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ABSTRACT 

The application of Fibre Reinforced Polymer (FRP) reinforcements in structural concrete, particu-

larly for retrofitting purposes, has been steadily increasing. Due to their excellent durability proper-

ties, FRP reinforcement is particularly suited for environmentally exposed structures. However, the 

mechanical properties of FRP reinforcement in compression and the resulting behaviour of concrete 

members reinforced with FRP in compression, remain unresolved. 

This thesis develops an experimental method for the determination of the compressive strength and 

elastic modulus of FRP reinforcement. Using this method, experimental investigations are con-

ducted to characterise the short-term compressive properties of FRP reinforcement bars. Addition-

ally, the long-term interaction between FRP reinforcement and concrete under sustained compres-

sive loading is explored experimentally. A comprehensive parameter study, employing a nonlinear 

method, examines the load-bearing and deformation behaviour of slender concrete members rein-

forced with FRP in compression. Based on these results, a practical model for the determination of 

second-order deflections is proposed that accounts for long-term material properties. Finally, relia-

bility analyses of FRP reinforced concrete members in compression are performed, leading to 

recommendations for partial safety factors regarding FRP compressive strength and elastic modulus. 

 

ZUSAMMENFASSUNG 

Der Einsatz von Bewehrung aus Faserverbundkunststoffen (FVK) im konstruktiven Betonbau, ins-

besondere im Bereich der Bauwerksinstandsetzung, nimmt stetig zu. Aufgrund der vorteilhaften 

Dauerhaftigkeitseigenschaften eignet sich FVK-Bewehrung besonders für den Einsatz in stark um-

weltexponierten Bauwerken. Ungeklärt ist derzeit die Frage nach den mechanischen Eigenschaften 

derartiger Bewehrung unter Druckbeanspruchung sowie das daraus resultierende Verhalten druck-

beanspruchter Betonbauteile mit FVK-Bewehrung. 

Die vorliegende Arbeit befasst sich mit der Entwicklung eines geeigneten Verfahrens zur experi-

mentellen Bestimmung der Druckfestigkeit und des Elastizitätsmoduls von FVK-Bewehrung. Ba-

sierend auf diesem Prüfverfahren werden experimentelle Untersuchungen zur Bestimmung der 

Materialeigenschaften stabförmiger FVK-Bewehrung unter kurzzeitiger Druckbeanspruchung 

durchgeführt. Darüber hinaus wird in einem groß angelegten Versuchsprogramm die Interaktion der 

Langzeiteigenschaften von Beton und FVK-Bewehrung unter Druckbeanspruchung experimentell 

untersucht. Mithilfe eines nichtlinearen Berechnungsverfahrens wird anschließend eine umfangrei-

che Parameterstudie zum Trag- und Verformungsverhalten schlanker Betondruckgliedern mit FVK-

Bewehrung durchgeführt. Aufbauend auf den Berechnungsergebnissen wird ein praxistaugliches 

Modell zur Bestimmung von Verformungen nach Theorie zweiter Ordnung unter Berücksichtigung 

der langzeitigen Materialeigenschaften vorgeschlagen. Untersuchungen zur Zuverlässigkeit von 

FVK-bewehrten Betonbauteilen unter Druckbeanspruchung resultieren in geeigneten Teilsicher-

heitsbeiwerten für die Druckfestigkeit sowie den Elastizitätsmodul der FVK-Bewehrung. 



 

  



Contents 

I 

CONTENTS 

1 Introduction  ............................................................................................... 1 

1.1 Motivation  ................................................................................................ 1 

1.2 Aims of the study ..................................................................................... 2 

1.3 Outline of the thesis ................................................................................. 2 

2 State of the Art ........................................................................................... 7 

2.1 Potentials of FRP reinforcement in concrete structures ...................... 7 

2.2 Fibre reinforced polymer (FRP) reinforcement ................................. 11 

2.2.1 Introduction .................................................................................................... 11 

2.2.2 Application of FRP products in concrete engineering ................................... 12 

2.2.3 Production and surface preparation of FRP reinforcement ............................ 13 

2.2.4 FRP material behaviour .................................................................................. 14 

2.2.5 Contribution of FRP reinforcement to R-principles in concrete engineering 20 

2.3 Concrete structures with FRP reinforcement ..................................... 22 

2.3.1 Reinforced concrete members in pure and eccentric compression ................ 22 

2.3.2 Stress redistribution in steel RC members in compression ............................ 24 

2.3.3 Flexural behaviour of FRP RC members ....................................................... 26 

2.4 Statistical and reliability considerations ............................................. 30 

2.5 Research Questions ................................................................................ 32 

3 Experimental and statistical investigations of the material properties 

of FRP reinforcement in compression (Publication I) ....................... 43 

3.1 Introduction  ............................................................................................ 45 

3.2 Experimental campaign ........................................................................ 54 

3.2.1 Tested specimens ............................................................................................ 54 



Contents 

II  

3.2.2 Experimental setup and measurement instrumentation .................................. 56 

3.2.3 Experimental procedure .................................................................................. 57 

3.2.4 Experimental results ....................................................................................... 58 

GFRP specimens ........................................................................................................ 58 

BFRP specimens ........................................................................................................ 62 

CFRP specimens ........................................................................................................ 63 

3.2.5 Integration of the results from the database .................................................... 66 

3.2.6 Influence of the test slenderness and the setup the FRP compressive material 

properties ........................................................................................................ 69 

3.3 Statistic evaluation ................................................................................. 71 

3.3.1 Kolmogorov-Smirnov test .............................................................................. 71 

3.3.2 Evaluation of the test results ........................................................................... 71 

3.4 Conclusions ............................................................................................. 73 

4 Sensitivity assessment of the load-bearing capacity of FRP reinforced 

concrete columns (Publication II) ........................................................ 81 

4.1 Introduction  ............................................................................................ 83 

4.1.1 FRP material behaviour in compression ......................................................... 83 

4.1.2 Cross-sectional load-bearing behaviour of FRP reinforced columns ............. 83 

4.2 Sensitivity analysis ................................................................................. 85 

4.2.1 Methodology and basic variables ................................................................... 85 

4.3 Results and discussion ........................................................................... 87 

4.3.1 Concentrically loaded columns ...................................................................... 87 

4.3.2 Eccentrically loaded columns ......................................................................... 88 

4.4 Comparison to pure bending ................................................................ 89 

4.5 Summary and conclusions .................................................................... 91 

5 Novel model for the determination of stress redistribution in GFRP 

reinforced concrete members under long-term compression based on 

experimental results (Publication III) .................................................. 97 



Contents 

III  

5.1 Introduction  ............................................................................................ 99 

5.1.1 GFRP creep in tension .................................................................................... 99 

5.1.2 Existing studies on GFRP compressive creep .............................................. 101 

5.1.3 GFRP reinforced concrete in compression ................................................... 102 

5.1.4 Load redistribution in steel-reinforced concrete members under compression102 

5.1.5 Research significance ................................................................................... 103 

5.2 Compressive creep tests on GFRP reinforcement bars ................... 103 

5.2.1 Test program and setup design ..................................................................... 103 

5.2.2 Test evaluation and elimination of temperature induced effects .................. 105 

5.2.3 Experimental results and analytical approximation ..................................... 107 

5.3 Compressive creep tests on GFRP reinforced concrete specimens 110 

5.3.1 Test program and specimen preparation ...................................................... 110 

5.3.2 Experimental results ..................................................................................... 113 

5.3.3 Evaluation of the load redistribution from experimental results .................. 115 

5.3.4 Determination of the load-bearing behaviour after long-term loading ........ 118 

5.4 Analytical model for the determination of the stress redistribution in 

GFRP reinforced concrete members under long-term compression122 

5.5 Conclusions ........................................................................................... 124 

6 Innovative buckling safety verification method for the determination 

of second-order effects in slender FRP reinforced columns including 

effects of FRP creep (Publication IV) ................................................ 133 

6.1 Introduction  .......................................................................................... 135 

6.1.1 Method based on nominal curvature (NCM) ............................................... 135 

6.1.2 Existing experimental studies on slender FRP reinforced columns ï State of the Art

 136 

6.1.3 Design recommendations for slender FRP reinforced columns ................... 138 

6.1.4 Research significance ................................................................................... 139 

6.2 Nonlinear approach for the deflection behaviour of slender FRP RC 

columns ................................................................................................. 140 

6.2.1 Load-bearing behaviour of FRP RC cross-sections ..................................... 140 



Contents 

IV  

6.2.2 Moment-axial force-curvature (µ-ɜ-ə) behaviour ......................................... 144 

6.2.3 Buckling safety verification method ............................................................. 145 

6.2.4 Load-slenderness curves ............................................................................... 147 

6.2.5 Validation of the buckling safety verification method ................................. 148 

6.3 Elaboration of the model proposal ..................................................... 150 

6.3.1 Determination of a FRP RC curvature function ........................................... 150 

6.3.2 Integration of creep effects to the model proposal ....................................... 155 

6.3.3 Formulation of slenderness limits ................................................................. 160 

6.3.4 Compilation of the model ............................................................................. 163 

6.4 Conclusions ........................................................................................... 164 

7 Discussion ............................................................................................... 171 

7.1 Introduction  .......................................................................................... 171 

7.2 Publication I ......................................................................................... 171 

7.3 Publication II  ........................................................................................ 172 

7.4 Publication III  ...................................................................................... 173 

7.5 Publication IV  ...................................................................................... 175 

8 Preparation of the Results for Standardisation ................................. 177 

8.1 Introduction  .......................................................................................... 177 

8.2 Testing FRP reinforcement bars in compression ............................. 177 

8.3 Integration of safety aspects ............................................................... 180 

8.4 Axial load (ɜ) - moment (µ) interaction diagrams ............................ 186 

8.5 Extension of the NCM model to alternative cross-sectional 

geometries ............................................................................................. 189 

9 Summary and Outlook .......................................................................... 197 



Contents 

V 

Annex .......................................................................................................... 202 

Annex A: Axial load (ɜ) - moment (µ) interaction diagrams for different 

d1 / h; d1 / d ratios: ................................................................................ 202 

 





 

 





Introduction 

1 

1 INTRODUCTION  

1.1 Motivation  

Given the challenges mankind faces with regard to climate change, the European Union (EU) 

and the United Nations (UN) have set ambitious goals for the reduction of carbon dioxide (CO2) 

emissions and a more sustainable handling of resources via the European Green Deal [1] and the 

UN Goals for the 2023 Agenda [2]. In this context, the concrete construction industry has a 

particular responsibility, as 6-8 % of the global greenhouse gas emissions are emitted for con-

crete and cement production [3]. In addition to the emission of environmentally harmful carbon 

dioxide, the scarcity of resources for construction purposes is a major concern [4, 5]. According 

to the European Commission [6], the building and construction sector demands 50 % of all ex-

tracted resources and generates 35 % of all waste in the EU. 

