experimentally obtained kink angles (θ) in all the tested specimens were plotted versus the 

mode mixity angle (i.e., β in case of the unstrengthened or βr in case of the strengthened specimens) in 

Figure 13. In addition, MTS and Liu and Mahadevan criteria were used to predict the full range of θ 

versus β. Note that the equivalent SIF range criterion is not capable of predicting the king angle; 

instead, the θ–β curve predicted by the minimum strain energy density model [61] (hereafter referred 

to as S–Criterion) was also plotted in Figure 13 for Poisson’s ratio ν = 0.3. As can be seen in Figure 

13, the kink angle predictions of the MTS model and S–Criterion are almost identical for the range of 

45° < β < 90°, while they both provide quite acceptable predictions of the kink angle for all of the 

tested specimens. Similarly, Liu and Mahadevan’s model generated with s = 0.866 can fairly predict 

the kink angle of mixed mode I/II specimens. However, careful scrutiny of Figure 13 reveals that Liu 

and Mahadevan’s model seems to be incapable of capturing the tensile mode crack growth of the 

utilized mild steel subjected to pure mode I fatigue loading, because the model predicts θ = 23.6° for 

specimen M90–R0–PUR, whereas the fatigue precrack in this specimen was observed to repropagate 

under mode I (i.e., θ ≈ 0°). On the other hand, in the case of s > 1, the predictions of Liu and 

Mahadevan’s model for the case of β ≠ 90° are considerably off with regards to the experimental data 

points. This is indeed attributed to the fact that s > 1 is representative of brittle materials in this model 

[47]. It is worth mentioning here that as a simple engineering solution, the kink angle can be roughly 

estimated, with almost no calculation, as the normal to the applied far-field stress (see the black solid 

line in Figure 13). 

 

5. Design recommendations 

5.1. Design value for mode I threshold SIF range  

It is evident that a reliable design for the mixed mode I/II fatigue strengthening of existing 

structural members relies on the proper selection of a safe design value for the mode I threshold SIF 

range (ΔKI,th). Although ΔKI,th can be determined through the standard fatigue testing performed on the 

material of interest [53], execution of such fatigue tests is often time-consuming and expensive, while 
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the extraction of test specimens from the existing structural members might be undesirable or often 

impossible. Although a design value of ΔKI,th = 200 N/mm
3/2

 that corresponded to a design safety 

factor of 1.45 was used in the current study for the grade S355J2+N steel, due to the relatively large 

scattering of ΔKI,th reported in the literature, a design value of ΔKI,th = 100 N/mm
3/2

 is recommended to 

be used in practical cases, when no information is available regarding the material of interest (see [37] 

for further details). Further experimental and probabilistic studies are indeed required to determine the 

design value of ΔKI,th and/or the proper safety factors applied for various mild steels. 

 

5.2. Crack closure effect in mixed mode I/II fatigue condition 

Since its introduction by Elber [62] in 1970, the crack closure phenomenon under tensile mode I 

loading has been intensively studied in a wide range of materials, and various empirical models have 

been introduced to predict the crack closure parameter U [5,63]. It has been well-proven that U is a 

strong function of the load ratio R; among the existing empirical models derived for mode I loading 

condition, those proposed by Dilling [64] and Kurihara et al. [65] are applicable to structural steels 

over certain ranges of R (see [37] for a detailed discussion on this topic). On the other hand, much less 

effort has been dedicated to study the crack closure mechanism under mixed mode I/II loading 

condition, which can be attributed to the complexity of the problem, as well as to the various 

mechanisms and influential parameters involved [22,59].  

Through an extensive experimental study, Tong et al. [22] demonstrated that under the mixed 

mode I/II loading condition, the fatigue crack threshold increases as R decreases, because of the 

frictional attenuation and roughness-induced closure mechanisms. However, the kink angle was found 

to be insensitive to R, and consequently, the crack closure mechanism was deemed to affect both ΔKI 

and ΔKII equally. Relying on this observation, an empirical model was proposed to deal with the crack 

closure effect in the mixed mode I/II loading condition [22]. Indeed, the aforementioned models (i.e., 

[22,64,65]) would be beneficial to obtain an idea regarding the magnitude of the crack closure. 

However, owing to the fact that U is a material-dependent factor, which might also be a function of the 

test procedure (performed through various specimen precracking and probable annealing), it is 

recommended to use U = 1 for a safe strengthening solution, when no reliable information is available 

[37]. 

 

5.3. Maximum allowable prestress level in CFRP materials  

To avoid any creep-rupture of CFRP composites, it is recommended to limit the prestress level 

in such reinforcements to 65% of their nominal tensile strength (σf,n) or 65% of the anchorage capacity, 

whichever is lower [42]. It should also be mentioned here that, even though the fatigue strengthening 

of structural steel members is the focus of this study, the ultimate state of any prestressed CFRP-

strengthened member should always be considered during the strengthening design procedure. In other 

words, the tensile stress level in the prestressed reinforcements should be calculated to ensure that 

CFRP tensile rupture is prevented at the ultimate state through a proper design of the strengthening 

solution (see [42] for further details). 

 

6. Conclusions 

A design approach is proposed in the present study, through which the proper strengthening 

solution, including the required prestressing level and/or the cross-sectional area of the reinforcement, 

can be determined to arrest an existing mixed mode I/II fatigue crack in a structural steel member. Sets 

of high-cycle fatigue tests on precracked steel plate specimens with various mode mixities were 
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carried out to evaluate the performance of the proposed model. Based on the analytical and 

experimental results presented in the current study, the following conclusions can be drawn: 

 Experimental test results revealed that neither the tensile mechanical properties, such as 

elastic modulus and yield strength, nor the fatigue characteristics (in terms of Paris’ law 

parameters (C and m) and the crack closure parameter, U) of the grade S355J2+N steel 

utilized is dependent on the material rolling direction. 

 Experimental results of the stepwise high-cycle fatigue loading performed on the 

unstrengthened mixed mode I/II test specimens showed that both the MTS and Liu and 

Mahadevan’s models can fairly predict the mixed mode I/II fatigue threshold (crack arrest or 

growth) in the bare (unstrengthened) steel, whereas the equivalent SIF range criterion 

provided unsafe predictions. In addition to ΔKI,th, Liu and Mahadevan’s model requires a 

pre-existing knowledge of 
,

,

II th

I th

K
s

K





; in this study, a good agreement to the experimental 

results was obtained by incorporating s = 0.866 into the model. 

 Experimental results of the prestressed CFRP-strengthened specimens demonstrated that the 

proposed strengthening approach resulted in a safe design for the complete arrest of the 

mixed mode I/II fatigue cracks through the conservative assumption that the prestressing 

force, which was transferred as a compressive reaction to the precracked specimens, does not 

contribute to reduce the mode II SIF range (ΔKII). Furthermore, the experimental results 

revealed that either the MTS or Liu and Mahadevan’s models can be used to obtain a 

conservative threshold of the mixed mode I/II fatigue crack reinitiation in prestressed CFRP-

strengthened specimens. 

 The experimental kink angles observed in the unstrengthened and CFRP-strengthened 

specimens showed good agreement with those predicted by the MTS model and the S-

Criterion. However, Liu and Mahadevan’s model generated with s = 0.866, was found to be 

incapable of capturing the tensile mode crack growth under pure mode I. As a simple 

engineering solution, a rough estimation of the kink angle can be obtained as the normal to 

the applied far-field stress. 

 A simple linear mixed mode I/II model is proposed for design purposes, given that the 

required prestressing level in the reinforcement to ensure the fatigue crack arrest was 

explicitly formulated. It was demonstrated that the application of the proposed linear mixed 

mode I/II model would lead to a maximum of 4.0% additional prestressing level (in the case 

of specimen M45–R0–PUR), compared to that obtained by the MTS design criterion. Owing 

to the fact that providing such an additional prestressing level does not influence the overall 

cost of a practical strengthening project, it is believed that the proposed linear mixed mode 

I/II model can be used as a simple conservative design criterion for structural retrofitting 

applications to further reduce the computational effort. 
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Appendix A. Determination of mode I fatigue precrack loading through finite element 

simulation  

Figure A1 illustrates the fatigue precracking setup. As can be seen in this figure, the available 

fatigue testing apparatus was equipped with hydraulic grips to clamp the steel plates during the fatigue 

loading. The existing fixture, however, could only provide the gripping force over the round 

mechanical grips with a diameter of 150 mm (see Figure A2). Therefore, finite element (FE) 

simulations were required to determine the mode I SIF in those steel plates, which were considered for 

mode I fatigue precracking. Although the created 3D FE models are briefly explained in this appendix, 

a comprehensive discussion regarding the mode I SIF calculations using such an FE model can be 

found in [37].  

 

 

Figure A1. Fatigue precracking setup. 
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(a) (b) 

Figure A2. Initial dimensions of steel plates (prior to extraction of mixed mode I/II specimens) used 

for mode I precracking (all dimensions are in mm): (a) specimens M67.5–R0–Ref (PUR), (b) 

specimens M45–R0–Ref (PUR).  

 

Owing to the symmetry, only one-eighth of each steel plate depicted in Figure A2 was modeled 

in Abaqus 6.16 [66] for mode I SIF calculations. In all FE models the exact geometry of the EDM 

notch as depicted in Figure 5e was modeled, while a mode I crack length of 1.0 mm was considered 

for SIF calculations (see Figure A3). Steel plates were modeled using 20-node quadratic brick 

elements of type C3D20R with reduced integration points, while quite fine 15-node quadratic 

triangular prisms of type C3D15 were radially generated at the crack tip (see Figure A3). The FE 

models of one-eighth of 850.0 × 450.0 mm (Figure A2a) and 700 × 700 mm (Figure A2b) steel plates 

consisted of approximately 50,000 and 100,000 3D elements. In all FE models, steel was considered to 

be an isotropic linear elastic material with an elastic modulus and Poisson’s ratio of 210 GPa and 0.3, 

respectively.  

As is illustrated in Figure A3, three symmetrical boundary conditions, (i.e., X–Y, X–Z, and Y–Z 

planes) were properly introduced to stabilize the created model. As the 1.0-mm mode I crack was 

located exactly on the X–Z symmetry plane, the crack was modeled by introducing the crack tip and 

the crack propagation (extension) direction, while no symmetrical boundary condition (i.e., X–Z 

plane) was introduced to the notch surface and the 1.0-mm crack face. To capture a 
1

r
 strain 

singularity at the crack tip by using contour integral estimation (which is relevant in the linear elastic 

fracture mechanics domain), a value of 0.25 for the mid-side node parameter was incorporated to 

move the mid-side nodes to the 
1

4
 points. Furthermore, to fairly model the hydraulic grips of the 

fatigue loading apparatus, an analytical rigid surface was tied in position (as depicted in Figure A2), 

and a static ramp up to a maximum tensile load of T = 80 kN was applied to its reference point (i.e., 

center point) in twenty equal increments (see Figure A3).  



4.1 Mixed mode I/II fatigue crack arrest in steel members using prestressed CFRP... (Paper V) 

 

135 

 

 

Figure A3. FE model created in Abaqus to determine mode I fatigue precracking load of specimens 

M67.5–R0–Ref (PUR). 

 

As mentioned earlier, the only intention for FE modeling was to determine the maximum 

fatigue precracking loads (Tmax) for the 850.0 × 450.0 mm (Figure A2a) and 700 × 700 mm (Figure 

A2b) steel plates, in a way to achieve an identical value of the maximum mode I SIF (KI,max) during the 

precracking stage, which ensures the same size of the plastic zone at the precrack tips for all 

specimens. As a reference value, KI,max = 524.8 N/mm
3/2

 (at mid-width of the plate), which 

corresponded to Tmax = 140.6 kN, was chosen from the FE modeling of specimen M90–R0–Ref. Note 

that this load level, which corresponded to a maximum far-field stress of σmax = 93.7 MPa, was 

deemed to fairly represent the service load of typical structural members in existing steel bridges (see 

for example [37,42,44,45]). Therefore, by using the created FE models and by considering the 

reference SIF value (i.e., KI,max = 524.8 N/mm
3/2

), fatigue precracking Tmax was determined to be 372.5 

and 327.1 kN for the 850.0 × 450.0 mm (Figure A2a) and 700 × 700 mm (Figure A2b) steel plates, 

respectively. The specimens were then fatigue precracked under the load-controlled condition with a 

fatigue load ratio of R = 0.2, and a constant frequency of 15 Hz for 200,000 sine-wave load cycles. 

Table A1 summarizes the fatigue precracking details for various specimens. It is worth mentioning 

that the beach marking technique, which is explained in Section 3.5, was also incorporated during 

fatigue precracking of all the steel plate specimens to obtain the precise length of the mode I fatigue 

precracks through post-mortem analysis of the fracture surfaces.  

 

Table A1. Details of fatigue precracking. 

No. Specimen label 
Length × width × thickness

a
 

(mm) 

Maximum precracking 

fatigue load, Tmax (kN)  

Load ratio, 

R 

2a0
b
 

(mm) 

1 M90–R0–PUR 850.0 × 150.0 × 10.0 140.6 0.2 18.19 

2 M67.5–R0–Ref 850.0 × 450.0 × 10.0 372.5 0.2 17.66 

3 M67.5–R0–PUR 850.5 × 450.0 × 10.0 372.5 0.2 17.30 

4 M45–R0–Ref 700.0 × 700.0 × 10.0 327.1 0.2 18.22 

5 M45–R0–PUR 700.0 × 700.0 × 10.0 327.1 0.2 18.22 

a
 Initial dimensions during fatigue precracking (before extracting the mixed mode I/II specimen). 

b
 Total fatigue precrack length (including the 15-mm long EDM notch) after 200,000 fatigue cycles. 

Notch tipCrack tip
1 mm

A

A

Steel plate

(one-eight)

Analytical rigid 

surface (tied)

Symmetry plane XY
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Appendix B. Supplementary material 

Video 1. Microscopic view of the mode I precrack and mixed mode I/II kink in specimen 

M67.5–R0–Ref during loading. 

Video 2. Microscopic view of the mode I precrack and mixed mode I/II kink in specimen 

M67.5–R0–PUR during loading. 
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5. Flat prestressed unbonded retrofit system 

Summary 

The experimental, analytical and numerical results presented and discussed in the preceding 

chapters demonstrated that an existing mixed mode I/II fatigue crack can be arrested, provided that the 

cracked member is strengthened by using prestressed unbonded reinforcements with a sufficient level 

of prestressing. From a practical point of view, however, a prestressed strengthening solution for real-

scale metallic members is required to be developed; this chapter is dedicated to address this task. 

In Section 5.1, an alternative configuration of the PUR system, named the flat prestressed 

unbonded retrofit (FPUR) system is introduced for an easy prestressed strengthening of real-scale 

metallic I-girders using multiple CFRP plates. The design concept of various mechanical components 

of the system is discussed, and a finite element (FE) simulation is established to optimize the system. 

Sets of pull-off tests, as well as static and fatigue four-point bending tests were conducted to confirm 

the excellent performance of the proposed system. An analytical model is proposed to accurately 

determine the stress levels in a metallic I-girder strengthened with the proposed FPUR system, while 

certain design recommendations are provided for the practical use of the system. 

Section 5.2 briefly explains how the developed FPUR system can be utilized to arrest an 

existing mixed mode I/II fatigue crack in a real-scale metallic I-girder through the proposed 

strengthening design approach presented in Chapter 4. 