Therefore, several approaches to tackle the aforementioned challenges have been developed and 

partly established in concrete construction industry. The development of limestone powder [7] 

or calcined clays [8] as substitutes for conventional CO2-intensive Portland cement represents a 

promising possibility to reduce CO2 emissions. Also, geopolymer concrete represents a potential 

opportunity to reduce the consumption of Portland cement, by introducing polymerisation as a 

novel curing process for concrete [9]. Besides the use of CO2-reduced source materials, the re-

cycling of concrete or concrete aggregates has been implemented in construction practice, rep-

resenting a serious option to save resources [10]. 

Given the poor condition of a large part of German infrastructure [11], the degradation of built 

structures due to exposure to environmental impacts such as carbonisation, de-icing salts, acids 

or marine environment is a major problem. Therefore, innovative reinforcement based on fibre 

reinforced polymers (FRP) represents a promising alternative to conventional reinforcing steel 

due to its advantageous durability properties [12]. In addition, FRP show performant mechanical 

properties that enable the construction of slender and resource-efficient structures [12]. Nowa-

days, in particular the high tensile strength of FRP applications is being addressed with regard 

to efficient member design. 

However, due to a lack of reliable information and understanding with regard to the FRP material 

properties in compression, currently no such consideration of FRP reinforcement is permitted by 

leading standards [12ï14]. 
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1.2 Aims of the study 

Consequently, the overall objective of this thesis is to understand the material behaviour of FRP 

reinforcement in compression and its effects on the load-bearing and deformation behaviour of 

such reinforced concrete (RC) members. To achieve this goal, the following research questions 

are posed: 

1. What is the range of values for the material properties of FRP reinforcement in compression 

and how can the relevant material properties be accurately determined experimentally? 

2. How sensitive is the load-bearing capacity of FRP RC members to the newly formulated 

mechanical properties of FRP reinforcement in compression? 

3. To what extent do long-term effects influence the material behaviour of FRP reinforcement 

and the load-bearing behaviour of FRP RC members in compression? 

4. How does the material behaviour of the FRP reinforcement in (long-term) compression in-

fluence the load-bearing and deflection behaviour of slender FRP RC columns? 

5. How can the research findings of this thesis be integrated into an existing standardisation 

framework, including reliability considerations? 

In order to answer these questions, this thesis is divided into several chapters, as described in the 

following. 

1.3 Outline of the thesis 

The key research questions introduced above are addressed in Publications I to IV, which are 

integrated into the context of this thesis as illustrated in Figure 1-1. 

A review of the State of the art (Chapter 2) on FRP reinforced concrete structures in compression 

serves as an introduction to the topic. The general advantages, opportunities and existing practi-

cal applications of FRP reinforcement are presented with reference to sustainability in the design 

of concrete structures. A subsequent compilation of the crucial information on FRP reinforce-

ment in civil engineering as well as an overview of existing engineering approaches for steel 

reinforced concrete that need to be understood in order to follow this thesis, is provided. Chap-

ter 2 concludes with background information of relevant methods for statistical analysis and re-

liability considerations that wil l be applied in the scope of this thesis. 

Chapter 3 (Publication I) presents experimental results from an investigation of the FRP com-

pressive strength and elastic modulus based on an extensive test program. The elaboration of a 
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reasonable test setup, the experimental results and the corresponding statistical investigations 

give important insides into the compressive material behaviour of FRP and provide essential 

information for the subsequent chapters of this thesis. 

The considerations in Chapter 4 (Publication II) adopt the results of Chapter 3 to highlight the 

sensitivity of FRP reinforced concrete members to the newly determined material properties of 

the FRP reinforcement in compression. These investigations can be considered as preparatory 

measures for the reliability investigations in section 8.3. 

The investigation of long-term effects on the load-bearing behaviour of FRP reinforced concrete 

members in compression is of significant importance for the total service life of such reinforced 

structures. Therefore, experimental results on the compressive creep behaviour of glass fibre 

reinforced polymer (GFRP) reinforcement bars are presented in Chapter 5 (Publication III). In 

addition, the influence of GFRP compressive creep on the load-redistribution behaviour of GFRP 

RC specimens is addressed within an extensive experimental campaign. Finally, the investiga-

tions result in an engineering model for the analytical determination of stress redistribution in 

FRP reinforced concrete members due to creep and shrinkage. 

Chapter 6 (Publication IV) contains the elaboration of an analytical model for the determination 

of second-order effects in slender FRP RC columns. Based on the experimental results of Chap-

ters 3 and 5, the short-term and long-term material behaviour of FRP reinforcement is adequately 

addressed within the proposed model. 

A concluding discussion of the results from Chapters 3 to 6 rounds off the scientific output of 

this thesis in Chapter 7. Finally, practical recommendations for testing FRP reinforcement in 

compression and the derivation of partial safety factors to consider safety aspects are addressed 

to prepare the results for standardisation in Chapter 8. In addition, this chapter includes an ex-

tension of the model proposals from Chapter 6 to alternative geometries. Chapter 9 concludes 

the main results of this thesis and gives an outlook for further research in this context. 
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Figure 1-1: Outline of the thesis 
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2 STATE OF THE ART 

2.1 Potentials of FRP reinforcement in concrete structures 

The major reason for damage of steel reinforced concrete structures is corrosion of the steel 

reinforcement. In general, the alkaline environment of the concrete, with pH values of 12.5 to 

13.5 [1], protects the reinforcing steel from corrosion by means of a passivation layer. Atmos-

pheric carbon dioxide (CO2), which penetrates the concrete cover over time, lowers the pH value 

of the concrete and leads to a progressive destruction of the passivation layer around the rein-

forcing steel. As a result, oxidation of the iron in the steel reinforcement produces iron hydroxide 

with significantly reduced mechanical properties. Due to a larger volume of this reaction product, 

spalling of the concrete cover (Figure 2-1) occurs, leading to a direct exposure of the reinforcing 

steel and eventually to failure of the structure. To prevent this from happening, standards specify 

minimum concrete covers of several centimetres as a function of the environmental exposure 

such as carbonation, chlorides or marine environment [2]. 

  

Figure 2-1: Corrosion of steel reinforcement and corresponding spalling of the concrete cover 

In the past years, fibre reinforced polymer (FRP) reinforcement has been established as serious 

alternative to conventional reinforcing steel in concrete construction. Among others, Hales et al. 

[3] highlight the demand for innovative solutions to counteract the gradual deterioration of build-

ings due to corrosion of the steel reinforcement. Abdelazim et al. [4] demonstrate the potential 

of FRP reinforcement with regard to improved durability properties by referring to multi-billion 

dollar damage costs to structural buildings in the USA and Canada. Xue et al. [5] point out the 

excellent corrosion resistance of FRP reinforcement bars, revealing a great potential of FRP RC 
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structures against environmental impacts such as de-icing salts or marine environment. Deitz et 

al. [6, 7] propose the use of GFRP reinforcement bars as an alternative to steel reinforcement in 

concrete bridge construction. 

According to Seifert and Lieboldt [8], the service life of concrete structures reinforced with car-

bon fibre reinforced polymers (CFRP) can reach up to 200 years, far exceeding a period of 

50 years which is referred to as the design service life of conventionally steel reinforced struc-

tures [9]. For existing buildings that would otherwise be destined for demolition, retrofitting with 

FRP applications represents an efficient way to extend the life of such structures [10ï12], with 

significant potential in terms of resource scarcity and impact on global warming potential (GWP) 

[8, 11]. 

The high-performant material properties and the reduced concrete cover requirements [8, 10] 

enable the design of very slender and architecturally attractive structures [10], cf. Figure 2-2 (i). 

As a result, FRP RC has the potential to reduce the resource consumption of reinforced concrete 

structures by 70-80 % [8, 13] as exemplary shown by the slender beams in Figure 2-2 (ii). This 

results in economic advantages in the transportation of precast concrete elements made of FRP 

reinforced concrete [11]. Furthermore, lightweight structures allow for the installation of com-

plete structures such as pedestrian bridges [8] (Figure 2-2 (iii)) . Due to the light weight of such 

structures, smaller foundations are required, resulting in less environmentally invasive ground 

operations as demonstrated by Lowiner and Kurath [14]. 

However, due to the high cost and high carbon footprint of CFRP in particular, Stoiber et al. [11], 

among others, recommend the use of FRP reinforced concrete mainly for structures with high 

environmental exposure. In addition, multiple authors [11, 15] state that the application of FRP 

reinforcement in flexural members is only economically reasonable, if the high strength of the 

FRP can be properly utilised. Due to the generally lower elastic modulus of the FRP reinforce-

ment compared to steel, the axial stiffness of the reinforcement is reduced and deformations are 

often critical in the design of FRP reinforced concrete members [16]. To counteract this, several 

researchers have conducted experimental studies on prestressing FRP reinforced structures [15, 

17]. A high-potential application of CFRP reinforced concrete was introduced by Kurath et al. 

[18], who used carbon fibre rovings to prestress thin concrete panels made of high strength con-

crete (CPC = carbon prestressed concrete), cf. Figure 2-2 (iv). 
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(i) (ii)  

  
(iii)  (iv) 

Figure 2-2: Potentials of FRP reinforced concrete (from top left to bottom right): (i) Architectural structures such 

as the ñCUBEò in Dresden [19]; (ii) Lightweight beams for a sports centre ñ49. Grundschuleò in 

Dresden-Plauen; (iii) Installation of whole bridge structures in Albstadt-Ebingen [20] and (iv) Carbon 

prestressed concrete (CPC) [21] 

Each of the examples above involves structures subjected to bending with a corresponding ap-

plication of the FRP reinforcement in tension. However, for practical reasons, a large proportion 

of bending structures are reinforced with continuous longitudinal reinforcement at both the top 

and bottom edge of the cross-section. This applies in particular for multi span slabs, which are 

standard in many structures. Due to the existence of bending moments with positive and negative 

values, the continuous FRP reinforcement is partly located in the compression zone of the flex-

ural member. Therefore, it is important to understand the material behaviour of the FRP rein-

forcement in compression in order to consider the contribution of the FRP reinforcement located 

in the compression zone to the moment resistance for an efficient design. On the other hand, it 

is necessary to eliminate any potential risk of weakening the cross-section by introducing FRP 
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reinforcement unable to withstand compressive stress, as found by Bochmann et al. [22] for 

CFRP grids. 