It is worth mentioning here that the proposed FPUR system was applied to the cross-girders of 

Diamond Creek Bridge in Australia, and the installation complexity and the performance efficiency of 

the system were comprehensively compared with those of a nonprestressed bonded CFRP 

reinforcement [1]. The long-term performance of the two systems has been monitored using a wireless 

sensor network (WSN) system since their application in December 2017 (further details can be found 

in [1,2]). 
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5.1. Flat prestressed unbonded retrofit system for strengthening of existing metallic I-

girders
*
 

Abstract 

In this study, a novel retrofitting system is developed to strengthen existing metallic I-girders 

using prestressed unbonded carbon fiber reinforced polymer (CFRP) plates. The system relies on a 

pair of mechanical clamps. Each clamp holds two CFRP plates (each having cross-sectional 

dimensions of 50 × 1.4 mm) and anchors their prestressing forces to a metallic I-girder via friction. A 

finite element (FE) model was established to optimize the design of the required mechanical 

components, and a set of pull-off tests was performed to evaluate the capacity of the optimized system. 

The proposed flat prestressed unbonded retrofit (FPUR) system was then applied on a 6.4-m-long steel 

I-beam, and the excellent performance of the system, in terms of stress reduction in the beam bottom 

flange, was confirmed based on the results of a set of static four-point bending tests. Moreover, a 

fatigue four-point bending test was conducted on the steel I-beam, strengthened using the proposed 

FPUR system with a prestressing level of 53% (i.e., approximately 1120 MPa prestress in the CFRPs). 

Experimental results of the high-cycle fatigue test confirmed the excellent fatigue performance of the 

proposed FPUR system, as no prestress loss was observed after 20 million fatigue cycles. An 

analytical model is proposed to accurately predict the stress state in an I-girder strengthened with the 

proposed FPUR system, while design recommendations are provided concerning the practical use of 

the system. Relying on the laboratory experimental test results, the proposed FPUR system was used 

to strengthen the metallic cross-girders of a 121-year-old bridge in Australia. 

 

Keywords: carbon fiber reinforced polymer, fatigue, analytical modeling, finite element analysis 

(FEA), flat prestressed unbonded retrofit (FPUR) system. 

 

Nomenclature 

Latin symbols σ Stress/pressure 

A Cross-sectional area  τ Tangential surface traction 

d Depth of girder section Subscripts 
E Elastic modulus bot Bottom flange 

e Eccentricity of prestressing force f FRP 

h Lever arm f–s FRP-to-steel 

I Moment of inertia M Hogging moment 

l Length max Maximum 

M Hogging moment or resultants min Minimum 

N Number of fatigue cycles n Nominal 

P External load P External load 

R Fatigue load ratio p Bolt preload 

T Tensile force or resultants pre Prestressing 

ΔT Temperature difference s Steel  

Greek symbols s–s Steel-to-steel 

α Thermal expansion coefficient T Tensile force 

δ Horizontal deformation top Top flange 

ε Strain ΔT Temperature difference 

θ Rotation angle u Ultimate 

μ Friction coefficient y Yield 

  

                                                 
*
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1. Introduction 

The unique advantages of carbon fiber reinforced polymer (CFRP) composites have made 

CFRPs a suitable material for the strengthening of existing steel structures [1]. It has been 

demonstrated by many researchers that the strengthening of existing metallic members using CFRP 

reinforcement can enhance their ultimate and serviceability states [2–7]. More specifically, the fatigue 

life of critical/damaged metallic girders can be prolonged when they are strengthened with such 

advanced composite materials [8–17]. However, owing to the fact that the elastic modulus of steel is 

comparatively higher than that of normal modulus (NM) CFRPs, application of nonprestressed bonded 

NM CFRP reinforcement is often not so efficient. Therefore, researchers in the field have investigated 

the use of high modulus (HM) and ultra-high modulus (UHM) CFRP composites for the strengthening 

of steel structures [18–21]. Although the application of UHM CFRPs would be a more efficient 

alternative compared to the use of the nonprestressed NM CFRPs, UHM CFRP composites are far 

more expensive than NM CFRPs, while the brittle nature and the relatively low tensile strength of 

UHM CFRP plates make their practical application for strengthening civil structures challenging. On 

the other hand, it has been demonstrated that post tensioning or prestressing of the reinforcing element 

has a more desirable effect on the strengthened steel member, compared to what the elastic modulus of 

the reinforcement has [22]. In this regard, previous experimental studies have shown that in certain 

configurations, crack prevention or crack arrest is only possible when a prestressed CFRP 

reinforcement with a certain level of prestressing is used [22–24].   

Prestressed bonded reinforcement (PBR) systems exhibit certain limitations such as a time-

consuming and costly surface preparation, the inability to carry relatively high prestressing forces, and 

premature debonding failure under service loads [25–27]. The aforementioned drawbacks of the PBR 

systems have so far hampered the practical application of such strengthening solutions. Furthermore, 

there are other open questions/concerns such as the allowable service temperature, creep of the epoxy 

adhesive, and fatigue behavior of adhesively bonded reinforcement, which still need to be further 

investigated prior to the wide-spread safe application of PBR systems [22,28].  

Owing to the limitations of the PBR systems, a novel trapezoidal prestressed unbonded retrofit 

(TPUR) system was developed by Ghafoori and Motavalli [29]. This system was used to strengthen a 

121-year-old railway metallic bridge in Switzerland [30]. It was demonstrated by the authors that the 

proposed TPUR system has certain advantages, including ease of application, elimination of any 

surface preparation, and excellent performance of the system in terms of prestressing levels [29]. 

Other possible configurations of prestressed unbonded retrofit (PUR) systems for the strengthening of 

metallic I-beams have also been introduced [31]. However, the development and testing of the PUR 

systems for the static and/or fatigue strengthening of steel girders have so far been limited to the 

TPUR system. Nevertheless, from a practical point of view, the post tensioning or prestressing of 

CFRP reinforcements in real-scale steel girders has always been a challenge. 

In the present study, an alternative configuration of the PUR system, named the flat prestressed 

unbonded retrofit (FPUR) system, is introduced for an easy prestressed strengthening of real-scale 

metallic I-girders using CFRP plates. The main advantage of the proposed FPUR system compared 

with the existing TPUR system [29] is that the prestressed CFRP plates are kept adjacent to the 

strengthened metallic girder, and therefore, the system requires less space. Consequently, in the case 

of any traffic passage beneath the strengthened member, the risk of any accidental damage to the 

prestressed CFRPs can be significantly reduced. Furthermore, the prestressing procedure is performed 

using a pair of hydraulic cylinders, which makes the strengthening process much faster and easier. 

In the current study, the design concept of different mechanical components is discussed, and a 

finite element (FE) simulation is established to optimize the system. Sets of pull-off tests, as well as 
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static and fatigue four-point bending tests were conducted to confirm the excellent performance of the 

proposed system. An analytical model is developed to accurately determine the stress levels in a 

metallic I-girder strengthened with the proposed FPUR system, while design recommendations are 

provided for the practical use of the system. Finally, the field application of the proposed FPUR 

system on a 121-year-old metallic bridge is briefly addressed. 

 

2. Concept and overall view of the proposed strengthening system 

As illustrated in Figure 1, the FPUR system relies on two sets of mechanical clamps, i.e., a fixed 

clamp on one side and a movable clamp on the other side of a metallic I-girder that needs to be 

strengthened. The two mechanical clamps are capable of transferring the total prestressing force of the 

CFRP plates to the lower flange of the member via friction. Each set of the mechanical clamps holds 

two prestressed NM CFRP plates with cross-sectional dimensions of 50 × 1.4 mm (width × thickness). 

The strengthening procedure using the proposed FPUR system consists of the following three steps: 

1) Installation of the mechanical clamps and the CFRP plates (see Figure 1a). On both sides of 

the girder, the nonstressed CFRP plates are sandwiched between 16-mm-thick toothed hard 

plates, installed inside the lower plate and upper plate, with five M16 (grade 12.9) and ten 

M10 (grade 12.9) prestressed bolts (see Figure A1 in Appendix A for the detailed sketches 

and dimensions of the different mechanical components of the system). The bolts generate a 

total gripping force of approximately 1230 kN. On one side of the beam (the left side in 

Figure 1a), the beam bottom flange is sandwiched between the upper plate and the over-

flange plate by fastening eight M20 (grade 12.9) bolts, each tightened to a torque of 605 Nm, 

to generate a prestressing force of 223 kN per bolt. This leads to the design gripping force 

between the fixed clamp set and the beam bottom flange. On the other side of the beam, the 

nonstressed CFRP plates are sandwiched in the movable clamp; however, this clamp set is 

free to move horizontally along the beam axis for prestressing, as the M20 bolts are 

unfastened. 

2) Installation of the prestressing system, applying the required prestressing force, and fastening 

the movable clamp. As illustrated in Figure 1b, a specially designed prestressing system 

consisting of two 120-kN hollow plunger hydraulic cylinders, placed in a cylinder housing, 

is installed adjacent to the movable clamp. Detailed sketches and dimensions of the 

prestressing system are illustrated in Figure A2 in Appendix A. The cylinder housing is 

anchored to the beam bottom flange in an almost similar way to that of the fixed clamp set. 

However, in total, twelve M20 prestressed bolts are used to anchor the cylinder housing to 

the beam bottom flange, instead of the eight M20 bolts, used for the clamping system. The 

reason is attributed to the fact that any unexpected slippage of the cylinder housing during 

the prestressing process needs to be avoided as a matter of safety. With the help of two M16 

(Grade 8.8) threaded rods, the movable clamp can be pulled using the hollow plunger 

hydraulic cylinders, actuated by a manual hydraulic pump. Consequently, the CFRP plates 

can be prestressed to the desired level. Note that, the prestressing force generated in the 

CFRP plates can be determined based on the hydraulic oil pressure and/or the readings of the 

strain gauges mounted on the CFRP plates (see Section 5.2). Upon reaching the desired 

prestressing level in the CFRP plates, all eight of the M20 bolts of the movable clamp can be 

tightened to a torque of 605 Nm, which leads to the design gripping force between the 

mechanical clamping system and the beam bottom flange.   
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3) Removing the prestressing system to realize the final configuration as depicted in Figure 1c. 

After reaching the desired prestressing force in the CFRP plates, the hydraulic pressure can 

be gently released, and the entire prestressing system consisting of the two hollow plunger 

cylinders and the cylinder housing can then be removed. 

 

 

(a) 

 
(b) 

Figure 1. Strengthening of a metallic I-girder using the flat prestressed unbonded retrofit (FPUR) 

system: (a) step 1–installation of different components; (b) step 2–prestressing; (c) step 3–final 

configuration after fastening the movable clamp and removing the prestressing system. 
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(c) 

Figure 1. (Continued). 

 

3. Finite element simulation 

3.1. Model description 

Due to the complexity of the proposed FPUR system, a finite element (FE) model was 

established in Abaqus [32] to optimize the geometry of the different mechanical components of the 

system, and to estimate the ultimate capacity of the optimized configuration before any slippage. FE 

analyses were conducted firstly to check the stresses in the upper, lower and over-flange plates, and 

subsequently, optimize their thicknesses; and secondly, to determine the number and diameter of the 

required prestressed bolts to provide enough friction force. The geometry and dimensions of the 

optimized configuration of the system are provided in Figure 2. Owing to the symmetry of the system, 

however, only half of the proposed mechanical clamping system, shown in Figure 2, was modeled. 

The FE model consisted of a NM CFRP plate with dimensions of 50 × 1.4 × 700 mm (width × 

thickness × length) that was gripped between two hard plates inside the proposed mechanical clamping 

system. The mechanical clamping system was anchored to the INP300 bottom flange using the actions 

of M20 prestressed bolts, introduced to the upper plate and the over-flange plate. All the steel 

components and the CFRP plate were modelled as isotropic linear-elastic materials with an elastic 

moduli of 210 and 160 GPa, respectively, and a Poisson’s ratio of 0.3 for both materials. 

A hard contact was considered between all the individual parts in the normal direction. 

However, using the penalty formulation, an isotropic tangential friction was introduced between the 

CFRP plate and the hard plates, as well as between the contact surfaces of the clamping system (i.e., 

both the over-flange plate and the upper plate) and the steel I-beam. Coefficients of friction equal to  

μf–s = 0.5, and μs–s = 0.3 were used in the case of the CFRP-to-hard plate and steel-to-steel interfaces, 

respectively (please see [29,33] for further details). The CFRP and the steel substrate were modelled 

using 8-node linear brick elements of type C3D8R with reduced integration and hourglass control, 
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while the entire clamping system was modelled using 4-node linear tetrahedrons of type C3D4. The 

FE model consisted of approximately 365,000 elements (see Figure 3). 

 

 

Figure 2. Dimensions used in the finite element simulation (all dimensions are in mm). 

 

 

Figure 3. Finite element (FE) model created in Abaqus and the distribution of the von Mises’ stresses 

at the nominal tensile strength of the CFRP plate (deformation scale factor = 5). 

 

In addition to the symmetrical boundary condition (i.e., Y–Z plane), horizontal and vertical 

support boundaries were introduced into the model to stabilize the assembly (see Figure 3). The 

following four loading steps were incorporated in the FE simulation: 
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1) Activation of contact interactions. In the first loading step, a uniform pressure of 0.01 MPa 

was applied to the M20 bolt head locations of the over-flange plate, as well as on the M10 

and M16 bolt head locations of the lower plate (see Figure 2), to assemble all the individual 

parts. Application of this loading step is required to activate the defined contact interactions 

between the components. It is important to note that avoiding this loading step might pose a 

convergency problem in such FE models [33]. 

2) Clamping the CFRP plate between the two hard plates. In this loading step, static uniform 

pressures (σp) of 394.9 and 539.6 MPa per bolt head location, as well as static tangential 

surface tractions (τp) of 41.5 and 70.8 MPa per thread location were introduced to the lower 

and upper plates, respectively (see Figure 3). This simulates the prestressing forces of 52.1 

and 142.4 kN per bolt, generated in the M10 and M16 high-strength bolts, respectively. 

3) Gripping the beam bottom flange between the over-flange plate and the upper plate. In this 

loading step, σp = 546.0 MPa per M20 bolt head location and τp = 88.7 MPa per M20 thread 

location were introduced to the over-flange plate and the upper plate, respectively, to 

simulate the prestressing force of 223 kN per M20 high-strength bolt, upon fastening to the 

allowable torque of 605 Nm.  

4) Pulling the CFRP plate. In the final loading step, the ultimate load bearing capacity of the 

mechanical joint was evaluated. For this purpose, a uniform normal surface traction equal to 

2800 MPa was applied to the free cross section of the CFRP plate in the Z direction (see 

Figure 3) in a linear ramp in twenty increments. This value was chosen as a typical upper 

bound of the nominal tensile strength (σf,n) of the NM CFRP plates. 

 

3.2. FE results 

Figure 3 illustrates the distribution of the von Mises stresses in the FE model when all four 

loading steps were applied to the model. It can be seen in Figure 3 that by using 40-mm-thick lower, 

upper, and over-flange plates, manufactured from M200 steel with a nominal yield strength (σy) of 

1000 MPa, the maximum stress in the clamping system remained below 0.6σy. This criterion was 

initially selected to design the thickness of the aforementioned mechanical components of the 

clamping system.  

As it can be seen in Figure 2, longitudinal fillets of dimensions 43.8 mm × 31° were cut on the 

front and back faces of the upper plate, and the over-flange plate (see Figure A1 for the detailed 

dimensions). The main intention of cutting these fillets was to increase the lever arm of the mechanical 

clamping system and therefore to enhance the capability of the system to better distribute the bending 

moment, caused by the eccentric prestressed force, to the beam bottom flange. It should be mentioned 

that avoiding such longitudinal fillets can cause very high stress concentrations in the beam bottom 

flange at the edge lines of the upper and over-flange plates and, subsequently, damage the existing 

metallic structure, especially in the case of fatigue loading. The FE results confirmed that, by 

considering the aforementioned longitudinal fillets, the von Mises’ stresses in the beam bottom flange 

remained below 200 MPa, even when the CFRP plate was pulled up to σf,n = 2800 MPa. 