However, the need for increased durability does not only exist for members subjected to bending. 

In particular, for structures exposed to high levels of environmental impact, such as diaphragm 

walls (Figure 2-3 (i)), walls for sewage treatment plants (ii) or bridge piers (iii), the use of FRP 

reinforcement can generally lead to a significant increase in service life, regardless of the me-

chanical properties. Consequently, there is a high potential for a more efficient design of such 

structures, if the material properties of FRP in compression can be properly understood and in-

tegrated into various models for the design of FRP RC structures. 

Figure 2-3: Application of FRP reinforcement in compressive members (from top left to bottom right): (i) Dia-

phragm walls; (ii) Walls for sewage treatment plants; (iii) Retrofitting of bridge piers; (iv) Slab, 

punch and column reinforcement in a laboratory building [23]; (v) and (vi) FRP reinforcement in 

columns for thermal separation [24] 

In addition to its favourable durability properties, FRP exhibit advantages in terms of their phys-

ical characteristics. Due to its non-electromagnetic conductivity, glass fibre reinforced polymer 

(GFRP) reinforcement is increasingly used in applications where sensitive measuring equipment 

   
(i) (ii)  (iii)  

   
(iv) (v) (vi) 



State of the Art 

11 

could be disturbed. This applies in particular to hospital buildings with rooms for magnetic res-

onance imaging (MRI), laboratory buildings, fusion reactors or foundation structures for elec-

tromagnetically controlled railways [25]. The slab, punching shear and column reinforcement 

made of GFRP of such a laboratory building is shown in Figure 2-3 (iv). In addition to that, 

GFRP reinforcement is less heat conductive than steel, making it useful for connecting exterior 

members to internal load-bearing structures. In particular with regard to connecting exterior fa-

çade elements to load-bearing structures or connection between basement columns to storeys 

above, FRP connectors can serve to reduce thermal bridges, cf. Figure 2-3 (v) and (vi). 

2.2 Fibre reinforced polymer (FRP) reinforcement 

2.2.1 Introduction  

The first applications of continuous fibres in civil engineering were documented by the Japan 

Society of Civil Engineers in 1987 [26]. Since then, the use of FRP products in civil engineering 

has gradually increased. FRP consist of fibres that can be produced from alternative source ma-

terials (e. g. carbon, glass, basalt) and a polymer matrix that coats the fibres and enables stress 

redistribution between the fibres. In addition, it protects them from environmental impacts such 

as acids, alkaline environment, humidity, UV radiation, transverse stresses and mechanical abra-

sion [26ï28]. 

Glass fibres are made from a mixture of silica sand, limestone, kaolin, dolomite, fluorspar and 

boric acid [27, 28]. Basalt fibres are made from basalt stone [26], which is widely available 

worldwide. In addition, zirconium silicate can be added to the mixture in order to improve the 

durability of the basalt fibres to alkaline corrosion [29]. Polyacrylonitrile (PAN), a synthetic raw 

material, is the most commonly used precursor for the production of carbon fibres [26]. 

Regarding the polymer matrices, there are generally two different types: (i) thermosets and (ii) 

thermoplasts [26]. Both types of resins are made from polymers or polymer precursor materials, 

additives and chemically reactive components [28]. Thermosets are characterised by strong mo-

lecular bonds, resulting in high strength and stiffness values with good durability properties [27]. 

Furthermore, the liquid properties allow the production of FRP reinforcement with high fibre 

volume content, which has a positive effect on the mechanical properties of the FRP. Conse-

quently, thermosets such as epoxy (EP), polyester (PE) or vinyl ester (VE) are the most com-

monly used polymer matrices for civil engineering purposes. The main disadvantage of thermo-

sets is their poor recyclability due to their inability to melt once cured. Conversely, thermoplastic 
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polymer matrices are deformable, when reheated, even after long periods in the same shape [26]. 

This makes thermoplasts interesting for FRP applications in terms of product reuse and recycling. 

However, thermoplasts such as polyether ether ketone (PEEK), polyphenylene sulphide (PPS) 

or polysulfone (PSUL) are difficult to process due to their high viscosity [30] and have therefore 

not been widely used for an application of FRP reinforcement in concrete structures [31]. 

2.2.2 Application of FRP products in concrete engineering 

Nowadays there are several products based on FRP for use in concrete construction, some of 

which are shown in Figure 2-4. Besides the application of FRP as longitudinal reinforcement 

bars (i) or grids (ii), shear reinforcement exists as hoops and stirrups. FRP spirals (iii) represent 

a useful product for the enhancement of the ductility properties of concrete columns with circular 

cross-section. In addition to internal reinforcement, FRP has also established as connector be-

tween the inner and outer shell of façades and as external tendons for bridge structures (iv). 

Besides the application of FRP products in new buildings, retrofitting of buildings by the aid of 

FRP products is considered a very relevant field of application. The use of external FRP sheets 

(v) to enhance the load-bearing capacity and ductility of concrete columns through confinement 

of the concrete has been established as an effective measure for retrofitting buildings, particularly 

in earthquake prone areas [32]. FRP grids combined with thin mortar layers (vi) can also be used 

to retrofit buildings subjected to increased loads due to alternative use or to repair cracks. 
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(i) (ii)  (iii)  

   
(iv) (v) (vi) 

Figure 2-4: FRP reinforcement products (from top left to bottom right): (i) FRP reinforcement bars; (ii) FRP reinforcement 

grids; (iii) FRP spiral reinforcement [33]; (iv) External CFRP tendons for bridge applications [34]; (v) Retrofitting 

concrete columns with FRP sheets [35] and (vi) FRP grids for retrofitting of existing concrete shells [36] 

2.2.3 Production and surface preparation of FRP reinforcement 

Glass fibres are produced by melting the respective source materials (section 2.2.1) in a furnace. 

The resulting viscous mixture is refined and then extruded through small jets from the forehearth 

of the furnace [27]. As the mixture solidifies at ambient temperature, it is drawn at high speed to 

obtain its fibrous character. Simultaneous impregnation of the fibres improves the bonding prop-

erties with the polymer matrix. Subsequent winding onto coils serves to transport the fibres for 

further processing. Different glass fibre types can be produced depending on the raw materials 

used. For civil engineering applications, alkali resistant (AR) and electrical corrosion resistant 

(ECR) glass fibres represent the most relevant fibre types. Basalt fibres are produced in the same 

way as glass fibres [29], regardless of the different source materials. To produce carbon fibres, 

the precursor (PAN), which is already present in fibrous form, is processed in four steps: 

(i) oxidation, (ii) carbonisation, (iii) graphitisation and (iv) preparation of the fibre surface. 

Within these steps the PAN fibres are exposed to different temperatures and gases, depending 

on the desired strength and stiffness properties of the carbon fibre [27]. As with glass and basalt 

fibres, the carbon fibres are wound onto coils for further processing. 
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These fibres are then used as precursors in the manufacturing of FRP products. Fibres from mul-

tiple coils are bundled into a strand, which is drawn through a bath containing the polymer matrix 

in its liquid phase. In this state, the fibre strand containing the liquid polymer matrix can be 

fabricated to any desired geometry and surface texture [27, 28]. The polymer matrix is then cured 

at high temperature. In this way it is possible to produce a variety of reinforcement bars and 

rovings for FRP grids with different diameters and surface finishes. The latter in particular is of 

great importance for the bond mechanisms and the corresponding cracking and deflection be-

haviour of FRP RC members. 

For this reason, different surface textures have been established, of which the four most relevant 

are presented in Figure 2-5. A grooved surface (i) closely resembles the surface conditions of 

conventional steel reinforcement due to the resulting bracket geometry. The application of a ten-

sioned (ii) or untensioned strand (iii) during the curing of the polymer matrix also results in a 

bracket-like surface geometry. Surface preparation by sand coating (iv) is a technique that results 

in a friction-controlled bond behaviour. Sand coating can also be combined with other surface 

preparation techniques to improve bond performance. 

(i) 

 

grooved 

(ii)  
 

helically wrapped (tensioned strand) 

(iii)  
 

helically wrapped (untensioned strand) 

(iv) 
 

sand coated 

Figure 2-5: Different FRP surface geometries (adapted from El Ghadioui [16], with extensions) 

2.2.4 FRP material behaviour 

As mentioned above, within the FRP, the fibres mainly serve to carry the loads in the longitudinal 

direction of the FRP, while the polymer matrix allows stress redistribution between the fibres. 

Consequently, the FRP elastic modulus EFRP is preliminary governed by the elastic modulus of 

the fibres Ef, as shown by the mixture rule (Eq. 2-1) [26]. In addition, the fibre volume content 

Vf, which ranges between 40 and 75 % [37, 38] for applications in concrete engineering practice, 

is crucial for the estimation of the FRP elastic modulus. The elastic modulus of the polymer 

matrix Em takes a secondary function in this context. 
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FRP f f f m(1 )E V E V E= Ö + - Ö  Eq. 2-1 

The stress-strain behaviour of FRP is known to be linear elastic in tension, as shown in Figure 

2-6. Tensile rupture is initiated by failure of individual fibres, followed by a progressive failure 

of the entire cross-section. Depending on the bond properties between the fibres and the polymer 

matrix, the failure of single fibres can be absorbed by a redistribution of the stresses to adjacent 

fibres through the polymer matrix [39]. However, this mechanism does not prevent the FRP from 

failing in a brittle manner. This linear elastic material behaviour up to failure represents the most 

significant difference to the stress strain relationship of reinforcing steel, which is characterised 

by a distinct yield behaviour as shown in Figure 2-6. 

Carbon fibre reinforced polymers (CFRP) feature the most performant mechanical properties in 

tension with tensile strength values ranging between 600 ï 3,690 N/mm² [16, 26, 40], followed 

by basalt fibre reinforced polymers (BFRP) (1,000 ï 1,700 N/mm²) [29] and glass fibre rein-

forced polymers (GFRP) (450 ï 1,600 N/mm²) [26, 41]. The same order can be observed for the 

elastic moduli (CFRP: 100,000 ï 580,000 N/mm²; BFRP: 56,500 ï 67,700 N/mm²; GFRP: 

35,000 ï 60,000 N/mm²) [16]. Note that the material properties of GFRP and BFRP can be as-

sumed to range in the same order of magnitude and are thus presented as one graph in Figure 

2-6. 