Figure 4 illustrates the load–deformation response of the mechanically anchored CFRP plate, 

obtained from the FE analysis during the final loading step. It can be seen in Figure 4 that the 

proposed mechanical clamping system is capable of transferring the entire nominal tensile capacity of 

the CFRP plate (σf,n = 2800 MPa) to the steel I-beam, before any slippage of the clamp occurs. Owing 

to the fact that pulling the CFRP plate was modeled in the FE simulation by applying a uniform 

normal surface traction (load step No. 4), any slippage of the clamping system could have caused a 



Chapter 5. Flat prestressed unbonded retrofit system 

 

150 

 

numerical instability in the FE analysis. However, such a numerical instability was not the case in the 

performed analyses, confirming no slippage of the mechanical clamping system. 

It is worth mentioning here that obtaining an almost uniform contact pressure between the hard 

plates and the CFRP strip, more specifically in the transverse direction, is of utmost importance when 

designing such mechanical clamping systems that hold the prestressed CFRP plates [33]. This was 

achieved by cutting 9 mm transverse fillets with an inclination angle of 1.5° on the back surfaces of 

the hard plates that are in direct contact with the lower and upper plates (see Figure A1). Further 

discussion of the effect of the fillet dimensions on the distribution of the contact pressure in the 

transverse direction can be found in [25]. 

 

 

Figure 4. FE results: load–deformation response of the mechanically anchored CFRP plate 

 

4. Experimental program 

4.1. Pull-off test 

To evaluate the ultimate capacity and the failure mode of the proposed mechanical clamping 

system when subjected to prestressing forces, a pull-off test setup was designed and assembled in the 

Structural Engineering Research Laboratory of Empa (Figure 5). As can be seen in this figure, the 

proposed mechanical clamping system was installed on an INP300 steel profile, while the I-profile 

was properly anchored to the strong floor with the help of prestressed M32 rods. Mechanical grips 

were used to pull the CFRP plates using two 200-kN hollow plunger hydraulic cylinders. A manual 

hydraulic pump, connected to a hydraulic T-joint, was used to simultaneously actuate the hydraulic 

cylinders. A 300-kN load cell was used to monitor the applied load during the pull-off test. Detailed 

sketches of the test setup, including all the necessary dimensions, are provided in Figure A3 in 

Appendix A. 

Foil strain gauges of type 1–LY66–6/120 with an electrical resistance of 120 Ω ± 0.30% (HBM 

AG, Germany) were mounted at the mid-length and mid-width locations of the CFRP plates. A digital 

data acquisition system of type QuantumX (HBM AG, Germany) was used to simultaneously record 

the output signal of the utilized load cell and the strain gauges during the test with a data measuring 

frequency of 10 Hz. 
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Figure 5. Pull-off test setup. 

 

4.2. Static and fatigue four-point bending tests 

To evaluate the performance of the proposed FPUR system for the strengthening of metallic I-

girders, sets of static and fatigue tests were conducted at the Structural Engineering Research 

Laboratory of Empa on a 6.4-m-long INP300 steel beam under four-point bending. The test setup is 

shown in Figure 6, while the detailed sketches of the four-point bending test setup are provided in 

Figure A4 in Appendix A. Four-point bending tests were conducted using two 250-kN Amsler 

hydraulic actuators with a center-to-center distance of 1.8 m, which were actuated by an Amsler 

pulsator machine of type P131 (Maschinenfabrik Alfred J. Amsler & Co., Switzerland). Static tests 

were performed at a displacement speed of approximately 2 mm/min, while the fatigue test was 

performed under load-control conditions with a load ratio ( min

max

P
R

P
 ) of 0.2 and a constant loading 

frequency of 4.35 Hz. Load levels were monitored using two dynamic 500-bar pressure transducers of 

type P8AP (HBM AG, Germany). 

Foil strain gauges of type 1–LY66–6/120 as mentioned before were mounted at the mid-length 

and mid-width locations of the CFRP plates. Moreover, strain gauges of type 1–LY61–6/120 with an 

electrical resistance of 120 Ω ± 0.30% (HBM AG, Germany) were mounted at the mid-width location 

of the top and bottom flanges of the steel I-beam at the mid-span. A non-contact laser displacement 

transducer of type OptoNCDT–ILD 2200 with a measuring range of 100 mm (Micro-Epsilon 

Messtechnik GmbH & Co. KG, Germany) was installed on the top flange of the beam at the mid-span 

to measure the deflection of the beam during the static and fatigue tests. 

A digital data acquisition system of type MGCplus (HBM AG, Germany) was used to 

simultaneously record the output signal of all the sensors. A data measuring frequency of 5 Hz was 

utilized in all the static tests. During the high-cycle fatigue test, however, a so-called periodic 

measurement with a frequency of 2400 Hz and an interval of 60 s was incorporated, during which only 
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the Min. and Max. values of all the channels were recorded. During the fatigue test, the air temperature 

was monitored using a type K thermocouple connected to the same data acquisition system. 

 

 

Figure 6. Static and fatigue four-point bending test setup. 

 

4.3. Material properties 

All the required components of the mechanical clamping systems were manufactured from 

M200 high-strength steel with a nominal yield strength of 1000 MPa. Toothed plates were hardened 

after manufacturing to assure a hardness of HRC 58(–60) on the Rockwell scale. The steel I-profiles 

(INP300) utilized in the pull-off tests and the four-point bending tests were of type S275JR. The 

average elastic modulus (Es), yield strength (σy), and ultimate strength (σs,u) of the steel were 

determined using two standard dog-bone samples with a length of 350 mm, extracted from the same 

batch of material in the rolling direction, and were tested according to ISO 6892–1:2009 [34]. The 

mechanical properties of the steel utilized were determined as Es = 203.3 GPa, σy = 328 MPa, and σs,u 

= 465 MPa. 

Unidirectional NM CFRP plates of type S&P 150/2000–50/1.4 (S&P Clever Reinforcement 

Company AG, Switzerland) were used in all the tests with nominal elastic modulus (Ef,n) and tensile 

strength (σf,n) values of 145 GPa and 2100 MPa, respectively. The elastic modulus (Ef) and tensile 

strength (σf,u) values of the utilized CFRP composite were determined using coupon tests prepared and 

performed by the manufacturer in accordance with EN 2561:1995 [35]. These mechanical properties 

were reported to be Ef = 161.0 GPa and σf,u = 2595 MPa for the CFRP composite utilized. 
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5. Experimental results and discussion 

5.1. Pull-off tests 

Two pull-off tests, having identical configurations, were conducted on the proposed mechanical 

clamping system to evaluate its ultimate load bearing capacity. Figure 7a shows the history of the 

applied load during the pull-off tests up to the tensile rupture of the CFRP plates. As mentioned earlier 

in Section 4.1, a manual hydraulic pump was used to actuate the pull-off tests. Therefore, as the tests 

were performed under load-control conditions, any slippage of the clamp would have caused a sudden 

drop in the load level, which was not the case during the loading procedure until the tensile rupture of 

the CFRP plates. 

 

  
(a) (b) 

 

(c) 

Figure 7. Pull-off test results: (a) loading history; (b) strain in CFRP plates vs. applied load; (c) tensile 

rupture of the CFRP plate in pull-off test 1. 
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The strain levels generated in the two CFRP plates (see Figure A3), hereafter called CFRP 1 

(length = 650 mm) and CFRP 2 (length = 1035 mm), vs. the applied load per hydraulic cylinder are 

provided in Figure 7b. To better distinguish the test results in this figure, the strain–load responses 

obtained in pull-off test 2 were plotted with a load offset of 25 kN. It can be seen in the figure that the 

strain response of the CFRP plates was almost linear with respect to the applied load up to the tensile 

rupture of CFRP and CFRP 1 that occurred in the first and second pull-off tests, respectively. Figure 

7c shows the tensile rupture of CFRP 2 in the first pull-off test. It is obvious that upon reaching the 

tensile rupture in one of the two CFRP plates, the hydraulic pressure was suddenly released. 

Therefore, the other CFRP plate remained almost intact.  

Table 1 summarizes the experimental results of the two pull-off tests, including the average 

values. It can be seen in this table that the obtained elastic moduli of the utilized CFRP plates correlate 

very well with the values obtained from the coupon tests (see Section 4.3). On the other hand, 

comparing the average ultimate tensile strength value of the CFRP plates achieved in the pull-off tests 

(i.e., σu = 1933 MPa) with that of the coupon tests (i.e., σf,u = 2595 MPa) reveals that a lower tensile 

strength was achieved in the pull-off tests. The reason is attributed to the fact that the clamping force 

can cause undesired stress concentrations at the anchored extremities of the CFRP plates, either in the 

proposed mechanical clamping system, or in the mechanical grips that were used to apply the pull-off 

force. This leads to a bi-directional stress state at the CFRP extremities and, eventually, to a decreased 

rupture load of the CFRP composite, compared to that of the coupon test. However, it can be seen that 

the obtained σu in the pull-off tests is approximately equal to 92% of the σf,n, which is the nominal 

tensile strength of the CFRP plate utilized. Therefore, the experimental results confirmed the excellent 

performance of the proposed mechanical clamping system in terms of carrying high prestressing 

forces, as the system experienced no slippage until the tensile rupture of CFRP plates occurred. 

 

Table 1. Pull-off test results. 

Test  
Ultimate load per CFRP 

plate, Tu (kN) 

σu 

(MPa) 

εu
*
 

(%) 

Ef
†
  

(GPa) 
Failure mode 

Pull-off test 1 140.5 2007 1.267 155.5 tensile rupture of CFRP 2 

Pull-off test 2 130.1 1859 1.189 154.2 tensile rupture of CFRP 1 

Average value 135.3 1933 1.228 154.9 – 

* Average of the strain readings of both CFRP plates at failure 

† Determined between 0.1 and 0.5 Tu  

 

5.2. Static tests 

Table 2 provides the layout of the six static four-point bending tests performed on one INP300 

steel beam. First the bare steel I-beam was loaded as a reference unstrengthened case up to a load level 

of P = 75 kN per cylinder, which corresponded to a maximum bending stress of approximately 0.6σy 

in the beam. Afterwards, the proposed strengthening system was applied to the beam as a flat 

unbonded reinforcement (FUR), without any prestressing force, and the beam was reloaded up to P = 

75 kN. The intention of using the FUR configuration was to comparatively evaluate the efficiency of 

using nonprestressed CFRP reinforcements for the strengthening of steel I-beams. A total preload of 

2.4 kN was applied in this case to ensure that the CFRPs are straight, and consequently, they can 

contribute in load bearing when the strengthened beam is subjected to external loading. Finally, the 

CFRP plates were prestressed up to 14, 27, 40, and 53% of the nominal tensile strength of the CFRP 

material (σf,n = 2100 MPa), and each time, the beam was subjected to the four-point bending up to the 
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same load level of  P = 75 kN. It is worth mentioning here that the prestressing levels (
,

pre

f n




) were 

initially considered with a nominal CFRP strength of σf,n = 2800 MPa as the upper bound for NM 

CFRP plates (see Section 3.1). Therefore, the corresponding utilized prestressing levels in the tests, 

considering σf,n = 2800 MPa, are also reported in Table 2.  

Figure 8 illustrates the strain history of the CFRP plates and the top and bottom flanges of the 

INP300 during the prestressing process for the case of FPUR with a prestressing level of 53% (see 

Section 2 for the details of the prestressing procedure). It can be seen in this figure that providing a 

prestressing level of 53% in the unbonded CFRP plates, corresponded to a total prestressing force of 

Tpre = 155.7 kN, a compressive strain of 346 μm/m was generated in the bottom flange of the beam at 

the mid-span, which corresponded to σbot = –70.3 MPa. Furthermore, this prestressing level resulted in 

a tensile strain level of 116 μm/m generated in the top flange of the beam at the mid-span, which 

corresponded to σtop = 23.6 MPa. 

The experimental results provided in Figure 8 indicate that the application of the proposed 

FPUR system with relatively high prestressing forces can generate significant compression stresses in 

the bottom flange of the INP300 steel I-beam while introducing tensile stresses into its top flange. 

Furthermore, careful inspection of Figure 8 reveals that the application of the proposed FPUR system 

is very quick, as the entire procedure of prestressing took less than 15 min. This is in contrast to the 

bonded solutions, as no additional curing time is needed for the proposed FPUR system after fastening 

the movable clamp and releasing the prestressing cylinders. 

 

 

Figure 8. Strain history in unbonded CFRP plates and top and bottom flanges of the steel I-beam (at 

mid-span) during the prestressing process. 

 

Figure 9 illustrates the experimental results of all the performed static four-point bending tests 

in terms of the load–deflection of the beam, as well as the load–strain responses of the bottom flange 

and the CFRP plates. It can be seen in Figure 9a that the application of the nonprestressed FUR system 

(i.e., test label FUR (0%)) slightly increased the stiffness of the member. This elastic stiffness 

improvement, however, is not remarkable, owing to the fact that the utilization of NM CFRP 

composites cannot considerably enhance the stiffness of a real-scale steel member. Figure 9a 
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illustrates that the load–deflection responses of FPUR cases were parallel to that of the FUR (0%) 

case. This means that by using the proposed FPUR system with different prestressing levels, the same 

effect as that of the nonprestressed FUR system was obtained on the stiffness improvement of the 

strengthened beam. The reason is attributed to the fact that the stiffness of the CFRP strengthening 

system is constant for the cases of FUR and FPUR systems. However, the maximum deflection of the 

strengthened steel I-beam under service loads can be significantly reduced provided that higher 

prestressing levels in the FPUR system are introduced. This is the desired effect of prestressed 

strengthening, achieved by using the proposed FPUR system. 

 

  
(a) (b) 

 

(c) 

Figure 9. Static test results: (a) load–deflection response; (b) load–strain response of the bottom 

flange; (c) load–strain response of the CFRP plates. 

 

Figure 9b shows the load–strain responses of the steel beam bottom flange for all the performed 

static four-point bending tests, while σbot at P = 75 kN is also reported for each test in Table 2 for 

comparison purposes. Figure 9b demonstrates that the strengthening of the steel I-beam with the 

nonprestressed FUR system was not capable of substantially reducing the bending strains. The stress 
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reduction in this case compared to the reference unstrengthen beam is only 4.6% (see Table 2). On the 

other hand, applying higher prestressing levels in the proposed FPUR system can considerably reduce 

the strain/stress level in the beam bottom flange up to 38.5%, in the case of FPUR (53%). Therefore, it 

can be concluded that the proposed FPUR system can be a very efficient strengthening solution to 

decrease the bending stresses in an existing steel I-girder and subsequently increase its static and/or 

fatigue performance. 

Figure 9c demonstrates the average strain response of the two CFRP plates in the cases of using 

the nonprestressed FUR system and the FPUR system with different prestressing levels. It can be seen 

in Figure 9c that all of the load–strain responses of FPUR cases are parallel to that of the 

nonprestressed FUR case, regardless of the prestressing level. The reason is attributed to the fact that 

the contribution of the unbonded CFRP plates in carrying the external loading is identical for both the 

FUR and FPUR systems. This contribution is, however, independent of the initial prestressing force. 

Nevertheless, providing higher prestressing levels in the CFRP plates leads to a significant stress 

reduction in the strengthened member (see the test results provided in Figure 9b and Table 2), while a 

more efficient utilization of the tensile capacity of the composite reinforcement can be achieved (see 

Figure 9c). 

 

Table 2. Static four-point bending test results and comparisons with the analytical predictions. 

Test label 

Prestressing level, 

,

pre

f n




 (%) 

Experimental results 

(at P = 75 kN) 

Analytical prediction  

(at P = 75 kN) 

Discrepancy 

(%) 

σf,n = 2800 

MPa 

σf,n = 2100 

MPa 

Tpre
* 

(kN) 

σf  

(MPa) 

σbot  

(MPa) 

Stress 

reduction 

in bottom 

flange† (%) 

σf,model 

(MPa) 

σbot,model 

(MPa) 
σf σbot 

Reference – – – – 201.7 N.A. – 200.6 N.A. 0.5 

FUR (0%) ≈ 0 ≈ 0 2.4 179.7 192.5 4.6 178.7 189.7 0.6 1.5 

FPUR (14%) 10 14 39.7 447.7 175.6 12.9 444.9 173.0 0.6 1.5 

FPUR (27%) 20 27 78.5 724.1 158.1 21.6 722.3 155.8 0.2 1.5 

FPUR (40%) 30 40 117.8 1006.9 140.2 30.5 1003.1 138.3 0.4 1.4 

FPUR (53%) 40 53 155.7 1281.5 124.1 38.5 1273.8 121.4 0.6 2.2 

* Total prestressing force applied to the CFRP plates † Compared to the reference unstrengthened beam  

FUR = flat unbonded reinforcement FPUR = flat prestressed unbonded retrofit 

 

5.3. Fatigue test 

In addition to the static four-point bending tests, the performance of the proposed FPUR system 

was also evaluated under fatigue loading for 20 million fatigue cycles while the CFRP plates were 

prestressed up to 53% of their ultimate strength. The maximum load level during the fatigue test was 

equal to Pmax = 40.2 kN per cylinder, corresponding to a bending stress level of approximately 0.33σy 

in the top and bottom flanges of the unstrengthened INP300 beam. The loading ratio ( min

max

P

P
) was 

chosen to be R = 0.2. Note that the aforementioned fatigue loading was selected based on a numerical 

simulation of a practical case, i.e., metallic cross-girders of a roadway bridge in Australia, subjected to 

the allowable service load (see Section 7). 



Chapter 5. Flat prestressed unbonded retrofit system 

 

158 

 

  

(a) (b) 

Figure 10. Fatigue test results: (a) evolution of the maximum and minimum stresses in the bottom 

flange and CFRP plates in response to the elapsed fatigue cycles; (b) evolution of the air temperature 

with respect to the elapsed time. 

 

Figure 10a illustrates the evolution of the maximum and minimum stress levels in the FPUR 

system and the bottom flange of the INP300 with respect to the elapsed fatigue cycles. The stress 

values, provided in Figure 10a, are calculated by multiplying the elastic modulus of CFRP and steel by 

the corresponding strain values, obtained from the mounted electrical strain gauges on the prestressed 

CFRP plates and the steel bottom flange, which were being monitored during the fatigue test (see 

Section 4.2). It can be seen in Figure 10a that during the fatigue test, the maximum and minimum 

stress levels in the prestressed CFRP plates remained almost constant for 20 million loading cycles. 

This strongly proves that the proposed FPUR system experienced no slippage during 20 million 

fatigue cycles, as no prestress loss was observed. Moreover, Figure 10a shows that the bottom flange 

of the INP300 beam remained in compression for more than half of the loading range, as the beam was 

strengthened using the proposed FPUR system with a prestressing level of 53%. Consequently, these 

measurements during the fatigue test reveals that the fatigue performance of a real-scale metallic I-

girder can be substantially enhanced by reducing the stress ratio and alternating stress range in its 

tension flange, when strengthened with the proposed FPUR system with a relatively high prestressing 

level. 

Careful inspection of Figure 10a demonstrates that the maximum and minimum stress levels in 

the CFRP plates slightly increased over the first 1 million fatigue cycles and then decreased over the 

following 3 million fatigue cycles (up to N = 4 million). This fluctuation of the maximum and 

minimum stress levels in the prestressed CFRP plates corresponded to an opposite response of the 

stress levels in the beam bottom flange, experiencing a very slight reduction up to N = 1 million, 

followed by a gradual increase up to N = 4 million. This was due to the temperature changes that 

occurred during the fatigue test, which caused thermal stresses in the CFRP-strengthened I-beam as a 

result of the thermal expansion coefficient mismatch between CFRP and steel. The evolution of the air 

temperature with respect to the elapsed test time is plotted in Figure 10b. Although the graph shows 

significant fluctuations that corresponded to day-night temperature differences, the general trend of the 

temperature history shows that the air temperature firstly increased to almost 21 °C for the first 2-3 

days and later decreased to approximately 19 °C on the eleventh day. Consequently, owing to the 
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negligible thermal expansion coefficient of CFRP in the direction of fibers, the stress level in the 

CFRP plates followed the general trend of the temperature evolution due to the generated thermal 

strains in the steel I-beam (see Figure 10). It is obvious that such small thermal stress fluctuations are 

deemed to be acceptable, while unavoidable, during a 55-day-long fatigue test. 

 

6. Determination of the stress state in a metallic I-girder strengthened with the proposed 

FPUR system 

6.1. Analytical modeling 

The schematic of a metallic girder, strengthened using the proposed FPUR system, is presented 

in Figure 11a. During the prestressing process, with no external loading on the girder, the prestrain 

level in the CFRP composites (εpre) and/or the total prestressing force (Tpre) applied to the CFRP plates 

using the hollow plunger hydraulic cylinders are known. Therefore, considering the actions of the 

prestressing force on the metallic girder during the prestressing procedure (see Figure 11b), and by 

assuming the Euler–Bernoulli beam theory, the maximum bending stresses in the bottom and top 

fibers of the girder, σbot, and σtop, respectively, can be formulated as follows: 

2

pre pre

bot

s s

T M d

A I
   

 

(1) 

2

pre pre

top

s s

T M d

A I
   

 

(2) 

where As, Is, and d, are the cross-sectional area, moment of inertia, and depth of the metallic girder 

section, respectively; Mpre is the hogging moment, caused by the prestressing force, which can be 

written as:  

( )
2

pre pre pre

d
M T h T e  

 
(3) 

where h is the lever arm of the prestressing force and e is the eccentricity of the FPUR system with 

respect to the girder bottom flange (see Figure 11a). It is worth mentioning that the CFRP 

reinforcements and the metallic girder are assumed to behave as linear-elastic materials, while no 

slippage occurs between the FPUR system and the metallic girder. It is obvious that both of the 

aforementioned assumptions are valid for the strengthening of metallic girders using the proposed 

FPUR system. 

When a metallic girder, strengthened with an unbonded CFRP strengthening solution, is 

subjected to the external loading, the strengthened member should be treated as a statically 

indeterminate system. Thus, the total generated force in the unbonded CFRP plates needs to be 

calculated by solving the equilibrium and compatibility equations. It is important to note that, in the 

case of using the FPUR system, the strengthened girder shall not be treated as a steel-CFRP composite 

member. The reason is attributed to the fact that no interfacial shear stress can be transferred between 

the CFRP reinforcements and the bottom flange of the girder. The FPUR system, however, acts as a 

truss element, which only exhibits stiffness along its longitudinal axis. 

Owing to the force equilibrium condition, the strengthened girder is subjected to the external 

loading, P, as well as the reactions of the tensile force, T, generated in the nonprestressed CFRP plates 

due to the effect of the external loading on the strengthened member (see Figure 11c).  As the 

unbonded CFRP plates act as truss members, the axial deformation of the CFRP plates (δf) can be 

written as a function of T as follows: 
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2 2

f f f

f

f f

Tl Tl

E A





 

 

(4) 

where δf is the total elongation of the CFRP plates with respect to the centerline of the girder and lf is 

the initial length of the CFRP plates, to be measured as the center-to-center distance of the mechanical 

clamping systems (see Figure 11a); Af and Ef are the total cross-sectional area and elastic modulus of 

the CFRP reinforcements, respectively; αf is the thermal expansion coefficient of the CFRP composite, 

and ΔT is the probable temperature difference, which the strengthened girder might be subjected to, 

after the strengthening. 

 

 

(a) 

 
(b) 

 

(c) 

Figure 11. (a) An assumed metallic girder strengthened with the proposed FPUR system; (b) effect of 

prestressing; (c) effect of external loading. 

 

Assuming the Euler–Bernoulli beam theory, and given that no slippage occurs between the 

clamping system and the beam bottom flange, the deformation compatibility condition leads to the 

following equation: 

f bot e   
 

(5) 
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where θ is the rotation angle of the beam at the clamp location and can be formulated as: 

bot top

d

 





 

(6) 

where δbot and δtop are the horizontal deformation of the bottom and top fibers, respectively, of the 

girder at the clamp location (see Figure 11c). Considering the free-body diagram of the strengthened 

girder, depicted in dash lines in Figure 11c, δbot and δtop can be determined as follows: 

2

2

( , ) ;
2

( , ) ;
2

f

f

l
b

bot

b

l
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top
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d
x y dx y

d
x y dx y

 

 








 



   






 

(7) 

where ε(x,y) is the axial strain function in the girder and can be written as: 

( , ) T M P Tx y       
 

(8) 

where  

T

s s

T

E A
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(11) 

T s T   
 

(12) 

where M is the hogging moment caused by T; P is the concentric external loading applied at x = a (see 

Figure 11); and αs is the thermal expansion coefficient of steel. Substituting Eqs. (9)–(12) into Eq. (8), 

δbot and δtop can be determined by solving Eq. (7), and subsequently, θ can be evaluated using Eq. (6). 

Substituting Eq. (6) into Eq. (5), and applying the compatibility condition (i.e., substituting Eq. (4) 

into Eq. (5)), T can be explicitly expressed as: 

2

2

( ) ( )

1 1

f s f

s s f

f f s s s s

Ph
al a b T

E I l
T

h

E A E A E I

       


 

 

(13) 

Finally, by superposing the actions of prestressing with that of the external loading, σbot and σtop 

can be formulated as follows: 

 
2

ff

bot

s s

M Pa dT

A I



  

 

(14) 
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2
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top

s s

M Pa dT

A I



  

 

(15) 

where Tf is the total force in the CFRP plates when they are prestressed and the beam is subjected to 

the external loading, 

f preT T T 
 

(16) 

and Mf is the hogging moment caused by Tf, 

f fM T h
 

(17) 

 

6.2. Verification of the proposed model with the experimental test results 

Figure 12 illustrates the experimental stress response of the beam bottom flange and the CFRP 

plates as a function of the applied load, P, on the INP300 steel I-beam in the performed static four-

point bending tests. The generated stress in the beam bottom flange as well as the CFRP 

reinforcements were predicted by the proposed analytical model (see Section 6.1), and the predictions 

are also plotted in black lines in Figure 12 for comparison purposes. It can be concluded from Figure 

12 that the proposed analytical model is capable of accurately predicting the stress state in a CFRP-

strengthened I-girder, both in the strengthened member and in the CFRP reinforcements, for different 

prestressing levels. A quantitative evaluation of the proposed analytical model is provided in Table 2. 

It can be seen in the last two columns of Table 2 that the proposed analytical model predicts the stress 

levels in the CFRP plates and the beam bottom flange with discrepancies of not more than 0.6 and 

2.2%, respectively, based on the corresponding experimental results. This certainly reveals the 

excellent performance of the proposed analytical model. 

 

  
(a) (b) 

Figure 12. Comparison of the static test results with the predictions of the proposed analytical 

modeling: (a) stress in the bottom flange vs. applied load; (b) stress in the CFRP plates vs. applied 

load. 
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As mentioned earlier, the linear-elastic behavior of the strengthened metallic girder and the 

reinforcements as well as no slippage of the mechanical clamps are the main assumptions of the 

developed analytical model. These assumptions indeed apply when the CFRP-strengthening of 

existing metallic members using the proposed FPUR system is of interest. 

 

7. Field application of the proposed FPUR system 

After the successful laboratory tests were conducted on the proposed FPUR system, this system 

was used to strengthen the cross-girders of a roadway metallic bridge named the SN6091 Bridge over 

Diamond Creek on the Heidelberg–Kinglake Road in Victoria, Australia. The metallic I-shaped cross-

girders were strengthened with the proposed FPUR system with a prestressing level of approximately 

38%. A wireless sensor network (WSN) system was used for the long-term monitoring of the strain 

levels in the prestressed CFRP plates. Figure 13 shows the FPUR systems applied on the cross-girders 

of the Diamond Creek Bridge, together with the WSN nodes, magnetically installed on the girders for 

long-term measurements of prestrain level in the CFRP plates. Sets of truck loading were performed 

using a 42.5-tonne semi-trailer before and after the strengthening, which confirmed the excellent 

performance of the FPUR system. The maximum bending stresses in the bottom flanges of the girders 

were reduced by almost half, after the girders were strengthened using the FPUR system. The long-

term performance of the system will be monitored for at least one year using the installed WSN 

system. As a detailed explanation of the field application of the FPUR system on the Diamond Creek 

Bridge is beyond the scope of the current paper, readers are referred to [36] for a comprehensive 

discussion on this topic. 

 

 

Figure 13. Application of the proposed flat prestressed unbonded retrofit (FPUR) system and wireless 

sensor nodes on the cross girders of the Diamond-Creek Bridge, Victoria, Australia. 
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8. Design recommendations 

8.1. Static/fatigue strengthening of existing metallic girders using the proposed FPUR system  

When the static and/or fatigue strengthening of an existing metallic member is of interest, the 

required stress reduction in the member, which needs to be provided by the strengthening system, can 

be determined using an appropriate model (see the literature for examples [22,24,30]). In other words, 

the desired stress reduction in the member to reach a target level of stress, which is deemed to be the 

allowable/safe stress level under the ultimate/service loading, is known to the designer. Consequently, 

by applying the analytical model that is proposed in Section 6.1, the required prestressing force in the 

FPUR system can easily be determined to ensure that the maximum stress level in the metallic 

member of interest, subjected to the combined actions of external loading and temperature change, 

will not exceed the allowable value. 

It is worth mentioning that four-point bending is likely to be the external loading configuration 

of many existing metallic I-girders in practical cases. A well-known example is cross-girders of 

metallic railway bridges, which are often loaded in a four-point bending configuration by the 

secondary longitudinal girders supporting the rail track. However, in the case of other external loading 

configurations, the proposed analytical model presented in Section 6.1 can still be used by easily 

adapting Eqs. (11), (14), and (15) for the specific configuration of external loading. 

    

8.2. Maximum prestressing level in the CFRP reinforcements 

Although the proposed FPUR system is capable of transferring the entire tensile capacity of 

CFRP plates to the bottom flange of a metallic I-girder, it is clear that a maximum limit should be 

considered for the prestressing levels used in practical cases. However, none of the few available 

guidelines dealing with the strengthening of steel structures (see [1]) address such a limitation. The 

reason might be attributed to the fact that proper practical prestressed strengthening solutions for 

metallic members have not yet been sufficiently developed. According to ACI 440.4R-04 [37], in 

prestressed concrete applications, the prestressing level in the CFRP tendons should not exceed 65% 

of the maximum stress that can be developed when tested using an anchorage device. This stress 

limitation is based on the creep-rupture characteristics of CFRP tendons [38]. Therefore, it is 

recommended here to limit the prestressing level in the CFRP plates of the proposed FPUR system to 

0.65σf,n (or 65% of the pull-off strength, if available). Further research on this topic is needed to 

provide adequate design guidelines for the strengthening of existing metallic structures using 

prestressed CFRP reinforcements. 

It is worth mentioning that the stress level in the prestressed CFRP plates should always be 

calculated using the proposed analytical model (Section 6.1), to ensure that the CFRP tensile rupture 

will not occur at the ultimate state, considering adequate environmental reduction factors (for 

examples, see [39,40]). 

 

9. Summary and conclusions 

In the current study, a novel friction-based unbonded strengthening solution, named the flat 

prestressed unbonded retrofit (FPUR) system, was developed to strengthen metallic I-girders using 

prestressed CFRP plates. For this purpose, an FE simulation was carried out to optimize the 

dimensions of the required mechanical components of the system. A set of pull-off tests was 

performed on the optimized system, which showed that the proposed mechanical clamping system is 

capable of transferring the entire tensile capacity of two NM CFRP plates, each having cross-sectional 

dimensions of 50 × 1.4 mm (width × thickness), to the steel substrate via friction. A set of static four-
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point bending tests was then performed to show the capability of the proposed FPUR system to reduce 

the bending stresses in a large-scale INP300 steel beam. Furthermore, a fatigue four-point bending test 

was conducted on the steel I-beam strengthened using the proposed FPUR system with a prestressing 

level of 53%. Experimental results of the high-cycle fatigue test confirmed that the performance of the 

proposed system is not affected by fatigue loading, as neither slippage of the mechanical clamping 

system nor any CFRP prestress loss was observed over 20 million fatigue cycles. 