 
Figure 2-6: Material behaviour of different types of FRP in tension in comparison to reinforcing steel 

Due to the longitudinally oriented fibres, the material properties of FRP are highly anisotropic. 

According to [28], the transverse stiffness of FRP with an epoxy polymer matrix range from 6 % 

Reinforcingsteel

GFRP / BFRP

CFRP

Failure

Ů

ů
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(CFRP) to 32 % (GFRP) of the stiffness in the longitudinal direction. The transversal to longitu-

dinal strength ratio ranges in a comparable order of magnitude, revealing transversal strength 

values of approx. 5 ï 10 % of the longitudinal direction as a function of the material properties 

of the polymer matrix [27]. 

Testing FRP tensile strength 

The determination of the mechanical properties of FRP reinforcement bars in tension is specified 

in ASTM D7205/D7205M-06 [42] and the DAfStb (German Committee for Reinforced Con-

crete) guidelines for FRP RC structures [43]. Due to the susceptibility of the FRP to transverse 

stresses, the tensile force is applied to the test specimen via steel tubes, as shown in Figure 2-7. 

The FRP test specimen is fixed centrically into these steel tubes at both ends of the specimen. 

The tubes are then filled with a resin or adhesive grout. In order to exclude bond failure inside 

the tube, the minimum tube diameter and length la are predefined in ASTM D7205/D7205M-06 

[42] as a function of the tested FRP material (GFRP or CFRP) and the bar diameter. 

Due to the brittle failure behaviour of FRP in tension, the test specimen lacks the capability of 

internal load transfer. Consequently, the test specimen represents a series system that fails as 

soon as its weakest link fails. As a result, the failure probability increases with the number of 

elements within the series system. This effect is known as the statistical size effect and has been 

transferred from Weibull [44] to the design of FRP RC structures by Rempel [45]. Note that the 

theoretical number of serial elements can be referred to as the free testing length of the FRP 

tensile specimen [27]. As a result, the free testing length l test plays a crucial role for testing the 

FRP tensile strength. According to ASTM D7205/D7205M-06 [42], the minimum free testing 

length between the anchorage points is defined as a maximum of 380 mm and 40 times the bar 

diameter. Conversely, the DAfStb guidelines for FRP RC structures [43] specify the minimum 

free testing length as the maximum of 380 mm and 20 times the bar diameter. 

 
Figure 2-7: Test specimen for FRP reinforcement in tension according to [42] and [43] 

  

FRP reinforcementbarAdhesiveepoxy/ grout Steel tube

la lal test
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FRP subjected to long-term tensile loading and environmental exposure 

With regard to the total service life of a structure, the long-term material behaviour of its com-

ponents must be considered. While reinforcing fibres are generally not subject to creep, most 

polymer matrices exhibit significant creep, when subjected to sustained tensile loading [46, 47]. 

As long as the sustained tensile stress does not exceed a certain endurance limit, creep strains do 

not have a negative effect on the FRP tensile strength, but only result in an increase in longitu-

dinal strains that follow a logarithmic curve over time [26]. However, if the applied load exceeds 

this endurance limit, the tensile stresses lead to a gradual destruction of the FRP, eventually 

resulting in creep rupture [26, 48]. The level of the endurance limit varies strongly, as a function 

of the fibre volume content and the fibre type [16]. This reduction in tensile strength is enlarged 

by the simultaneous exposure of the FRP to various environmental conditions such as high tem-

perature, humidity or alkaline environment [49]. The combination of long-term loading with 

such environmental impacts results in a significant reduction of the short-term tensile strength 

of the FRP, as shown by Weber [48] among others. 

ACI 440.1R-15 [40] proposes separate reduction factors to prevent creep rupture and to account 

for environmental effects on the tensile strength. While reduction factors of between 0.20 for 

GFRP and 0.55 for CFRP are recommended to prevent the FRP from creep rupture, the corre-

sponding reduction factors to account for environmental effects are between 0.70 to 0.80 for 

GFRP and 0.90 and 1.00 for CFRP, depending on the exposure situation. Similar specifications 

can be found in CNR-DT2003/2006 [50]. Here, a product approach, consisting of one factor for 

the long-term loading and another factor for the consideration of humidity is proposed. Depend-

ing on the fibre and polymer matrix combination, reduction factors ranging between 0.24 (GFRP 

exposed to humidity) and 0.90 (CFRP exposed to humidity) are recommended. However, long-

term loading at simultaneous environmental exposure seems more appropriate due to the signif-

icant influence of the exposition to the endurance limit. El Ghadioui [16] recommends a value 

of Ŭnmt = 0.90 for CFRP reinforcement, following Spelter et al. [51] who carried out long-term 

tensile tests on CFRP reinforcement embedded in concrete with simultaneous exposure to high 

temperatures (40 and 60°C) and water. Rempel [45] recommends reduction factors of 0.60 for 

GFRP made of AR glass fibres and reports values from the literature ranging between 0.55 and 

1.00 for CFRP. The DAfStb guidelines for FRP RC structures [52] refrain from providing fixed 

reduction factors due to the high availability of possible fibre and polymer matrix combinations. 
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Alternatively, a detailed procedure for the determination of such factors is given. Curbach et al. 

[53] also highlight ongoing research on this topic. 

Design values of tensile strength 

To meet the reliability requirements of Eurocode 0 [54], the DAfStb guidelines for FRP RC 

structures [52] propose the following procedure for determining a design value of the FRP tensile 

strength ftd. First, the short-term mean tensile strength ftm has to be determined on a minimum of 

five valid test specimens. Material scatter is taken into account by defining the 5 % fractile as 

the characteristic value ftk (Eq. 2-2). The coefficient kn can be determined from Eurocode 0 [54], 

Table D.1, while the coefficient of variation (CoVft) must be taken from the experimental sample. 

In addition to the material scatter, the statistical size effect [44] as mentioned above is taken into 

account by a factor Ŭeff = 0.85 according to Rempel [45]. On the one hand, this factor considers 

the conversion of the testing length in the test setup to the actual length of the tensioned FRP 

reinforcement bar in the flexural member, as discussed above. On the other hand, for flexural 

FRP RC members failing due to tensile rupture of the FRP reinforcement, the load-bearing ca-

pacity is directly proportional to the tensile strength of the internal FRP reinforcement bars. Due 

to the brittle failure behaviour of the FRP reinforcement bars, an FRP RC member containing a 

particular number of FRP specimens represents a series system as well. In order to tackle the 

resulting weakest-link effects, Ŭeff = 0.85 must be considered. 

tk tm n ft eff(1 )f f k CoV a= Ö - Ö Ö Eq. 2-2 

The characteristic value of the FRP tensile strength ftk from Eq. 2-2 is then multiplied with a 

factor Ŭnmt, to account for long-term loading and environmental effects, as discussed above. Fi-

nally, the division by a partial safety factor ɔFRP,ft = 1.30 serves to satisfy reliability requirements 

and gives the design value of the FRP tensile strength ftd. 

tk
td nm

F

t

RP,ft

f
f

g
a= Ö  Eq. 2-3 

Note that in [52] ɔFRP,ft = 1.30 is limited to tensile failure of non-prestressed FRP reinforcement 

and does not include shear failure mechanisms. However Hiesch [15] showed that ɔFRP,ft = 1.30 

also serves to satisfy the reliability requirements for prestressed FRP reinforced concrete mem-

bers subjected to pure bending in the ultimate limit state. 
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FRP material behaviour in compression 

Despite the extensive research into the tensile material behaviour of FRP and its implementation 

in standards, there is still no consensus between different researchers with regard to the material 

behaviour in compression. Consequently, leading international standards in concrete engineering 

do not allow the consideration of FRP reinforcement in compression due to limited experience 

on this topic [40, 55]. Considering the various applications of FRP reinforcement in compression 

members (Figure 2-3), there is a high potential for a more efficient design of such structures if 

the FRP material behaviour in compression can be properly understood and therefore considered 

within corresponding engineering models. 

The material behaviour of FRP in compression has long been studied in the context of other 

industries. Therefore, the existing failure modes, namely: (i) longitudinal splitting, (ii) shear crip-

pling and (iii) compressive failure are known to occur for various combinations of fibres and 

polymer matrices [56]. It is also known that the compressive strength significantly depends on 

the slenderness of the tested specimen, due to the pronounced anisotropic material behaviour of 

FRP and corresponding non-uniformly distributed stresses [57]. Several researchers have at-

tempted to formulate models for the analytical determination of the FRP compressive strength 

[58]. However, the majority of these models lack any engineering relevance as they require very 

specific material properties which are often unavailable or difficult to determine [59]. With re-

gard to the deformation behaviour of FRP in compression, the basic literature does not distin-

guish between compressive and tensile elastic moduli of the fibres [27, 28, 60, 61]. Nevertheless, 

several researchers in concrete engineering tested the elastic modulus of FRP in compression 

and found values that significantly differ from the tensile modulus [62, 63], while others found 

quite good agreement between the tensile and the compressive moduli [25, 31, 64]. It shall be 

noted in this context, that the aforementioned researchers used different slenderness ratios and 

different load introduction methods to test the specimens in compression, mostly referring to 

ASTM D695-15:2015 [65]. This standard provides guidelines for testing unreinforced plastics 

in compression via the end faces of the specimen. While the application of the testing load via 

the end faces of the specimen is not problematic in this case, due to the isotropic material behav-

iour of unreinforced plastics, this type of load application can cause considerable problems for 

the highly anisotropic FRP specimens if the load application areas are not prepared carefully 

enough. However, there is no consensus among the various researchers about how to properly 
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test FRP reinforcement in compression. This may also be the reason why a number of researchers 

have observed a material behaviour in compression which is not linear elastic [64]. 

Besides the short-term compressive material behaviour, the long-term effects of FRP in com-

pression have only been part of a small number of studies, investigating the creep behaviour of 

GFRP profiles [66ï68]. These studies show creep rates of approximately the same magnitude as 

in tension. However, due to significant differences in fibre volume content and the material prop-

erties of the fibres and polymer matrices, these results do not allow any conclusions to be drawn 

regarding the use of FRP reinforcement in concrete structures. 