The advantages of the proposed FPUR system can be summarized as follows: (1) ease of 

installation and straightforward prestressing procedure, (2) active control over the prestressing effect 

on the strengthened member during the prestressing process, (3) elimination of surface preparation, 

which is required for bonded retrofit solutions, (4) prevention of any installation damage to the 

existing member, (5) avoiding traffic interruption during the strengthening, (6) capability of modifying 

(decreasing or increasing) the prestressing level at any time, (7) capability of easy removal of the 

entire system without any damage to the strengthened member,  (8) insensitivity of the system to 

cyclic thermal stresses and high service temperatures, which might be problematic issues for 

adhesively bonded reinforcements, and (9) excellent performance of the system in terms of 

prestressing levels and fatigue behavior. 

In addition to the experimental tests, an analytical model was proposed in this study to predict 

the stress state in a steel girder strengthened with the proposed FPUR system. The comparisons 

between the experimental results and the corresponding predictions of the proposed analytical model 

revealed that the analytical model is capable of accurately predicting the stress levels in the prestressed 

CFRP reinforcements and the steel I-girder when the strengthened member is subjected to external 

loading.  

Based on the laboratory test results and the clear advantages of the proposed FPUR system, it is 

concluded that the system can be an efficient strengthening solution to increase the static and/or 

fatigue performance of existing metallic I-girders. The proposed FPUR system has been applied to the 

cross-girders of the Diamond Creek Bridge in Victoria, Australia, and its long-term performance will 

be monitored using a wireless sensor network (WSN) system. 

 

Acknowledgements 

The authors gratefully acknowledge the financial support provided by the Swiss National 

Science Foundation (SNSF Project No. 200021-153609) and the Australian Research Council (ARC) 

Linkage Grant (LP140100543). They would also like to thank the technicians of the Structural 

Engineering Research Laboratory of Empa for their exceptional cooperation in performing the 

experiments. Finally, support from S&P Clever Reinforcement Company AG, Switzerland, by 

providing the materials for the current study is acknowledged. 

 

Appendix A. Detailed dimensions of the mechanical components and test setups 

Detailed dimensions of the mechanical components of the FPUR system, as well as the pull-off 

and four-point bending test setups are provided in this appendix. Detailed sketches and 3D view of the 

proposed mechanical clamping system are depicted in Figure A1, while Figure A2 illustrates the 

detailed sketches and 3D view of the proposed prestressing system. Figures A3 and A4 depict the 

detailed dimensions of the pull-off, and the static and fatigue four-point bending test setups, 

respectively. 
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Figure A1. Detailed sketches and 3D view of the proposed mechanical clamping system (all 

dimensions are in mm). 
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Figure A2. Detailed sketches and 3D view of the proposed prestressing system (all dimensions are in 

mm). 
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Figure A3. Detailed sketches of the pull-off test setup (all dimensions are in mm). 

 

 

Figure A4. Dimensions of the four-point bending setup used for static and fatigue tests (all dimensions 

are in mm). 
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5.2. Mixed mode I/II fatigue crack arrest in metallic I-girders using FPUR system 

In conjunction with the main objective of the thesis, it is relevant to explain how the proposed 

strengthening design approach (see Chapter 4) can be utilized in a practical case, where there exists a 

mixed mode I/II fatigue crack in a metallic member (or detail). Therefore, as an example, the concept 

of the mixed mode I/II fatigue crack arrest in a metallic I-girder by using the developed FPUR system 

is briefly discussed in this section. 

The schematic of a metallic I-girder having a mixed mode I/II fatigue crack under an arbitrary 

non-moving CA fatigue loading, q(x), is depicted in Figure 1a. For a general case, no analytical 

solution is available to estimate ΔKI and ΔKII, experienced by the unstrengthened cracked I-girder. 

Therefore, an FE simulation based on the LEFM is required. This is mainly due to the fact that ΔKI 

and ΔKII are strong functions of the crack geometry (length and path), loading, as well as the member 

geometry and boundary conditions. As the assumed I-girder is already cracked (Figure 1a), it can be 

inferred that the fatigue state of the member falls in an unsafe zone of the ΔKII–ΔKI failure map (see 

Figure 2). Two scenarios can be assumed: (1) the fatigue crack is detected at an early stage, and 

therefore, the crack tip experiences a mixed mode I/II loading condition that is represented by a red 

circle in Figure 2, and (2) at the time of detection, the fatigue crack has been considerably propagated 

under the mixed mode I/II loading condition, and consequently, has already kinked to a direction 

perpendicular to that of the maximum tensile principal stresses. In the latter scenario, the crack tip 

experiences an almost pure mode I loading condition, which is represented by a red square in Figure 2. 

The aim would be then to calculate the required prestressing level in the proposed FPUR system to 

shift the unsafe fatigue state of the member (in either of the scenarios) onto the proposed linear mixed 

mode I/II criterion (see the green triangles in Figure 2). For this purpose, the FPUR system should be 

incorporated in the established FE model, to determine the modes I and II SIF ranges for the retrofitted 

girder (i.e., ΔKI,r and ΔKII,r) as functions of the prestressing force, Tpre (see Figure 1b). It is important 

to note that, although the crack tip experiences a pure mode I loading condition in scenario (2), 

prestressed strengthening of the girder along its longitudinal axis can significantly alter the stress state, 

and subsequently, can impose a mixed mode I/II loading condition to the kinked crack. 

 

 
(a) 

 
(b) 

Figure 1. Schematic of a metallic I-girder having a mixed mode I/II fatigue crack subjected to an 

arbitrary non-moving CA fatigue loading: (a) before strengthening, and (b) after strengthening by 

using the developed FPUR system. 
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Figure 2. Strengthening concept for a metallic member having a mode I or mixed mode I/II fatigue 

crack. 

 

The modes I and II SIF ranges for the retrofitted girder can be written as follows: 

 , 1 ( ),I r preK f q x T    (1) 

 , 2 ( ),II r preK f q x T   (2) 

where SIF functions f1 and f2 can be determined through the FE simulation of the strengthened 

member. Figure 3 demonstrates the schematic relationship between the modes I and II SIF ranges and 

the prestressing force (for either of the scenarios), which is obtainable from the described FE 

simulation. Considering the proposed linear mixed mode I/II fatigue crack growth criterion as: 

 ,II I th IK s K K      (3) 

the required prestressing force for the arrest of the mixed mode I/II (in scenario (1)) or the mode I (in 

scenario (2)) fatigue crack can be determined by substituting Eqs. (1) and (2), into Eq. (3) and solving 

for Tpre. In a general case, when the friction-induced crack closure is incorporated in the FE model, 

ΔKII,r would be a function of Tpre, as is formulated in Eq. (2). However, by neglecting the friction-

induced crack closure, the following conservative assumption can be made to deal with scenario (1), 

when the developed FPUR system is used: 

,II r IIK K    (4) 

and therefore, Tpre can be simply determined by substituting Eqs. (1) and Eq. (4) into Eq. (3). Whereas, 

such an assumption (i.e., Eq. (4)) leads to an unsafe design for scenario (2), and should be avoided. 

Note that the general design procedure, as well as the design recommendations that are 

comprehensively explained in Chapter 4 (such as the maximum allowable prestressing level), should 

always be followed during the design of such a strengthening system. 

Δ
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(a) (b) 

Figure 3. Schematic relationship between the modes I and II SIF ranges and the prestressing force 

(obtainable from a proper FE simulation of the problem under consideration) for: (a) scenario (1), and 

(b) scenario (2). 

 

From the abovementioned discussions it can be concluded that, the proposed strengthening 

approach to arrest an existing mixed mode I/II fatigue crack can be also of great significance for the 

strengthening of mode I fatigue cracks in metallic members/details with complex crack and/or member 

geometries. The reason is that in such cases, the practical limitations (such as the possible 

strengthening direction) can impose a strengthening intervention, which turns a pure mode I into a 

mixed mode I/II fatigue problem. Neglecting the contribution of mode II (after strengthening) can 

result in an unsafe strengthening solution in such cases.  
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6. Conclusions and future research 

This chapter presents the main findings of the preceding chapters, summarizes the original 

contribution of the present research work, and lists the future work propositions. 

 

6.1. Conclusions 

The main findings of the present research work are categorized based on the three main 

objectives of this PhD work (see Chapter 1) and are summarized into the following subsections, as: 

 

6.1.1. Development of prestressed bonded/unbonded CFRP-strengthening solutions for tensile 

metallic members 

 The experimental results of a set of uniaxial tensile tests, performed on CFRP-strengthened 

steel plates, revealed that the use of nonprestressed bonded/unbonded CFRP reinforcements 

can slightly enhance the stiffness of the member within the strengthened length, while this 

stiffness improvement is almost identical for the case of bonded and unbonded CFRP-

strengthening solutions. Furthermore, the efficacy (in terms of stress reduction in the 

strengthened member) of having relatively high prestressing forces in the NM CFRP 

reinforcements was demonstrated to be much higher than the stiffness enhancement obtained 

by using UHM CFRPs. This finding can be certainly important, when fatigue strengthening 

of existing metallic members is of interest. 

 A novel prestressed unbonded retrofit (PUR) system was developed for the strengthening of 

tensile metallic members using CFRP plates. The system clamps a pair of prestressed CFRP 

plates to a metallic substrate and provides an almost uniform contact pressure over the CFRP 

plate within the anchorage zone. FE simulations were used to optimize the design of the 

required mechanical components of the system. The experimental results of static and fatigue 

tests, performed on the optimized configuration of the system revealed that the developed 

friction-based clamping system is capable of transferring the entire tensile capacity of the 

CFRP plates to the steel substrate, even after experiencing 10 million fatigue cycles. Further 

experimental tests on the steel plate specimens strengthened with the proposed PUR system 

confirmed the high performance of the system, as no slippage/failure occurred. 

 Even though adhesively bonded CFRPs can transfer certain levels of prestressing force to the 

steel substrate, their residual bond capacity is relatively low for carrying the external loads 

on the strengthened member. On the other hand, the proposed PUR system exhibited certain 

advantages, including its fast application, elimination of any surface preparation and 

adhesive curing procedure, high performance of the system in terms of prestressing levels, 

and insensitivity of the proposed system to high service temperatures. Therefore, the 

developed PUR system can be used as a better alternative to the conventional adhesively 

bonded solutions for static and/or fatigue strengthening of existing tensile metallic members. 

 Simple analytical models are proposed to formulate the stress state in prestressed unbonded 

and bonded CFRP-strengthened tensile metallic members. A very good correlation was 

observed between the experimental test results of the CFRP-strengthened steel plates and the 

predictions of the proposed analytical models. The models can be used to determine the 
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stress levels in the CFRP-strengthened tensile steel members (both adhesively bonded and 

mechanically clamped CFRP plates) subjected to external loading in the elastic regime. The 

analytical models also take into account the effects of possible temperature changes that a 

CFRP-strengthened member might undergo. 

 Experimental results demonstrated that a mixed mode I/II fracture governs the debonding 

failure of CFRP-to-steel joints during the prestress release. However, given that the steel 

substrate cannot undergo tensile failure, a relatively high prestressing force (compared with 

the lap-shear strength) can be transferred to the steel substrate prior to debonding. 

Furthermore, accelerated curing (AC) of the epoxy adhesive layer based on heating led to a 

partly cured state of the epoxy adhesive, which resulted in a more ductile behavior, a longer 

effective bond length, and consequently, to a higher prestress release capacity. The AC of the 

epoxy adhesive layer can certainly improve the installation progress in a practical 

strengthening project dealing with prestressed CFRP reinforcements, where the prestressing 

system needs to stay in place to maintain the prestressing force constant during the adhesive 

curing period. 

 

6.1.2. Mode I and mixed mode I/II fatigue crack arrest in metallic members using prestressed 

CFRP reinforcements 

 A strengthening design approach is proposed for the mixed mode I/II fatigue crack arrest in 

existing structural steel members using prestressed unbonded carbon fiber reinforced 

polymer (CFRP) composites. Through the analytical formulation of mode I and II stress 

intensity factor ranges, a design model is proposed to determine the strengthening solution, 

including the required prestressing level and/or the cross-sectional area of the reinforcement, 

which would ensure the complete arrest of an existing mixed mode I/II fatigue crack in a 

steel member. The application of the proposed analytical model is not limited by the 

reinforcement material and/or prestressing technique.  

 The experimental results of the mode I HCF tests revealed that the strengthening of the 

fatigue precracked steel plate with nonprestressed UHM CFRPs increased the fatigue life of 

the specimen by a factor of 4.3, compared to the reference unstrengthened specimen. 

However, crack arrest was only possible when prestressed CFRP plates with a certain level 

of prestressing were used. Therefore, it can be concluded that the efficacy of the prestressing 

force is much higher than the stiffness effect of the reinforcements, when HCF strengthening 

of cracked steel members is of interest. 

 The compliance offset method, applied on the near-crack-tip strain readings, was found to be 

an efficient technique to quantify the crack closure phenomenon under mode I loading 

condition. The experimental results of HCF tests performed on mode I specimens revealed 

that the crack closure had an influence of 30% on the crack growth rate estimations for the 

grade S355J2+N steel utilized. Furthermore, the static and fatigue tests performed on 

reference specimens revealed that neither the tensile mechanical properties, such as elastic 

modulus and yield strength, nor the fatigue characteristics (in terms of Paris’ law parameters 

(C and m) and the crack closure parameter, U) of the utilized steel is dependent on the 

material rolling direction. Nevertheless, this conclusion is not necessarily valid for other 

types of steel/metal, in which the chemical composition and/or the micro structure of the 

material are different than those of the mild steel tested in this study. 
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 Experimental results of the stepwise HCF loading performed on the unstrengthened mixed 

mode I/II test specimens revealed that both the MTS criterion [1] and Liu and Mahadevan’s 

model [2] can fairly predict the mixed mode I/II fatigue threshold in bare mild steel, whereas 

the equivalent SIF range criterion [3], which is commonly used because of its simplicity, 

provided unsafe predictions. Furthermore, experimental results of the prestressed CFRP-

strengthened specimens demonstrated that the proposed strengthening approach resulted in a 

safe design for the complete arrest of the mixed mode I/II fatigue cracks through the 

conservative assumption that the prestressing force, which was transferred as a compressive 

reaction to the precracked specimens, does not contribute to reduce the mode II SIF range 

(ΔKII). It was found that either of the MTS or Liu and Mahadevan’s models can be used to 

obtain a conservative threshold of the mixed mode I/II fatigue crack reinitiation in 

prestressed CFRP-strengthened specimens. 

 The experimental kink angles observed in the unstrengthened and CFRP-strengthened mixed 

mode I/II test specimens showed good agreement with those predicted by the MTS criterion 

[1] and the minimum strain energy density model [4] (also referred to as the S–Criterion). 

Furthermore, Liu and Mahadevan’s model [2] generated with s = 0.866 (
,

,

II th

I th

s
K

K




), could 

fairly predict the kink angle of mixed mode I/II test specimens; however, the model 

(generated with s = 0.866) was found to be incapable of capturing the tensile mode crack 

growth under pure mode I. The equivalent SIF range criterion [3] is not capable of predicting 

the king angle. 

 A simple linear mixed mode I/II model is proposed for design purposes, given that the 

required prestressing level in the reinforcement to ensure the fatigue crack arrest was 

explicitly formulated. It was demonstrated that the application of the proposed linear mixed 

mode I/II model would lead to an almost negligible additional prestressing level, compared 

to that obtained by the MTS design criterion. Therefore, it is believed that the proposed 

linear mixed mode I/II model can be used as a simple conservative design criterion for 

structural retrofitting applications to further reduce the computational effort. 