2.2.5 Contribution of FRP reinforcement to R-principles in concrete engineering 

Speaking about the extension of the service life of reinforced concrete structures, it is important 

to consider the interest of building investors to a conversion of such structures. In such cases, 

buildings are now most frequently demolished and replaced by new structures that meet the in-

vestorôs requirements. The so-called R-principles such as - Refuse, Reduce, Reuse and Recycle 

[10] - can help to avoid this wasteful handling of resources. FRP reinforcement can serve as an 

effective building material to achieve the objectives of these principles, some of which are ad-

dressed below. 

With regard to the construction industry, Refusing to demolish existing structures and Refusing 

to create new ones is undeniably the most sustainable way to manage our built environment. 

However, where construction is necessary to ensure the usability of buildings, measures should 

be taken to Reduce greenhouse gas emissions and the consumption of valuable building re-

sources, for example by retrofitting existing buildings rather than demolishing them. As men-

tioned above, the retrofitting of buildings with FRP applications has already been established as 

an effective measure [69]. Especially for infrastructural buildings such as bridges [70, 71] or ship 

locks [72], FRP reinforcement is beneficial, due to its advantageous durability properties com-

pared to steel reinforcement. FRP RC has also been investigated for the repair of damage caused 

by seismic events, which resulted in model proposals for engineering practice [73, 74]. 

However, retrofitting measures reach their limits when a change of use is desired for a particular 

building. In such cases, different types of Reuse measures can lead to a high-quality conversion 

of buildings with minimal energy and resource consumption. In this context, the application of 

DfD (Design for Deconstruction) principles [75] in the design of new buildings reveals effective 
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opportunities for the reuse of buildings or individual members. Demountable connections be-

tween members are key to a successful DfD and have been studied for timber-concrete composite 

slabs [76], dry-stack masonry [77] or bolt connections and dry joints for precast concrete struc-

tures [78], among others. A current research project at TU Darmstadt is investigating the load-

bearing and deflection behaviour of material efficient slabs made of carbon prestressed concrete 

(CPC) elements (Figure 2-2 (iv)). The elaboration of demountable shear connections is a major 

object of this project. However, a major part of existing buildings was constructed without any 

consideration of DfD principles. Therefore, several research projects study the effectiveness of 

deconstruction methods and in particular the Reuse of individual members from existing build-

ings. Byers et al. [79] collected information from reuse projects around the world. While several 

projects address reuse of windows, doors and glass façade elements [80, 81], the reuse of load-

bearing elements is limited to a very small number. 

However, in some cases ï present and future ï buildings will have to be partially or entirely 

demolished. In such cases, high quality Recycling of the pure material fractions is the best solu-

tion. Recycling of concrete structures has been the subject of several research projects in recent 

years. Today, however, a large proportion of demolished concrete material is only downcycled, 

resulting in the use of valuable materials in road construction or for backfilling excavations. With 

regard to FRP reinforced concrete, recycling is still part of current research [11]. Borda et al. 

[82] state the urgency of effective measures for recycling of FRP applications due to the expected 

growth of CFRP products exceeding several billion US dollars between now and 2028. Several 

researchers [10, 82] highlight the intensive energy demand for recycling CFRP fibres in the py-

rolysis process due to the strong covalent bonds between the fibres and the polymer matrix. In 

addition, the recyclability of fibres depends on the length of the individual fibre after the demo-

lition process. The longer the residual fibre length, the better it can be recycled for applications 

that require continuous fibres, which usually applies for primary structural elements. Zeisberg 

[83] recently developed a reinforcement bar based on recycled carbon fibres, which shows re-

duced mechanical properties compared to conventional CFRP bars, but represents a significant 

contribution for the future. However, it is also possible to recycle short fibre residues, e. g. for 

the use in reinforced plastic components in aerospace and automotive engineering [84] or thermal 

insulation products [85]. Current research projects also focus on carbon fibres made from lignin, 

which can be produced from wood and is therefore considered renewable [86, 87]. With regard 

to application of FRP as reinforcement for concrete structures, research projects are investigating 
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the applicability of thermoplastic polymer matrices. Due to their deformability at high tempera-

tures [31] FRP reinforcement made of thermoplastic matrices can be suitable for reuse in appli-

cations of alternative geometry such as FRP stirrups remanufactured from longitudinal reinforce-

ment bars. In addition, the separation of the fibre and polymer matrix part is easier to process for 

thermoplastic matrices compared to thermosets. 

2.3 Concrete structures with FRP reinforcement 

Due to the generally different material behaviour of FRP compared to conventional reinforcing 

steel, existing design methods for steel reinforced concrete structures need to be reconsidered 

with respect to the linear elastic material behaviour of FRP reinforcement. The main difference 

between steel and FRP reinforcement is considered to be the missing yield behaviour of FRP, 

cf. Figure 2-6. In addition, steel reinforcement generally has a significantly higher elastic mod-

ulus (Es = 200,000 N/mm²) compared to FRP reinforcement, cf. section 2.2.4. While the effects 

of the different material behaviour of FRP and steel have been extensively studied and discussed 

for RC members under bending and shear loading, members subjected to compression have not 

been the subject of such studies. The following sections provide a comprehensive presentation 

of the existing methods for the design of steel and FRP RC members and therefore serve as an 

introduction to the investigations of this thesis. 

2.3.1 Reinforced concrete members in pure and eccentric compression 

The concentric compressive load-bearing capacity of steel RC members can be calculated as 

follows [2]. A concrete and steel portion of the axial capacity NR, each consisting of the cross-

sectional area Ac (concrete) and As (steel) and the corresponding compressive strength fc (con-

crete) and yield strength fy (steel), represent the two components of the load-bearing capacity 

(Eq. 2-4). 

R c c s yN A f A f= Ö + Ö Eq. 2-4 

The equation develops its simple character through the application of the steel yield strength. 

The concrete compressive strength fc corresponds to the strain at peak compressive strength Ůc1, 

which ranges between 0.18 and 0.245 % for normal strength concrete (NSC) [2] (Figure 

2-8 (left)). On the other hand, the yield strain of steel is known to be Ůsy = 0.25 % (Figure 

2-8 (right)), exceeding Ůc1. Consequently, the application of the yield strength fy in Eq. 2-4 seems 

to be unsafe, as the cross-section exhibits strains smaller than Ůsy (Ůc1 < Ůsy = 0.25 %) at the peak 

compressive capacity. However, due to concrete creep, it is assumed that the strain plane adopts 
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significantly larger values than Ůc1, exceeding Ůsy [2] and therefore legitimate the application of 

fy. 

  

Figure 2-8: Stress-strain behaviour of NSC (left) and reinforcing steel (right) 

Introducing an eccentricity of the axial load results in a combined axial load (N) - moment (M) 

interaction. As a result, the load-bearing capacity cannot be calculated as simply as shown in Eq. 

2-4. An iteration of the strain plane must be carried out while checking the equilibrium conditions 

for the axial force and the corresponding bending moment. For reasons of simplification, nor-

malised values for M (µ) and N (ɜ) to the cross-sectional properties (b and h) and the concrete 

compressive strength (fc) have been established in existing engineering models. 
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By the aid of the mechanical reinforcement ratio ɤtot, the relevant concrete and steel material 

properties for the determination of the compressive load-bearing capacity of steel RC members 

are integrated into one coefficient [2]. 
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The combination of the normalised ultimate axial load ɜR with the mechanical reinforcement 

ratio ɤtot is given according to Eurocode 2 via the following equation: 
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R tot1n w= +  Eq. 2-8 

Performing a strain iteration as discussed above, gives the M (µ)-N (ɜ)-interaction curves as 

shown in Figure 2-9 (left). 

 

Figure 2-9: M (µ) - N (ɜ)-interaction of steel reinforced members 

The graph shown in Figure 2-9 is characterised by three discrete points, namely: (i) the concen-

tric axial capacity ɜR at µ = 0; (ii) the balance point at approx. ɜbal å 0.40 and (iii) the pure bend-

ing capacity at ɜ = 0. While (i) and (iii ) can be described by the limit state functions in Eq. 2-4 

for concentric axial loading and Eq. 2-15 for pure bending, M-N-interaction must be considered 

for the determination of the balance point (ii) and each state between point (i) and (iii). The 

balance point is characterised by the tensile and compressive reinforcement both reaching the 

yield strain in tension (Ůsy) and in compression (-Ůsy). At the same time, this point marks the 

maximum bending capacity of the cross-section. A further increase of the strain in the tensile 

reinforcement towards pure bending does not increase the corresponding steel stress, due to 

yielding of the reinforcing steel, and therefore results in a reduced bending capacity. 

2.3.2 Stress redistribution in steel RC members in compression 

Consideration of the long-term material behaviour of the concrete, introduces creep and shrink-

age effects into the determination of the stress distribution in reinforced concrete members. Con-

ventional reinforcing steel does not show any time-dependent material behaviour, whereas con-

crete is significantly influenced by its load-dependent (creep) and load-independent (shrinkage) 

long-term material properties [1]. Creep can be divided into a basic creep and a drying creep 
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part. While basic creep occurs from rearrangement of water molecules within the cement matrix 

due to the applied load, drying creep results from changes in pore moisture content and is there-

fore significantly influenced by the ambient humidity. For NSC, drying creep can be considered 

as the predominant part of the creep process [1]. Analogously, shrinkage can be separated into a 

chemical component, which is independent of ambient temperature and humidity conditions, and 

a drying component, which is significantly influenced by the water / binder ratio of the concrete 

and the ambient conditions [1]. Irrespective of the background of creep and shrinkage, both ef-

fects result in an increase of the initial elastic strain of the concrete. Consequently, the stresses 

within the cross-section are transferred to the stiffer steel reinforcement. Hegger et al. [88] pre-

sent a method for the analytical determination of such stress redistribution effects in steel RC 

members subjected to compressive loading. In order to prepare for investigations on the appli-

cation of FRP reinforced concrete members subjected to long-term compressive loading, this 

method is presented in the following. 

In a first step, concrete creep is taken into account by reducing the short-term concrete elastic 

modulus Ec0 via the concrete creep rate űc (t). As a result, the ratio n (t) of the steel elastic mod-

ulus Es and the concrete elastic modulus Ec (t) obtains its time-dependent character. 

s s

c c0 c

( )
( ) (1 ( ))

E E
n t

E t E tj
= =

+
 Eq. 2-9 

This ratio serves to determine the ideal cross-sectional area of the considered member Ai (t) by 

the net cross-sectional area of the concrete Acn, the cross-sectional area of the steel reinforcement 

As and the above introduced ratio n (t). 

i cn s( ) ( )A t A n t A= + Ö Eq. 2-10 

The shrinkage induced stress reduction in the concrete ȹůc,cs (t) and the corresponding increase 

in the steel reinforcement ȹůs,cs (t) is considered via the shrinkage strain Ůcs (t) and the time-

dependent stiffness distribution. 



State of the Art 

26 

s
c,cs cs s

i

( ) ( )
( )

A
t t E

A t
s eD =- Ö Ö Eq. 2-11 

s
s,cs cs s

i

( ) ( ) 1 ( )
( )

A
t t E n t

A t
s e

å õ
D = Ö Ö - Öæ ö

ç ÷
 Eq. 2-12 

Consequently, the creep induced stress portion can be determined from the acting axial load NE, 

the ideal cross-sectional area Ai (t) and the elastic moduli ratio n (t). To obtain the resulting stress 

values in the concrete ůc (t) and in the reinforcing steel ůs (t), the shrinkage induced stress shares 

for the concrete and the steel part respectively are added to this value. 
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t n t t

A t
s s= Ö +D  Eq. 2-14 

With regard to the application of FRP reinforcement to concrete members in compression, the 

model introduced above needs to be reconsidered due to the time-dependent material behaviour 

of the FRP reinforcement itself. 

2.3.3 Flexural behaviour of FRP RC members 

In engineering practice, RC members subjected to pure axial compression are an exception, as 

compressive loads are most frequently accompanied by geometrical eccentricities. The applica-

tion of FRP reinforcement in slender concrete structures subjected to compressive loading intro-

duces second-order deflections to the problem. As a result, the axial capacity is reduced and the 

load-bearing behaviour gradually becomes more similar to bending than to pure compression. 

Therefore, a proper introduction to the load-bearing and deflection behaviour of FRP members 

in bending is given below. 

Bending at the ultimate limit state 

Several researchers have investigated the flexural capacity of FRP reinforced members [15, 16, 

29]. Similar to conventionally steel reinforced members, two possible failure modes exist, 

namely: (i) failure of the concrete compression zone and (ii) tensile failure of the FRP reinforce-

ment. As a result, the difference between the ultimate flexural capacities of FRP RC members 

and steel RC members can be attributed solely to the material properties of the FRP reinforce-
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ment. Nonlinear calculations by El Ghadioui et al. [16] resulted in graphical tools for the deter-

mination of the inner lever arm z as a function of the FRP ultimate tensile strain Ůftu. From equi-

librium considerations, the ultimate bending moment MR results as follows: 

R f f f f fM A z E A zs e= Ö Ö = Ö Ö Ö Eq. 2-15 

Contrary to the ultimate bending moment of steel RC members, where the stress in the reinforc-

ing steel is assumed to be equal to the yield strength fy, the tensile stress in the FRP reinforcement 

ůf must be calculated from the product of the FRP elastic modulus Ef and the strain Ůf in the FRP 

reinforcement, which can also be determined from the nonlinear calculations or design tools 

mentioned before. To meet the safety requirements, the FRP tensile stress ůf is limited to the 

design value of the FRP tensile strength ftd as introduced in Eq. 2-3. 

Bond and cracking behaviour of FRP RC members 

Due to the large variety of possible surface conditions of FRP reinforcement (Figure 2-5), a 

generalised formulation of the bond behaviour is not possible [15]. With regard to the bond be-

haviour of conventional steel reinforcement, due to the high strength and stiffness values of the 

reinforcing steel, which are independent of the load direction, bond failure is always initiated by 

shear failure of the concrete brackets. 

Conversely, the FRP reinforcement has significantly lower strength and stiffness values in the 

transverse direction compared to steel. As a result, failure modes occur, that are not known with 

conventional steel RC, namely: (i) pull-through of the FRP reinforcement and (ii) failure of the 

FRP reinforcement brackets [26]. In 1995, Consenza et al. [89] investigated the bond behaviour 

of FRP reinforcement and formulated a model that has been introduced in Model Code 2010 

[90]. They found that the increasing branch of the bond-slip-behaviour of FRP reinforcement 

was similar to that of steel reinforcement. Similar observations were made by Hofmann [29] who 

found that the bond-slip-behaviour of sand-coated BFRP reinforcement bars was similar to that 

of conventional steel reinforcement. Based on an experimental investigation of the bond behav-

iour of CFRP reinforcement bars with different surface shapes, Schumann et al. [38] found a 

generally comparable bond-slip behaviour of CFRP and steel reinforcement bars. However, the 

authors highlight a strong influence of the present surface conditions. It is concluded, that CFRP 

reinforcement bars with a grooved surface most closely correspond to the behaviour of conven-

tional steel reinforcement. 

In 1961, Rehm [91] introduced the differential equation of bond and slip in its general form. 

Based on the experimental studies mentioned above, such equations have been calibrated for 
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different types of FRP reinforcement. Solving the differential equation of bond and slip gives the 

crack distance in FRP reinforced concrete members. Consequently, the cracking pattern of the 

FRP reinforced concrete member is significantly influenced by the bond properties of the respec-

tive FRP reinforcement. Based on experimental investigations, Hofmann [29] and El Ghadioui 

[16] adopted models for the determination of crack spacing from steel RC members to BFRP 

and CFRP RC members subjected to pure bending. 

Deflection behaviour of FRP RC members 

The bond and cracking behaviour of FRP RC members subjected to bending has a significant 

influence on the resulting deflection behaviour. While a contribution of concrete tensile stresses 

is not taken into account regarding the ultimate limit state, it can be considered at the servicea-

bility limit state [1]. Therefore, bond mechanisms serve to transfer stresses from the tensile rein-

forcement to the undamaged concrete between the cracks, which is referred to as tension stiffen-

ing (TS). As a result, the mean flexural stiffness over the member length increases. Among oth-

ers, Quast [92] introduced a model to account for this effect, which has been shown to be well 

applicable to slender steel RC columns by Heimann [93] and Grziwa [94]. Investigations by 

Hiesch [15] and Klein [95] showed that this method is suitable for considering the tension stiff-

ening effects of FRP RC members if the bond degradation coefficient is appropriately accounted 

for. 

In addition to the different bond mechanisms of FRP reinforcement compared to steel reinforce-

ment, the reduced elastic modulus of FRP reinforcement compared to steel reinforcement has a 

significant effect on the deflection behaviour of such reinforced members subjected to bending 

[16]. El Ghadioui [16] found that the methods provided by Eurocode 2 for the determination of 

deflections serve well for the recalculation of deflections of FRP RC members subjected to pure 

bending, after the FRP material and bond behaviour have been sufficiently well implemented in 

the model. Among others, Hiesch [15] reports experimental results of GFRP reinforced concrete 

members with and without prestressing. A recalculation of the deflections of these tests by the 

aid of moment (M) - curvature (ə) curves shows good agreement of the recalculated values with 

experimental values from a database containing a total of n = 102 tests. 
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Figure 2-10: Determination of deflections in RC members subjected to bending 

As long as the cross-section remains uncracked, the flexural stiffness can be calculated according 

to linear elasticity. Exceeding the cracking point (əcr, Mcr) leads to a significant decrease in stiff-

ness. The further course of the M-ə-curve must be derived from an iteration of the strain plane 

for the considered cross-section, while effects from TS can be taken into account as previously 

discussed and shown by the solid line in the right part of Figure 2-10. Note that due to a gradual 

bond degradation, the effects from tension stiffening reduce towards the ultimate flexural capac-

ity (əu, Mu). By the aid of the M-ə-curve, each value of the bending moment course M (x) can be 

associated with an explicit curvature value ə (x). From the resulting curvature distribution over 

the length of the member, the deflection course w (x) can be calculated by double integration 

over the length of the member. 
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2.4 Statistical and reliability considerations 

For the application of innovative materials such as FRP reinforcement in civil engineering, the 

safety requirements of Eurocode 0 [54] have to be met, specifying a reliability index of ɓ = 3.8 

which corresponds to a failure probability of pf = 10-6 for a reference period of 50 years. 

Knowledge of the distribution type of the FRP material properties in compression is required to 

determine the characteristic and design values. Based on a sufficient high number of experi-

mental results, hypothesis tests can be performed to check the empirical distribution with any 

assumed distribution function. Among others, Kolmogorov and Smirnov [96] introduced such a 

hypothesis test. Herein, a test statistic is determined as a function of the sample size and the 

chosen confidence level, which is then compared with the maximum deviation of the empirical 

sample from the assumed distribution function. Based on this comparison, the hypothesis is ac-

cepted or rejected. According to [97], for material properties in engineering practice, normal and 

lognormal distribution functions provide an accurate approximation for the empirical distribution 

of the actual material properties. 

Given the type of distribution and the stochastic moments of the individual basic variables XR/E,i, 

the member resistance R and the load effects E can be described as follows. 

R1 Ri Rn(  ...   ...  )R f X X X=  Eq. 2-16 

E1 Ei En(  ...   ...  )E f X X X=  Eq. 2-17 

Consequently, the general form of the limit state function results from the difference of R and E. 

0R E- = Eq. 2-18 

Figure 2-11 illustrates the joint probability density (fRE) of R and E by contour lines and the limit 

state function in the normal space. The shortest distance between the mean value of fRE (µR, µE) 

and the limit state function can be considered as the safety margin, while the corresponding point 

on the limit state function is referred to as the design point (Rd, Ed). Hasofer and Lind [98] pro-

posed a method to determine this safety margin by transforming the problem to the standard 

normal space (Figure 2-11 (right)). The distance between the design point (Rǋd, Eǋd) and the origin 

of the standard normal space ((Rǋ, Eǋ) = (0, 0)) is referred to as the Hasofer-Lind reliability index 

ɓHL. On the other hand, the direction of ɓHL is determined by the sensitivity coefficients of R (ŬR) 

and E (ŬE). Therefore, the Hasofer-Lind method not only allows for an estimation of the safety 

level, but also serves as a method to determine the sensitivity coefficients for any formulation of 

the limit state function. 
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Figure 2-11: Limit state function and joint probability density fRE in the normal space (left) and the standard 

normal space (right) 

Based on this method, König and Hosser [99] elaborated the simplified Level II method, which 

has been implemented in Eurocode 0 [54] to determine partial safety factors based on fixed sen-

sitivity coefficients for R and E. Therefore, a deviation from the target reliability index ɓt of 0.50 

is accepted at a resulting minimum reliability index of ɓmin. 

min t 0.50b b= -  Eq. 2-19 

From this tolerance range, the accepted minimum and maximum ratios of the standard deviation 

of E (ůE) and R (ůR) have been derived based on a reference period of one year (ɓt = 4.70). 