 For the case of mode I loading condition, the SIF predictions of the proposed analytical 

model for the CFRP-strengthened specimens were in good agreement with the results 

obtained from the established FE model that was based on the LEFM. Therefore, it can be 

concluded that such FE simulations are useful to determine the SIF of unstrengthened 

cracked members having complex steel cross-section configurations, and subsequently, the 

proposed strengthening design approach can be followed to determine the required 

prestressing level and/or the cross-sectional area of the reinforcements for the arrest of an 

existing fatigue crack.  

 

6.1.3. Development of the FPUR system for the strengthening of real-scale metallic I-girders  

 A novel friction-based unbonded strengthening solution, named the flat prestressed 

unbonded retrofit (FPUR) system, was developed for the strengthening of real-scale metallic 

I-girders using prestressed CFRP plates. An FE model was established to optimize the 

dimensions of the required mechanical components of the system, while a set of pull-off tests 

was performed on the optimized design, revealing that the proposed mechanical clamping 

system is capable of transferring the entire tensile capacity of the CFRP plates to the bottom 
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flange of the strengthened girder via friction. A HCF four-point bending test was conducted 

on a 6.4-m long INP300 steel beam that was strengthened using the proposed FPUR system 

with a prestressing level of 53%. The experimental results confirmed that the performance of 

the proposed system is not affected by HCF loading, as neither slippage of the mechanical 

clamping system nor any CFRP prestress loss was observed after 20 million elapsed fatigue 

cycles. 

 An analytical model was proposed to predict the stress state in a steel I-girder strengthened 

with the proposed FPUR system. The comparisons between the experimental results and the 

corresponding predictions of the proposed analytical model revealed that the analytical 

model is capable of accurately predicting the stress levels in the prestressed CFRP 

reinforcements and the steel I-girder, when the strengthened member is subjected to external 

loading. The analytical model also accounts for the temperature-induced stresses that can 

occur in a CFRP-strengthened girder due to the thermal expansion coefficient mismatch 

between CFRP and steel. 

 Based on the extensive laboratory test results, the advantages of the proposed FPUR system 

can be summarized as follows: (1) relatively fast and easy installation and prestressing 

procedure by using manually induced hydraulic actuators (compared to that of the existing 

systems, such as the one previously developed by Ghafoori and Motavalli [5]), (2) active 

control over the prestressing effect on the strengthened member during the prestressing 

process, (3) elimination of surface preparation, which is required for bonded retrofit 

solutions, (4) prevention of any installation damage to the existing member, (5) avoiding 

traffic interruption during the strengthening, (6) capability of modifying (decreasing or 

increasing) the prestressing level at any time, (7) capability of easy removal of the entire 

system without any damage to the strengthened member, (8) insensitivity of the system to 

cyclic thermal stresses and high service temperatures, which might be problematic issues for 

adhesively bonded reinforcements, and (9) excellent performance of the system in terms of 

prestressing levels and fatigue behavior. Therefore, it is concluded that the system can be an 

efficient strengthening solution to increase the static and/or fatigue performance of existing 

metallic I-girders. Relying on the laboratory test results, the proposed FPUR system was 

applied to the cross-girders of Diamond Creek Bridge in Victoria, Australia [6]. The 

installation complexity and the performance of the FPUR system were comprehensively 

compared with those of a nonprestressed bonded CFRP reinforcement, while the long-term 

performance of the two systems has been monitored using a wireless sensor network (WSN) 

system since their application in December 2017 [7]. It is worth mentioning that no prestress 

loss has been observed in any of the CFRP plates at the time of writing, which strongly 

reveals the reliability and durability of the developed FPUR system (see [7] for further 

details).  

 

6.2. Original contribution 

The main contributions made by the present PhD work can be summarized as follows: 

 An original experimental database consisting of various results of mode I and mixed mode 

I/II HCF tests, performed on unstrengthened/strengthened precracked steel plates (executed 

with great care and recording of various experimental responses), is created. 
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 An original experimental database consisting of several large-scale lap-shear and prestress 

release tests, performed on room-temperature cured and accelerated cured adhesively bonded 

CFRP-to-steel joints, is created. 

 An analytically derived design approach is proposed and validated, through which the proper 

strengthening solution can be determined to arrest an existing mode I or mixed mode I/II 

fatigue crack in a structural metallic member.  

 A linear mixed mode I/II fatigue crack growth criterion is proposed, which can be used as a 

simple conservative design criterion for structural retrofitting applications to further reduce 

the computational effort.   

 Various PUR systems for the strengthening of fatigue-prone/damaged metallic members are 

developed through extensive analytical, FE modeling, and experimental static/fatigue testing.  

The on-site application and performance of the developed FPUR system is also demonstrated 

on an old metallic bridge, while certain design recommendations are provided for the 

application of the developed system in possible practical strengthening projects. 

 

6.3. Recommendations for future research 

Relying on the experience and knowledge obtained through this PhD work, the following 

research topics are proposed for possible future research studies:    

 The current research demonstrated that prestressed bonded reinforcements (PBRs) exhibit 

limited bond capacities prior to their debonding failure from the steel substrate. However, 

PBRs can be of interest, when mechanical clamping systems have to be avoided, for 

instance, because of aesthetic reasons. Therefore, it is of interest to further investigate the 

short- and long-term bond capacity and behavior of PBR systems through proper 

experimental and numerical studies. In this regard, the development of high-toughness 

structural adhesives with superior durability aspects would be also of great importance to 

further promote the application of such adhesively bonded reinforcements. 

 Although a considerable number of experimental studies has been dedicated to characterize 

the fatigue behavior of various structural steels within the Paris regime (i.e., stage II crack 

propagation), far less effort has been made to investigate the near-threshold behavior, and in 

particular determination of ΔKI,th in such steels. The existing limited literature on the topic is 

also difficult to interpret, due to the weak documentation of the precracking/testing 

procedure and the influential parameters, such as the crack closure phenomenon. 

Considering the fact that a reliable design for the fatigue strengthening of existing structural 

members relies on the proper selection of a safe design value for ΔKI,th, further experimental 

and probabilistic studies are required to determine the aforementioned design value and the 

proper safety factors applied for various mild steels. In this regard, an influential parameter 

on ΔKI,th is the rolling direction, which should be further studies in the future experimental 

investigations.        

 In this research work no pure mode II fatigue test was conducted, because performing a pure 

mode II fatigue test (with the same scale as that of the mixed mode I/II tests) was almost 

impossible in the uniaxial loading fixture utilized. Therefore, the mode II near-threshold 

behavior of the utilized mild steel (i.e., S355J2+N) could not be investigated. Considering 

the fact that the existing literature on this topic is even poorer compared to that on the pure 
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mode I fatigue loading, it is of great significance to study the mode II near-threshold 

behavior of various structural steels by conducting proper HCF tests, for example, in an 

asymmetric four-point bending configuration (such as those conducted in [8,9] on other 

types of steel). 

 As comprehensively discussed in Chapter 4, less effort has been so far dedicated to study the 

crack closure phenomenon under pure mode II or mixed mode I/II fatigue loading condition, 

and a reliable model that can predict the intensity of crack closure, or even can clearly 

explain its mechanism under pure mode II or mixed mode I/II fatigue loading is still missing 

in the existing literature. Therefore, owing to the significance of the issue, it is recommended 

to investigate the aforementioned topic through novel experimental studies (for instance, see 

[10]) by incorporating state of the art instrumentation. 

 The experimental results of the current research revealed that an existing mode I precrack 

can be suppressed under the combination of compression mode I and mode II fatigue 

loading, while a new crack was initiated from the starter notch in one test specimen (see 

Chapter 4). This phenomenon is believed to be influenced by the precrack length (or its 

relative length to that of the starter notch), the residual stresses at the starter notch and/or the 

precrack tip, as well as the friction/roughness of the precrack surfaces. Therefore, it would be 

of interest to investigate the aforementioned phenomenon and quantify the effects of various 

influential parameters by conducting a comprehensive experimental study on small-scale 

specimens subjected to a combination of tension–compression mode I and reversed mode II 

fatigue loading. 

 The experimental results of the stepwise HCF test, performed on specimen M45–R0–PUR, 

revealed that the existing fatigue precrack was arrested by using the PUR system with a 

prestressing level of 30.2%. To reach the same effect by using nonprestressed CFRP 

reinforcements, with the same material properties as those utilized in the PUR system, 13.4 

times cross-sectional area of the reinforcement would have been needed (calculated through 

Eq. (13) in Chapter 4, by assuming ΔKI,th = 200 N/mm
3/2

). Note that the analytical model 

proposed in Chapter 4 does not take into account the bridging effect of nonprestressed 

bonded CFRP reinforcements, which further contributes in fatigue crack arrest. This 

calculation suggests that nonprestressed bonded CFRP reinforcements may not be financially 

competitive with prestressed systems, when fatigue crack arrest is of interest. Nevertheless, it 

would be worthwhile to investigate the efficiency of nonprestressed bonded CFRP 

reinforcements for mixed mode I/II fatigue crack arrest by performing proper experimental 

and numerical studies. In this regard, relevant phenomena to investigate would be the 

bridging effect and near-crack debonding of bonded reinforcements under mixed mode I/II 

fatigue loading condition.  

 In the current research work the strengthening direction (i.e., the direction, along which the 

unidirectional CFRP reinforcement is applied) was assumed to be parallel to the longitudinal 

axis of the steel member (i.e., steel plate or beam). This is mainly attributed to the fact that 

from a practical point of view, the prestressing/posttensioning of the CFRP reinforcements 

would be only feasible along the member axis. This limitation can be overcome by utilizing 

shape memory alloy (SMA) reinforcements or hybrid SMA/CFRP patches (for instance, see 

[11]). Therefore, it may be of interest to investigate the influence of the strengthening 

direction on the mixed mode I/II fatigue crack threshold of steel members by conducting 
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experimental, analytical and numerical studies. The main objective would be to propose the 

most efficient strengthening direction with respect to the mode mixity angle.    

 In addition to SIF determination for complex geometries, where FE modeling (based on the 

LEFM) can be quite useful, a more advanced FE simulation that incorporates a proper 

cohesive zone model (CZM) can be a powerful tool, through which the crack tip plasticity, 

and subsequently, the crack closure phenomenon can be simulated (for example, see 

[12,13]). Owing to the fact that CZMs can be also utilized to simulate the bond behavior, and 

in particular debonding phenomenon, in adhesively bonded reinforcements (for instance, see 

[14,15]), a combination of well-calibrated CZMs through the extended finite element method 

(XFEM) can lead to a numerical package, which would be capable of solving the mixed 

mode fatigue problem (threshold and propagation) in nonprestressed/prestressed 

bonded/unbonded strengthened metallic members. Consequently, it is believed that the 

development of such a numerical tool is of great significance and would be a valuable 

objective for future research studies.      

 The mixed mode I/II fatigue threshold of mild steel under proportional CA fatigue loading, 

as the relevant loading type in many of the main structural members of metallic bridges, was 

investigated in the current PhD work. However, it is clear that the actual loading condition, 

experienced by some of the metallic details would be nonproportional; an example would be 

the multiaxial (or mixed mode) fatigue loading that is experienced by a metallic connection 

under a moving point load. As a more general case, an assumed metallic member/detail can 

be subjected to variable-amplitude nonproportional multiaxial/mixed mode fatigue loading. 

Although some efforts have been made to tackle the aforementioned topic (see [16] for a 

recent state of the art), much more experimental and numerical investigations are required to 

clarify the contribution of various influential parameters (such as the material under 

consideration, loading type, over loading cycles, crack closure mechanisms, etc.), and to 

predict the fatigue life of unstrengthened/strengthened metallic details under such general 

loading conditions. 

 Last but not least, it is well known that the application of CFRP composites has several 

advantages over the conventional steel reinforcements, in particular owing to their enhanced 

mechanical characteristics, fatigue endurance and durability aspects. The latter, however, can 

be of crucial concern from an environmental point of view. This is mainly due to the fact that 

at the end of the service life of such CFRP-strengthened (or generally FRP-strengthened) 

structures, recycling of those durable FRP materials, better called FRP waste at that stage, 

would be quite challenging. Although the topic has been tackled within other engineering 

disciplines (for example, see [17–19]), unfortunately, the existing knowledge on the 

recycling/reusing of FRP waste produced in the construction industry is quite limited (for 

instance, see [20–23]). On the other hand, the author believes that the reuse of FRP waste in 

concrete mixtures (or any similar attempts towards the reuse of FRP waste in concrete, 

asphalt, sport and leisure equipment, etc.) may not be the best solution to close the loop in 

the FRP life-cycle. Considering the fact that the building industry often deals with huge 

amounts of various construction materials, nowadays including such FRP composites, in 

parallel with promoting the application of FRPs in this industry, it is believed necessary to 

further investigate their possible recycling strategies through international collaborations, 

such as the running EU project, FiberEUse [24]. 
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Appendix A: The existing experimental 

literature on the mixed mode I/II fatigue 

threshold of mild steel 

The existing experimental results on the mixed mode I/II fatigue threshold of bare mild steel are 

collected from the literature and summarized in Table A1.  
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Table A1. Summary of the existing experimental literature on the mixed mode I/II fatigue threshold of mild steel (1 MPa.m
1/2

 ≡ 1000  N/mm
3/2

). 

Reference Material σy (MPa) σu (MPa) Specimen type Notch type Annealing  
Fatigue 

loading 

Inspection 

method 

[1] 

(Otsuka et al., 1975) 

Three types of low-

carbon steel  

A) 189 

B) 169 

C) 153 

A) 374 

B) 273 

C) 287 

Center- and edge-cracked 

plate specimens 

Slit, hole and fatigue 

precracking (2 mm) 

950 ̊C for 3 h, 

furnace cooling 

(after precracking) 

R = 0, -1 

Frequency: 

100–120 Hz 

50x microscope, 

SEM 

Experimental procedure: 

The specimens were tested up to 107 fatigue cycles and each specimen was tested only once under a specific loading condition. Upon reaching 107 fatigue cycles, each 

specimen was fractured in liquid nitrogen for fractography purposes. 

Experimental results: 

Transition from shear mode growth to tensile mode growth (and also the length of the cracks in shear mode) was found to be dependent on the applied stress amplitude. 

The transition occurs at KI = 6.0, 6.2 and 6.0 MPa.m1/2 for steels A, B and C, respectively. Under the condition of mode I loading, the transition from shear mode growth 

to tensile mode growth occurred at a constant K value, irrespective of the specimen geometries, loading conditions and precracking. An experimental mixed mode I/II 

failure map for mild steel was constructed. 

The critical (threshold) mode I SIF for shear mode growth (KIth,shear) = 3.8–4.1 MPa.m1/2 

The critical (threshold) mode I SIF for tensile mode growth (KIth,tensile) = 6.0–6.3 MPa.m1/2 

The critical (threshold) mode II SIF for shear mode growth (KIIth,shear) = 2.1 MPa.m1/2 

The critical (threshold) mode II SIF for tensile mode growth (KIIth,tensile) ≈ 5.3–6.2 MPa.m1/2 

[2] 

(Blom et al., 1982) 

Mild steel 

(Swedish SIS 

1650) 

No info. No info. 
Modified compact 

specimens 
Fatigue precracking No info. 

R = 0.1 

Frequency: 

No info. 

Compliance 

measurement 

Experimental procedure: 

Precracking in mode I was stopped at the mode I threshold through a load decreasing procedure. 

K-increasing technique was used to find the threshold value. 

Experimental results: 

The deviation between K-increasing and K-decreasing techniques for determination of mode I threshold was within the order of 5–8%. 

A difference up to 30 % was reported in mode I threshold SIF for mild steel, when measurements were performed in the rolling direction and perpendicular to it (details 

are not provided in [2]). 

The authors admitted that the crack closure effect might have a great influence on the results; however, the phenomenon was not measured/consider in the results. 

ΔKIth = 15.3 MPa.m1/2 (including unfavorable effects of crack closure, and rolling direction) 

The crack growth mode (tensile or shear) is not reported. 

 

  



Appendix A: The existing experimental literature on the mixed mode I/II fatigue threshold of mild steel 

189 

 

Table A1. (Continued). 

Reference Material σy (MPa) σu (MPa) Specimen type Notch type Annealing  
Fatigue 

loading 

Inspection 

method 

[3] 

(Hua et al., 1982) 

316 stainless steel 246 595 

Three-point and 

asymmetric four-point 

bending specimens 

Fatigue precracking 

and slotted specimens 
Not performed 

R = 0.2, 0.5 

Frequency:  

25–80 Hz 

Travelling 

microscope, DC 

potential drop, 

SEM 

Experimental procedure: 

Longitudinal axis of the specimens was considered to be parallel to the rolling direction. Precracking was stopped at the mode I threshold. 

Test run-out = 2 × 105 cycles; in case of no detectable fatigue crack propagation, the specimen was retested at a higher load range with a fixed ΔKII/ΔKI (stepwise 

loading at fix R ratio and mode mixity). 

At the time, there was no standard criterion available for the condition of fatigue threshold (or fatigue crack arrest). Therefore, a fatigue crack growth rate of one atomic 

distance per cycle (approximately 2.5×10-7 mm/cycle) was employed to define ΔKth (currently, ASTM E647 defines a value of 10-7 mm/cycle). 

Experimental results: 

ΔKIth = 4.34 and 4.31 MPa.m1/2 (R = 0.2 and 0.5, respectively) for precracked specimens using load reduction technique (it is not clear why no crack closure effects was 

observed/reported) 

ΔKIth = 5.81 ± 0.09 MPa.m1/2 (R = 0.2) for slotted specimens using load increasing technique 

ΔKIIth,shear = 2.8 MPa.m1/2 (R = 0.2) for precracked specimens  

In the slotted specimens, at the very beginning of crack propagation, a shear mode growth was reported at the crack tip, which after growing a few grain diameters 

changed into a tensile mode growth (i.e., a branch crack appeared). In the precracked specimens, however, a branch crack was found only when stress intensity factors 

were above the upper bound envelop (tensile mode growth). Between the lower (shear mode growth) and upper (tensile mode growth) bound criteria, cracks were self-

arrested after growing for a short distance in the same plane as the precrack. It was observed that by increasing the R ratio, the difference between upper bound and 

lower bound decreased, indicating the significant effect of crack closure phenomenon. 

[4] 

(Pook, 1982) 

Mild steel 330 465 
Center-notched plate 

specimens 
Fatigue precracking 

650 ̊C for 1 h in 

vacuum (after 

precracking) 

R = 0.1 

Frequency: 

No info. 

No info. 

Experimental procedure: 

KIIth was defined as the critical value of KII necessary for crack growth (even though crack growth might not necessary happen in the plane of the initial crack). 

A practical difficulty that affects any form of mixed mode testing is that, in mode I, variations from the ideal crack shape can only lead to some uncertainty in the KI 

value; however, in the mixed mode condition such variations would introduce an undesirable mode III. As an example, curvature of the crack front can lead to unwanted 

mode III displacements. Precracking in mode I was stopped at the mode I threshold through a load decreasing procedure. 

Experimental results: 

ΔKIIth = 7.6 MPa.m1/2 (the mode of cracking is not reported) 

ΔKIth = 7.2 MPa.m1/2 
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Table A1. (Continued). 

Reference Material σy (MPa) σu (MPa) Specimen type Notch type Annealing  
Fatigue 

loading 

Inspection 

method 

[5] 

(Tong et al., 1994) 

Mild steel (BS 

4360) 
355 530 

Four-point bending 

specimens 

Fatigue precracking 

(15 ± 1.0 mm) under R 

= 0.5 

No info. 

R = 0.1, 0.5, 0.7 

Frequency: 

8–30 

DC potential drop 

Experimental procedure: 

Fatigue precracking in mode I was stopped at the mode I threshold through a load decreasing procedure (with R = 0.5). 

Load increasing technique (10% load increas in each step) was used to find the threshold value in mixed mode condition (test run-out = app. 3 × 105 fatigue cycles). 

The branch crack (mode I growth) was considered for threshold, while neither shear mode nor coplanar growth was observed. 

Experimental results: 

Rcr (load ratio beyond which no R dependency is observed) found to be 0.5 (for mode I) and at this R value the ΔKIth = 4.0 MPa.m1/2. Rcr was found to be a function of 

the mode mixity. 

The experimental results revealed a strong dependence of branch crack threshold on the R ratio. However, the direction of the initial branch crack extension was found to 

be insensitive to R. The insensitivity of the branch angle to the mean stress level suggests that the crack closure phenomenon affects both mode I and mode II 

components of the SIF equally. 

[6] 

(Hellier et al., 2011) 

Mild steel 296 455 Bar specimens 
Sharp notch (no 

precracking) 

2 specimens out of 

9 at 550 ̊C for 2 h, 

furnace cooling 

R ≈ 0.15, 0.29 

Frequency: 

No info. 

Magnifier, 

compliance 

measurement, 

SEM 

Experimental procedure: 

Stepwise loading was incorporated with a test run-out = 4 × 106 fatigue cycles. 

Experimental results: 

ΔKIIth,tensile = 7.3 ± 1.3 MPa.m1/2 (R = 0.15) 

ΔKIIth,shear = 3.2 MPa.m1/2 (R = 0.15) for the case of annealed specimens. 



Appendix A: The existing experimental literature on the mixed mode I/II fatigue threshold of mild steel 
 

191 

 

References 

1. Otsuka, A., Mori, K. and Miyata, T., 1975. The condition of fatigue crack growth in mixed mode 

condition. Engineering Fracture Mechanics, 7(3), pp.429-439. 

2. Blom, A.F., Backund, J. and Jilken, L., 1982. An engineering approach to mixed mode thresholds, 

fatigue thresholds. Fatigue Threshold, Fundamental and Engineering Application. Engineering 

Material Advisory Services Warley, 1982. 1069-1084. 

3. Hua, G., Brown, M.W. and Miller, K.J., 1982. Mixed‐mode fatigue thresholds. Fatigue & Fracture 

of Engineering Materials & Structures, 5(1), pp.1-17. 

4. Pook, L.P., Mixed mode threshold behavior of mild steel. Fatigue Threshold, Fundamental and 

Engineering Application. Engineering Material Advisory Services Warley, 1982. 1007-1032. 

5. Tong, J., Yates, J.R. and Brown, M.W., 1994. The significance of mean stress on the fatigue crack 

growth threshold for mixed mode I+ II loading. Fatigue & Fracture of Engineering Materials & 

Structures, 17(7), pp.829-838. 

6. Hellier, A.K., Zarrabi, K. and Merati, A.A., 2011. On the mode II fatigue threshold for mild steel. 

International Journal of Fracture, 167(2), pp.267-272. 

 

  



Appendix A: The existing experimental literature on the mixed mode I/II fatigue threshold of mild steel 
 

192 

 

 



193 

 

Appendix B: Supplementary fatigue test results 

Supplementary results of fatigue tests, presented in Chapter 4, are reported in this appendix. 

 

Table B1. Fatigue life of tested specimens. 

Specimen label Critical load step σmax
a
 (MPa) N

b
 (million) Ntotal

c
 (million) 

M90–R0–PUR 8 121.6 2.155 9.155 

M67.5–R0–Ref 8 66.2 2.385 9.385 

M67.5–R0–PUR 8 94.9 2.938 9.938 

M45–R0–Ref 8 84.5 1.477 8.477 

M45–R0–PUR 9 127.1 11.800 19.800 
a Maximum far-field stress applied on the unstrengthened cross section of specimen. 
b Number of fatigue cycles to failure applied during the critical load step. 
c Total number of fatigue cycles to failure. 

 

  
(a) (b) 

Figure B1. Load–strain response of reference mode I specimens during the first loading cycle: (a) 

specimen M90–R0–Ref, (b) specimen M90–R90–Ref. 

 

 

Figure B2. Maximum crack mouth opening displacement (CMOD) vs. number of elapsed fatigue 

cycles in reference mode I specimens.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure B3. Fracture surface of specimen: (a) M90–R0–PUR, (b) M67.5–R0–Ref, (c) M67.5–R0–PUR, 

(d) M45–R0–Ref, and (e) M45–R0–PUR. 

  

Mode I precrackFinal fracture

Mode I precrackFinal fracture

Mode I precrackFinal fracture

Mode I precrackFinal fracture

EDM notch tipFinal fracture
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure B4. Crack propagation path in specimen: (a) M90–R0–PUR, (b) M67.5–R0–Ref, (c) M67.5–

R0–PUR, (d) M45–R0–Ref, and (e) M45–R0–PUR. 
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(a) 

 
(b) 

 
(c) 

Figure B5. Fatigue crack propagation results of specimen M90–R0–PUR during load step No. 8: (a) 

2D map of crack tip position, (b) crack propagation vs. number of elapsed fatigue cycles, and (c) 

maximum CMOD vs. number of elapsed fatigue cycles. 
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(a) 

 
(b) 

 
(c) 

Figure B6. Fatigue crack propagation results of specimen M67.5–R0–Ref during load step No. 8: (a) 

2D map of crack tip position, (b) crack propagation vs. number of elapsed fatigue cycles, and (c) 

maximum CMOD vs. number of elapsed fatigue cycles.  
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(a) 

 
(b) 

 
(c) 

Figure B7. Fatigue crack propagation results of specimen M67.5–R0–PUR during load step No. 8: (a) 

2D map of crack tip position, (b) crack propagation vs. number of elapsed fatigue cycles, and (c) 

maximum CMOD vs. number of elapsed fatigue cycles.  
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(a) 

 
(b) 

 
(c) 

Figure B8. Fatigue crack propagation results of specimen M45–R0–Ref during load step No. 8: (a) 2D 

map of crack tip position, (b) crack propagation vs. number of elapsed fatigue cycles, and (c) 

maximum CMOD vs. number of elapsed fatigue cycles.  

2

3

4

5

6

7

0 10 20 30 40 50

y
(m

m
)

x (mm)

x

yN = 0

N = 0.5

N = 1.0

N = 1.5

0

10

20

30

40

50

60

0.0 0.3 0.6 0.9 1.2 1.5

H
a

lf
-c

r
a

ck
 l

en
g
th

,
a

(m
m

)

Elapsed fatigue cycles, N (million)

aeq (mm)

ax (mm)

ay (mm)

ax

ay

aeq

ax

ay

0

100

200

300

400

500

600

700

0.0 0.3 0.6 0.9 1.2 1.5

M
a

x
im

u
m

 C
M

O
D

 a
lo

n
g

 t
h

e 
lo

a
d

in
g

 d
ir

ec
ti

o
n

 (
μ

m
)

Elapsed fatigue cycles,  N (million)



Appendix B: Supplementary fatigue test results 

200 

 

 
(a) 

 
(b) 

 
(c) 

Figure B9. Fatigue crack propagation results of specimen M45–R0–PUR during load step No. 9: (a) 

2D map of crack tip position, (b) crack propagation vs. number of elapsed fatigue cycles, and (c) 

maximum CMOD vs. number of elapsed fatigue cycles.  
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure B10. Load–strain response of specimen: (a) M90–R0–PUR at load step No. 8, (b) M67.5–R0–

Ref at load step No. 8, (c) M67.5–R0–PUR at load step No. 8, (d) M45–R0–Ref at load step No. 8, 

and (e) M45–R0–PUR at load step No. 9. 
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Appendix C: Matlab scripts 

This appendix presents the Matlab scripts that were written and used by the author for the 

following purposes: 

1. To derive the load–compliance offset diagram based on CMOD or near-crack-tip strain 

measurements to determine the crack opening force in accordance with ASTM E647-15 

(see Chapter 3 for further details). 

2. To generate the existing mixed mode I/II criteria that are briefly explained and 

discussed in Chapter 4.  

3. To calculate the required prestressing level to arrest an existing mixed mode I/II fatigue 

crack in a steel plate specimen by using prestressed unbonded CFRP reinforcements 

(see Chapter 4). 

 

C1. Calculation of load–compliance offset   

C1.1. Main routine 

clear 

clc 

%-------------------------------------------------------------------------- 

%Fatigue loading (input data): 

Fmax=140.6; %insert the maximum fatigue load level in kN  

Fmin=28.1; %insert the minimum fatigue load level in kN 

DeltaF=Fmax-Fmin; 

Fmax_static=133.6; %insert the maximum static load during crack 

measurements (0.95*Fmax according to ASTM E647) 

s=0.05; %insert half of "segment" for compliance calculations (full segment 

should be around 10% according to ASTM E647) 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%reading the excel file of the experimental data 

%Note 1: the first column of excel sheet should contain strain (near crack 

tip) or CMOD, the second column should contain external load 

%Note 2: the load-strain (or load-CMOD) of the unloading branch should be 

used 

%Note 3: see ASTM E647 for the minimum number of experimental data 

filename= 'file_name.xlsx'; 

A=xlsread(filename); 

Y=A(:,1); %Strain or CMOD 

X=A(:,2); %Force 

[m,n]=size(A); 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

% calculating the open-crack compliance 

i=1; 

while i<=m  

   if X(i,1)>(Fmax-0.25*DeltaF) %see ASTM E647 for the details  

       X_opencrack(i,1)=X(i,1);  

       Y_opencrack(i,1)=Y(i,1); 

   end 

    i=i+1; 

end  

C_O=polyfit(X_opencrack,Y_opencrack,1); %open-crack compliance 

%-------------------------------------------------------------------------- 

  



Appendix C: Matlab scripts 

204 

 

%-------------------------------------------------------------------------- 

%calculating the compliance matrix 

%Note: This is a matrix with 2 columns, the first one contains the 

compliance values (for each segment) and the second takes the corresponding 

mean (average) load 

j=1; 

while j<(1.15/s) 

    i=1; 

    while i<=m  

    if X(i,1)<(Fmax_static-(j-1)*s*DeltaF) && X(i,1)>(Fmax_static-

(j+1)*s*DeltaF) 

       X_C(i,j)=X(i,1);  

       Y_C(i,j)=Y(i,1); 

    end 

    i=i+1; 

    X_C_NZ=X_C(X_C~=0); %extracting the non-zero part of the selected 

segment 

    Y_C_NZ=Y_C(Y_C~=0); 

    end 

    C(j,:)=polyfit(X_C_NZ,Y_C_NZ,1); %finding the trend line of the segment 

    CO(j,1)=(C_O(1,1)-C(j,1))/C_O(1,1)*100; %Compliance offset 

    CO(j,2)=Fmax_static-(j*s*DeltaF); %Corresponding mean load of the 

compliance offset 

    X_C(:,:)=0; 

    Y_C(:,:)=0; 

    j=j+1; 

end 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%2% compliance offset 

CO2=[-2,0;-2,Fmax_static]; 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%plotting the load-compliance offset 

plot(CO(:,1),CO(:,2),'r-O',CO2(:,1),CO2(:,2),'k-','LineWidth',1) 

legend({'Experimental compliance offset','2% compliance 

offset'},'FontSize',12) 

xlabel('Compliance offset [%]') 

ylabel('External load [kN]') 

grid on 

%-------------------------------------------------------------------------- 

 

C2. Generating the existing mixed mode I/II criteria 

C2.1. Main routine 

clear 

clc 

%-------------------------------------------------------------------------- 

%Material properties (input data): 

KIth = 290; %insert KIth in N/mm3/2  

s =0.866; %insert s=KIIth/KIth (this parameter is only needed to generate 

Liu and Mahadevan's model) 

E=201700; %insert elastic modulus of steel in MPa 

Nu=0.3; %insert Poisson ratio 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%interval for point by point calculation (input data): 

interval=0.01; %insert the desired interval for the point by point 

derivation of the criteria 
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%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

KIIth=s*KIth; 

G=E/(2*(1+Nu)); 

kappa=3-4*Nu; %for plane strain 

%kappa=(3-Nu)/(1+Nu); %for plane stress 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%Liu and Mahadevan's model (see further details in "Liu, Y. and Mahadevan, 

S., 2007. Threshold stress intensity factor and crack growth rate 

prediction under mixed-mode loading. Engineering fracture mechanics, 74(3), 

pp.332-345") 

%calculating the input parameters of the model (gamma, A and B) based on s 

if s>1 

    g=0; 

    A=9*(s^2-1); 

    B=s; 

else 

    g=1/2*acos((-2+sqrt(4-4*(1/s^2-3)*(5-1/s^2-4*s^2)))/(2*(5-1/s^2-

4*s^2))); 

    A=0; 

    B=sqrt(s^2*(cos(2*g))^2+(sin(2*g)^2));  

end 

%calculating the mixed mode I/II criterion 

c=0; 

for i=0:interval:1 

    c = c+1; 

    [x,fval] = FLiu(i*KIth,KIth,KIIth,A,B,g); %calling the function "FLiu", 

which numerically solves the nonlinear criterion 

    KILiu(c) = i; 

    KIILiu(c) = x(1)/KIth; 

    betaLiu(c)=(atan(KILiu(c)/KIILiu(c)))*180/pi;   

    thetaLiu(c)=(g+1/2*atan(2*KIILiu(c)/KILiu(c)))*180/pi; 

end 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%Equivalent SIF range (see further details in "Socie, D.F., and Marquis, 

G.B., 2000. Multiaxial fatigue. Warrendale, PA: Society of Automotive 

Engineers") 

%Note: The equivalent SIF range criterion cannot predict the kinking angle. 

c=0; 

for i=0:interval:1 

    c = c+1; 

    KIequivalnetSIF(c) = i; 

    KIIequivalnetSIF(c) = sqrt(1-i^2); % The criterion is simple: 

Keq=(KI^2+KII^2)^0.5 

end 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%MTS model (see further details in "Erdogan, F. and Sih, G.C., 1963. On the 

crack extension in plates under plane loading and transverse shear. Journal 

of basic engineering, 85(4), pp.519-525") 

%Note: MTS leads to exactly the same mixed mode I/II criterion as the 

"maximum energy release rate" does. See the equations in "Anderson TL. 