( )E Rmin / 0.15s s =  Eq. 2-20 

( )E Rmax / 3.48s s =  Eq. 2-21 

If the ratio of (ůE / ůR) is between these two thresholds, the application of fixed sensitivity factors 

for R (ŬR = 0.8) and E (ŬE = -0.7) is valid. Note that the procedure has been adapted to a reference 

period of 50 years (ɓt = 3.80), as specified in Eurocode 0. As a result, the thresholds adopt the 

following values. 

( )E Rmin / 0.16s s =  Eq. 2-22 

( )E Rmax / 7.60s s =  Eq. 2-23 

Based on these fixed sensitivity values the design value of a resistance variable Xd can be deter-

mined directly from the corresponding mean value Xm. 
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[ ]d m R t XexpX X CoVa b= Ö - Ö Ö Eq. 2-24 

2.5 Research Questions 

Based on the extensive review of the state of the art on FRP reinforcement in concrete structures 

subjected to compression, the five main research questions from section 1.2 are detailed and 

assigned to the different publications as specified in section 1.3. 

Publication I:  

¶ How can the FRP material properties in compression be determined experimentally at min-

imum error resulting from the test setup? 

¶ What is the order of magnitude of the FRP compressive strength and elastic modulus in 

compression compared to their tensile counterparts? 

¶ How do the fibre material, the fibre volume content and the diameter of the FRP reinforce-

ment bars influence the experimental results on the FRP compressive material properties 

and the occurring failure modes? 

¶ What is the best distribution function to approximate the FRP compressive material prop-

erties? 

Publication II:  

¶ How sensitive is the cross-sectional load-bearing capacity of FRP RC members to the newly 

determined FRP material properties in compression? 

¶ To what extent do the FRP mechanical reinforcement ratio and the eccentricity level influ-

ence the scatter of the cross-sectional load-bearing capacity of FRP RC members in com-

pression? 

Publication III : 

¶ What is the order of magnitude of FRP compressive creep and how can it be compared to 

tensile creep, both quantitatively and with respect to the mechanical background? 

¶ To what extent does FRP compressive creep interact with concrete creep in terms of stress 

redistribution in FRP RC members subjected to long-term compressive loading? 

¶ Is FRP reinforcement sensitive to effects from long-term preloading with regard to a reduc-

tion of the ultimate load-bearing capacity of FRP RC members in compression? 
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Publication IV:  

¶ How do the different material properties of FRP reinforcement compared to conventional 

steel reinforcement influence the load-bearing and deflection behaviour of slender FRP RC 

columns? 

¶ To what extent does the newly determined FRP creep behaviour in tension and compression 

influence the deflection behaviour of slender FRP RC columns? 

¶ How can the load-bearing and deformation behaviour of slender FRP RC columns be de-

scribed in an analytical model with a minimum of crucial parameters? 

In addition to the research questions addressed in the scope of the four publications, one major 

question remains to be answered: 

How can the results of this thesis provide a useful output for engineering practice? 

Therefore, section 8 addresses the following three points to prepare the results of this thesis for 

an implementation in corresponding standards and guidelines, beyond the practical engineering-

models presented in Publications III  and IV: 

¶ Specification of constant boundary conditions for testing the FRP compressive material 

properties to ensure reproducibility and validity of the test results, regardless of the per-

forming institution. 

¶ Elimination of uncertainties due to scatter of the FRP material properties in compression 

by providing partial safety factors for the design of such reinforced concrete members. 

¶ Extension of the scope of the engineering model for the consideration of second-order effects 

in slender FRP RC columns to alternative geometries. 
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Abstract 

Internationally leading standards currently do not permit to consider the contribution of rein-

forcement made of fibre reinforced polymers (FRP) to a concrete memberôs compressive load-

bearing capacity due to a lack of reliable knowledge regarding FRPôs material properties in com-

pression. Thus, there is a very high demand for carefully specifying an optimised test setup for 

FRP bar reinforcement that accounts for both theoretical considerations and established stand-

ards from other industry branches. This paper presents an extensive literature review on mechan-

ical approaches to describe FRP material properties in compression, existing test setups from 

various industry branches as well as experimental studies that have been conducted in order to 

research the compressive material properties of FRP reinforcement. Based on experimental re-

sults from literature a database was compiled. Following a reasonable choice of a test setup based 

on the literature study, an experimental campaign was setup, in order to investigate the influence 

of different fibre materials (carbon, glass, basalt), polymer matrices and bar diameters on the 

compressive material properties of FRP reinforcement bars. In addition to the experimental de-

termination of the material properties, the joint evaluation of the total sample size of n = 95 own 

experimental test results and the results from the database generated from literature allows for 

statistical investigations. Thus, the determination of material scatter and the estimation of the 

distribution type by means of a statistical analysis applying the Kolmogorov-Smirnov test pro-

vides the basis for further research towards the reliability of concrete structures reinforced with 

FRP bars in compression. 
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3.1 Introduction  

Reinforcements based on fibre-reinforced polymers (FRP) have been intensively discussed in 

international research on reinforced concrete (RC) structures. Due to their outstanding mechan-

ical properties, especially their high tensile strength and excellent resistance against environmen-

tal impacts, FRP reinforcement bars have established as a serious alternative to conventional 

reinforcing steel [1ï3]. These properties lead to reduced requirements for concrete cover, allow-

ing the design of very slender and material-efficient structures. However, the main potential of 

FRP reinforcement is the extension of a structureôs service life due to improved durability prop-

erties. The majority of previous research projects focused on the load-bearing behaviour of struc-

tural members subjected to flexural loading and the respective application of FRP reinforcement 

in tension [1, 4]. FRP reinforcement in compression zones of flexural members as well as in 

columns and walls is currently not permitted to be taken into account by leading international 

standards, due to a lack of reliable scientific data on the FRP compressive material properties [1, 

5, 6]. However, several research projects revealed a positive influence of a consideration of such 

reinforcement in compression on the load-bearing capacity of a structural member [7ï9].  

FRP consist of fibres from various source materials. These fibres serve to carry the load and are 

coated by a polymer matrix binding them together and protecting them against environmental 

impacts and stresses perpendicular to the fibre axis [10, 11]. Regarding the mechanical properties 

of FRP, a significant difference between the compressive and tensile strength of FRP is known 

from the literature [1, 10, 11]. Tensile failure results from rupture of single fibres. The polymer 

matrix, exhibiting a higher ultimate strain, redistributes stresses to the adjacent fibres resulting 

in a successive failure propagation across the FRP cross section. Thus, the tensile strength of the 

FRP is fibre dominated and can be accurately predicted [11]. Regarding failure in compression, 

various properties influence the material behaviour leading to different potential failure modes. 

The fibre diameter is most frequently referred to account for the failure behaviour of different 

fibre materials. Commonly used fibre type such as glass, carbon and basalt feature approximate 

maximum fibre diameters of 24, 10 and 30 µm, respectively [10ï13]. Hahn [14] summarises the 

different modes of FRP compressive failure as illustrated in Figure 3-1. 

Mode (a) is denoted by longitudinal-splitting and results from a transverse tension failure of the 

polymer matrix due to the different Poissonôs ratios ɜ of the fibres and the polymer matrix [10]. 

Two possible alternatives depending on the stiffness of the polymer matrix exist: (i) in stiff ma-

trices, the bond between fibres and polymer matrix fails and (ii) in soft matrices, the fibres bend 
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until fibre bending failure occurs. Mode (b) called shear crippling (Figure 3-1 (b)) describes the 

distortion of the entire FRP cross-section due to shear band formation. Shear bands arise from 

an initial shear angle, attributed to the skewness of the fibres resulting from the production pro-

cess. In most cases, the failure plane forms at an angle of approximately 45° to the load direction 

[14]. Mode (c) is designated as compressive failure. It describes a progressive failure, starting 

from single fibres failing to stability on a micro level and thus transferring loads to adjacent 

fibres, which subsequently fail as well. Although shear crippling (b) and compressive failure (c) 

are related [15, 16], a distinction between the failure modes can be observed in the propagation 

of the failed pattern along the FRP specimen. Shear crippling is more likely to occur for fibre 

material featuring a low failure strain (e.g. for carbon fibres) and thus exhibit a limited ability to 

spread the failure area over large parts of the specimen. As a result, the failure area is spatially 

very limited and shear bands at 45° represent the dominating failure mode. On the other hand, 

fibre materials with a high ultimate strain (e.g. glass fibres) enable a redistribution of stresses 

from the initially failing fibre to the adjacent fibres. Thus, a spatially more spread-out failure 

area occurs leading to mode (c). 

 

 
Figure 3-1: Failure modes of FRP in compression  

 following Hahn [14], [17] 

Figure 3-2: Influence of l test / Ø on the compressive 

 strength ffc according to Carlsson and 

 Pipes [18], [17] 

Analytical models for the determination of the FRP compressive strength ffc are known from the 

literature in the field of polymer technology. The first model based on the shear band theory was 

provided by Rosen [18] and depends on the shear stiffness Gm, as well as on the polymer matrix 

content (1 ī Vf), Eq. 3-1. 
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 Eq. 3-1 

Rosenôs initial approach has been enhanced by various researchers over the years regarding the 

fibre material and the fibre volume content [16, 19]. Alternative approaches have been devel-

oped, e.g. by Lessard and Chang [20], to account for the influence of the fibre diameter as well 

as by Fleck and Budiansky [21] and Argon [22] to take the plastic shear behaviour into account. 

Bazhenov et al. [19] identified a pronounced correlation between FRPôs compressive and shear 

strength based on test results. Xu and Reifsnider [23] succeeded in developing a novel approach 

to recalculate compressive strength values from a test series by Lo and Chim [24] and Piggott 

and Harris [25], consisting of carbon-, glass- and aramid fibre-reinforced samples. A detailed 

look at the analytic approaches mentioned above reveals the need of unique material properties 

in order to estimate the FRP compressive strength properly. In engineering practice, such unique 

material properties are often unavailable, which strengthens the requirement for a standardised 

test method of FRP in compression. 