Fracture mechanics: fundamentals and applications. CRC Press; 2005" 

c=0; 

for i=0:interval:1 

    c = c+1; 
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    [x,fval] = Fmts(i*KIth,KIth,KIIth); %calling the function "Fmts", which 

numerically solves the nonlinear criterion 

    KImts(c) = i; 

    KIImts(c) = x(1)/KIth; 

    betamts(c)=(atan(KImts(c)/KIImts(c)))*180/pi; 

    thetamts(c)= -x(2)*180/pi; 

end 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%S-criterion (minimum strain energy density model)(see further details in 

"Sih, G.C., 1974. Strain-energy-density factor applied to mixed mode crack 

problems. International Journal of Fracture, 10(3), pp.305-321") 

c=0; 

for i=0:1:90 % for every 1 degree of the mode mixity angle 

    c = c+1; 

    betaSih(c)=i; 

    thetaSih(c)= -fzero(@(theta0)(kappa-1)*sin(theta0-2*betaSih(c)*pi/180)-

2*sin(2*(theta0-betaSih(c)*pi/180))-sin(2*theta0),-

pi/2+betaSih(c)*pi/180)*180/pi; 

    b(c)=thetaSih(c)*pi/180; 

    [x,fval] = FSih(kappa,betaSih(c)*pi/180,KIth,Nu,G,b(c)); %calling the 

function "FSih", which numerically solves the nonlinear criterion 

    KISih(c) = x(1)/KIth; 

    KIISih(c) = x(2)/KIth; 

end 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%plotting the normalized mixed mode criteria (KII/KI,th-KI/KI,th) 

figure(1) 

plot(KILiu,KIILiu,'k-*',KImts,KIImts,'r-

*',KIequivalnetSIF,KIIequivalnetSIF,'b-*',KISih,KIISih,'g-

*','LineWidth',1.5) 

legend({'Liu & Mahadevan (2007)','MTS','Equivalent SIF range','S-

Criterion'},'FontSize',12) 

xlim([0 1.1]) 

ylim([0 1.1]) 

xlabel('KI/KI,th') 

ylabel('KII/KI,th') 

grid on 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%plotting the mixed mode criteria (KII-KI) 

figure(2) 

plot(KILiu*KIth,KIILiu*KIth,'k-*',KImts*KIth,KIImts*KIth,'r-

*',KIequivalnetSIF*KIth,KIIequivalnetSIF*KIth,'b-

*',KISih*KIth,KIISih*KIth,'g-*','LineWidth',1.5) 

legend({'Liu & Mahadevan (2007)','MTS','Equivalent SIF range','S-

Criterion'},'FontSize',12) 

xlim([0 1.1*KIth]) 

ylim([0 1.1*KIth]) 

xlabel('KI [N/mm3/2]') 

ylabel('KII [N/mm3/2]') 

grid on 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%plotting the kinking angle prediction (theta-beta) 

figure(3) 

plot(betaLiu,thetaLiu,'k-*',betamts,thetamts,'r-*',betaSih,thetaSih,'g-

*','LineWidth',1.5) 
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legend({'Liu & Mahadevan (2007)','MTS','S-Criterion'},'FontSize',12) 

xlim([0 90]) 

ylim([0 90]) 

xlabel('Mode mixity angle, beta [Deg.]') 

ylabel('Kinking angle, theta [Deg.]') 

grid on 

%-------------------------------------------------------------------------- 

 

C2.2. Created functions 

function [x,fval] = FLiu(KI,KIth,KIIth,A,B,g); 

  

% x(1)=KII 

% x(2)=alpha 

%g=gamma 

  

lb = [0 0]; %lower bound 

ub = [2*KIIth  pi]; %upper bound 

x0= [KIIth/2 0]; %initial point 

  

options = optimset('Algorithm','active-set','Display','iter','TolX',1e-

10,'TolFun',1e-10); 

[x,fval] = fmincon(@equation,x0,[],[],[],[],lb,ub,@nonlcon,options); 

  

% Nested functions 

    function criterion1 = equation(x) 

        KII= x(1); 

        a= x(2); 

        criterion1 = 

1/(KIth^2)*(KI/2*(1+cos(2*a))+KII*sin(2*a))^2+1/(KIIth^2)*(-

KI/2*sin(2*a)+KII*cos(2*a))^2+A*(KI/3/KIth)^2-B^2; %the main criterion  

    end 

    function [c,ceq] = nonlcon(x)   %introducing the nonlinear constraint 

        KII= x(1); 

        a= x(2); 

        ceq= g+1/2*atan(2*KII/KI)-a; 

        c = -(1/(KIth^2)*(KI/2*(1+cos(2*a))+KII*sin(2*a))^2+1/(KIIth^2)*(-

KI/2*sin(2*a)+KII*cos(2*a))^2+A*(KI/3/KIth)^2-B^2); %positive solution 

    end 

end 

%-------------------------------------------------------------------------- 

function [x,fval] = Fmts(KI,KIth,KIIth); 

  
% x(1)=KII 
% x(2)=beta 

  
lb = [0 -5*pi/4]; %lower bound 
ub = [2*KIIth  pi/4]; %upper bound 
x0= [KIIth/2 -pi/12]; %initial point 

  
options = optimset('Algorithm','active-set','Display','iter','TolX',1e-

10,'TolFun',1e-10); 
[x,fval] = fmincon(@equation,x0,[],[],[],[],lb,ub,@nonlcon,options); 

  
% Nested functions 
    function criterion1 = equation(x) 
        KII= x(1); 
        b= x(2); 
        criterion1 = cos(b/2)*(KI*(cos(b/2))^2-3/2*KII*sin(b))-KIth; %the 

main criterion  
    end 
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    function [c,ceq] = nonlcon(x) %introducing the nonlinear constraint 
        KII= x(1); 
        b= x(2); 
        ceq= KI*sin(b)+KII*(3*cos(b)-1); 
        c = -(cos(b/2)*(KI*(cos(b/2))^2-3/2*KII*sin(b))-KIth); %positive 

solution 
    end 
end 

%-------------------------------------------------------------------------- 

function [x,fval] = FSih(kappa,betaSih,KIth,Nu,G,b); 

  
% x(1)=KI 
% x(2)=KII 
%b=beta 

  
lb = [0 0]; %lower bound 
ub = [1.1*KIth 1.1*KIth]; %upper bound 
x0= [0.5*KIth 0.5*KIth]; %initial point 

  
options = optimset('Algorithm','active-set','Display','iter','TolX',1e-

10,'TolFun',1e-10); 
[x,fval] = fmincon(@equation,x0,[],[],[],[],lb,ub,@nonlcon,options); 

  
% Nested functions 
    function criterion1 = equation(x) 
        KI= x(1); 
        KII= x(2); 
        a11=(1/16/G)*(kappa-cos(b))*(1+cos(b)); 
        a12=(1/16/G)*sin(b)*(2*cos(b)-(kappa-1)); 
        a22=(1/16/G)*((kappa+1)*(1-cos(b))+(3*cos(b)-1)*(1+cos(b))); 
        criterion1 =(a11*KI^2+2*a12*KI*KII+a22*KII^2)-(kappa-

1)*KIth^2/(8*G); %the main criterion    
    end 
    function [c,ceq] = nonlcon(x)   %introducing the nonlinear constraint 
        KI= x(1); 
        KII= x(2); 
        a11=(1/16/G)*(3-4*Nu-cos(b))*(1+cos(b)); 
        a12=(1/16/G)*2*sin(b)*(cos(b)-1+2*Nu); 
        a22=(1/16/G)*(4*(1-Nu)*(1-cos(b))+(3*cos(b)-1)*(1+cos(b))); 
        ceq=betaSih-atan(KI/KII); 
        c = -((a11*KI^2+2*a12*KI*KII+a22*KII^2)-(1-2*Nu)/(4*G)*KIth^2); 

%positive solution 
    end   
end 

%-------------------------------------------------------------------------- 

 

C3. Calculation of the required prestressing level based on MTS model  

C3.1. Main routine 

clear 

clc 

%-------------------------------------------------------------------------- 

%Material properties (input data): 

KIth = 200; %insert design value of KIth in N/mm3/2 

s =0.866; %insert s=KIIth/KIth (this parameter is only needed for initial 

values of the numerical procedure) 

E=201700; %Elastic modulus in MPa 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 
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%Geometry of the steel plate specimen with central inclined crack (input 

data) 

w=150; %insert the steel plate width in mm 

t=10; %insert the steel plate thickness in mm 

theta= 45*pi/180; %insert the crack inclination angle in degrees; Note: for 

pure mode I theta is equal to 90; theta cannot be zero! 

a=9.11; %insert half of crack length in mm 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%CFRP geometry and properties (input data): 

wf=100; %insert the total width of all the CFRP plates in mm 

tf=1.4; %insert the CFRP thickness in mm 

Ef=156000; %insert the elastic modulus of CFRPs in MPa 

fu=2905; %insert the ultimate tensile strength of CFRP in MPa 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%External uniaxial fatigue loading (input data): 

R=0.2; %insert loading ratio 

sigmamax=84.47; %insert the maximum far field stress (on the unstrengthened 

specimen) in MPa 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%interval for point by point calculation (input data): 

interval=0.01; %insert the desired interval for the point by point 

derivation of the criteria 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

KIIth=s*KIth; 

rho=(w*t*E)/(w*t*E+wf*tf*Ef); %calculation of the stiffness ratio 

sigmamin=sigmamax*R; 

Faw=sqrt(pi*a*(sec(pi*a/w))); %geometry factor for SIF calculations (based 

on ASTM E647) 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%calculation of the fatigue state before strengthening 

KIun=(sigmamax-sigmamin)*sin(theta)^2*Faw; %deltaKI before strengthening 

KIIun=(sigmamax-sigmamin)*cos(theta)*sin(theta)*Faw; %deltaKII before 

strengthening 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%MTS model (design curve) 

c=0; 

for i=0:interval:1 

    c = c+1; 

    [x,fval] = Fmts(i*KIth,KIth,KIIth); %calling the function "Fmts", which 

numerically solves the nonlinear criterion 

    KImts(c) = i; 

    KIImts(c) = x(1)/KIth; 

    betamts(c)=(atan(KImts(c)/KIImts(c)))*180/pi; 

    thetamts(c)= -x(2)*180/pi; 

end 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%solving the mixed mode criterion (MTS) to find the required prestressing 

level for crack arrest 
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KIIst=rho*(sigmamax-sigmamin)*cos(theta)*sin(theta)*Faw; %deltaKII after 

strengthening 

[x,fval] = Crack_arrest_MTS(KIIst,KIth,KIIth); %calling the function 

"Crack_arrest_MTS", which numerically solves the nonlinear MTS criterion 

KIst=x(1); %deltaKI after strengthening 

kinkingangle=-x(2)*180/pi; %kinking angle (corresponding to the design 

deltaKth; not the kinking angle at a higher load level!) 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%calculation of the required prestressing level 

sigmaC=rho*sigmamax-(KIst/(cos(theta)^2*Faw)) %required compression in 

steel for mixed mode fatigue crack arrest (MPa) 

epsilonC=sigmaC/E*1000000 %compression strain in steel after prestress 

force release (microstrain) 

Rr= (rho*sigmamin-sigmaC)/(rho*sigmamax-sigmaC)% important check point (Rr 

should be less than zero, otherwise the delta sigma should be modified!) 

epsilon_pre=(sigmaC*w*t)/(rho*wf*tf*Ef)*1000000 %required prestrain in 

CFRPs for crack arrest (microstrain) 

sigma_pre=epsilon_pre*Ef/1000000 %required prestress in CFRP (MPa) 

Tpre=sigma_pre*wf*tf/1000 %total prestressing force (kN) 

level_pre=sigma_pre/fu*100 %prestressing level (%) 

%-------------------------------------------------------------------------- 

  

%-------------------------------------------------------------------------- 

%plotting the MTS design curve and the mixed mode fatigue state before and 

after strengthening 

plot(KImts*KIth,KIImts*KIth,'g-

',KIun,KIIun,'rO',KIst,KIIst,'b*','LineWidth',1.5) 

legend({'MTS (design curve)','Mixed mode fatigue state before 

strengthening','Mixed mode fatigue state after 

strengthening'},'FontSize',12) 

xlabel('KI [N/mm3/2]') 

ylabel('KII [N/mm3/2]') 

grid on 

%-------------------------------------------------------------------------- 

 

C3.2. Created function 
function [x,fval] = Crack_arrest_MTS(KII,KIth,KIIth); 

  

% x(1)=KI 

% x(2)=beta 

  

lb = [0 -pi/2]; %lower bound 

ub = [2*KIIth  pi/2]; %upper bound 

x0= [KIIth/2 -pi/12]; %initial point 

  

options = optimset('Algorithm','active-set','Display','iter','TolX',1e-

10,'TolFun',1e-10); 

[x,fval] = fmincon(@equation,x0,[],[],[],[],lb,ub,@nonlcon,options); 

  

% Nested functions 

    function criterion1 = equation(x) 

        KI= x(1); 

        b= x(2); 

        criterion1 = cos(b/2)*(KI*(cos(b/2))^2-3/2*KII*sin(b))-KIth; 

%solving the main criterion  

    end 

    function [c,ceq] = nonlcon(x) %introducing the nonlinear constraint 

        KI= x(1); 

        b= x(2); 

        ceq= KI*sin(b)+KII*(3*cos(b)-1); 
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        c = -(cos(b/2)*(KI*(cos(b/2))^2-3/2*KII*sin(b))-KIth); %positive 

solution 

    end 

end 

%-------------------------------------------------------------------------- 
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