Several experimental studies from the polymer technology reveal a linear elastic material behav-

iour until brittle compressive failure in case of glass fibre reinforced polymers (GFRP) [26] as 

well as carbon fibre reinforced polymer (CFRP) specimens [25]. Besides the FRP compressive 

strength, the elastic modulus Efc dominated. 

fc f f f m(1 )E V E V E= Ö + - Ö Eq. 3-2 

According to [10, 11, 13, 27], a differentiation between the compressive and tensile modulus of 

elasticity of the fibres has not been taken into consideration. Therefore, it is assumed that the 

fibre elastic modulus Ef in compression is equivalent to that in tension. 

According to Carlsson and Pipes [18], the test slenderness l test / Ø (l test: free testing length; Ø: 

specimen diameter) influences the measured compressive strength decisively, as can be seen 

from the compressive strength ffc plotted over l test / Ø in Figure 3-2. The FRPôs distinct ortho-

tropic material behaviour leads to a disturbance length ld, starting from the area of load introduc-

tion at both sides of the specimen as a result of imperfectly distributed stresses (e.g. due to clamp-

ing the specimen), as illustrated in Figure 3-2 [28]. Within the length ld no uniaxial stress state 

can be developed, leading to distorted values for the FRP compressive strength. Consequently, 

this effects results in reduced values for ffc in case of a small test slenderness. Secondly, large 

slenderness values lead to second-order effects and eventually result in buckling failure. Test 
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results from [18] reveal an optimal test slenderness of approx. (l test / Ø)opt å 7 for specimens made 

of carbon fibre-reinforced epoxy resin. 

Several standards for testing the compressive material properties of plastics and fibre-reinforced 

laminates exist in the polymer and aerospace technology. The load application via the end faces 

of the specimen (Table 3-1 (a)) is permitted for testing the material properties of unreinforced 

polymers, according to EN ISO 604:2002 [29] and ASTM D695-15:2015 [30]. On the other 

hand, standards for testing fibre-reinforced laminates ISO 14126:1999 [31], D3410:2016 [32] 

and DIN EN 2850:2018 [33] prescribe load application via rigidly connected shear tabs, (Table 

3-1 (b)), in order to avoid splitting of the specimen in the load application area. GOST 

31938:2012 [34] represents the only standard for testing FRP reinforcement bars for concrete 

applications in compression known to the authors. A test slenderness of l test / Ø = 6.0 is specified 

for the experimental determination of compressive strength and modulus of elasticity. Further-

more, an indirect load application via grouted anchor sleeves introducing the test force via shear 

stresses is prescribed (Table 3-1 (f)). 

Several test series by researchers in the field of concrete engineering addressed the question on 

how to determine the compressive material properties of FRP reinforcement experimentally. The 

following section presents a compilation of the discussed studies in a comprehensive database 

(Table 3-2) for comparative analysis of the different approaches and their corresponding out-

comes. 

Wu [35] reported results on GFRP reinforcement bars from three different manufacturers. The 

testing force was introduced via the end faces of the specimen at a slenderness of l test / Ø = 2.5, 

resulting in a very straightforward test setup (Table 3-1 (a)). Wu described longitudinal splitting 

to be the predominant failure mode. Furthermore, a correlation between the compressive strength 

and the bar diameter revealing smaller strength values for large bar diameters (Ø = 25.4 mm) 

was observed. This observation is due to the higher probability of production errors and unequal 

impregnation of the fibres with the polymer matrix, when producing large diameters. Chaallal 

and Benmokrane [36] tested GFRP bars of different diameters in compression and found a linear 

elastic material behaviour analogous to the behaviour in tension. A direct load application via 

the specimenôs end faces as specified in a previous version of ASTM D695-15 [30] from 1991 

(ASTM D695-91) prescribing a testing slenderness of l test / Ø = 2.75 (Table 3-1 (a)) was applied. 

Furthermore, similar elastic moduli were recorded in compression and in tension. A similar test 
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setup was applied by Abed et al. [37] who tested GFRP and BFRP specimens and found longi-

tudinal splitting to be the dominating failure mode throughout all test results. A widely cited 

study by Kobayashi and Fujisaki [38] applied a very elaborate test setup featuring a CFRP tube 

embedded into two concrete blocks at each end of the specimen (Table 3-1 (c)). Kobayashi and 

Fujisaki tried to reduce the testing length l test to a minimum in order to prevent the FRP from 

buckling (l test / Ø = 0.5). The authors tested FRP with carbon, aramid and glass fibres, revealing 

strongly scattering results that can be attributed to the small test slenderness leading to a crucial 

increase in disturbing edge effects. Due to the strongly scattering results, the authors of this paper 

decided not to integrate the results into the overall compilation in Table 3-2. Deitz et al. [39] 

conducted a series of 51 tests on GFRP reinforcement bars in compression at variable test slen-

derness. The load was introduced directly via the specimenôs end faces through re-usable, non-

grouted steel cases in order to prevent the FRP from popping out at high slenderness (Table 

3-1 (d)). The challenging process of preparing the area of load introduction perpendicular to the 

bar axis was highlighted by the authors. The observed failure mode of the less slender specimens 

was described as crushing. For the slender test specimens, the authors found the test results fol-

lowing a perfect Euler buckling curve. Similar observations were made by Almerich-Chulia et 

al. [40], Bruun [41] and Tavassoli et al. [42], who applied a test setup similar to that used by 

Deitz [39] (Table 3-1 (d)) and investigated GFRP specimens at different slenderness values in 

compression. As a consequence of the load introduction via the specimenôs end faces in [42], 

part of the tests showed longitudinal splitting of the whole specimen including the area of load 

introduction. Tests reported by Bruun [41] showed longitudinal splitting failure combined by 

partial crushing at all levels of slenderness. In addition to that the authors were able to record 

linear elastic material behaviour until the GFRP specimens failed in a brittle manner [41]. 

Khorramian and Sadeghian [43] and Fillmore and Sadeghian [44] carried out tests on GFRP 

specimens using different types of glass fibres (GFRP type I to III) and applied the load via so-

called ñcouponsò, consisting of a steel plate and a cap at each end of the test specimen (Table 

3-1 (e)). To avoid the specimen from failing due to load introduction, the coupons were grouted 

with an adhesive epoxy resin. Regarding the free testing length the authors referred to ASTM 

D695-15:2015 [30], specifying a test slenderness of l test / Ø = 2.0. Regardless of the GFRP type, 

an average modulus of elasticity ratio of Efc / Eft = 1.04 was recorded. Crushing of the specimens 

within the free testing length as well as in the cap region was the dominating failure mode. Lon-

gitudinal splitting failure occurred partially, but was decisively less pronounced compared to the 

test results from [39ï42]. AlAjarmeh et al. [45] studied the compressive material behaviour of 
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GFRP reinforcement bars applying a test setup similar to that suggested by Khorramian and 

Sadeghian [46] (Table 3-1 (e)), but varied the test slenderness. Specimens that unaffected by 

second-order effects showed a linear elastic material behaviour up to compressive failure. A test 

series on GFRP reinforcement bars tested according to GOST 31938:2012 [34] (Table 3-1 (f)) 

was provided by Galen LLC [47]. The specimens showed failure in a crushing (mode (c)) man-

ner. Urbanski [48] investigated basalt-carbon hybrid bars at varying slenderness. The load was 

applied indirectly via grouted anchor sleeves, according to GOST 31938:2012 [34] (Table 

3-1 (f)). The majority of specimens were found to show crushing failure, with accompanying 

delamination of single fibre bundles from the matrix. Linear elastic material behaviour was ob-

served until failure. A recent study by DôAntino and Pisani [49] investigated the compressive 

material behaviour of thermoset and thermoplast GFRP reinforcement. The authors applied a test 

setup similar to that suggested by Deitz et al. [39], but grouted the anchor sleeves (Table 3-1 (f)). 

Linear elastic material behaviour up to crushing was found for the major part of the specimens 

that did not undergo buckling. Thus, the authors formulated a constitutive law for the material 

behaviour of thermoset and thermoplast GFRP which is characterised by a linear elastic behav-

iour up to failure. 

The test results from the different studies described above are compiled into a database for rea-

sons of better comparability and in order to prepare for the evaluation in section 3.2.5 and 3.3.2. 

Table 3-2 shows the normalised compressive strength ffc / fft and modulus of elasticity in com-

pression Efc / Eft, specifying the sample size for each material property nffc and nEfc. For the eval-

uation of the database only test series containing n Ó 2 test results are considered. Furthermore, 

the compilation presents the type of fibre material, the range of test slenderness l test / Ø and the 

type of load application according to Table 3-1. The coefficients of variation (CoV) provides 

information on the material scatter if the sample size allows for it (n Ó 5). Finally, the predomi-

nantly observed failure mode (Figure 3-1) is noted for each series if available. Tests, which 

showed failure from stability or second order effects, are removed for further evaluation since 

such failure does not imply to the material itself. This applies to parts of the studies by Deitz et 

al. [50], Bruun [41], AlAjarmeh et al. [45] and DôAntino and Pisani [49]. 

Existing studies show strongly varying approaches regarding the experimental determination of 

the FRP compressive material properties, making it challenging to interpret the test results inde-

pendent of the applied test setup. Furthermore, investigations are limited on the influence of 

single parameters, such as the chosen FRP type, leading to a reduced comparability regarding 
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decisive variables. Furthermore, the literature lacks proper evaluation of the generated test results 

concerning the effects of test slenderness and the observed failure modes from the polymer lit-

erature, resulting in an inadequate understanding of the behaviour of FRP in compression. The 

outcome of this study will provide results from widely arranged experimental investigations re-

garding the impact of decisive parameters such as FRP type, fibre volume content, polymer ma-

trix type and bar diameter on the FRP material properties in compression. To ensure constant 

and reasonable boundary conditions for load application and test slenderness, this study evaluates 

test results from existing studies and standards from other industry sectors to select an appropri-

ate test setup. Subsequently, a compilation of test results from the literature serves to extend the 

large number of tests carried out by the authors. The joint evaluation of this data compilation 

allows for an assessment of crucial parameters. Furthermore, the large amount of test data serves 

to prepare for reliability analyses and the identification of the distribution type of the FRP mate-

rial properties in compression. 
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Table 3-1: Test setups from the literature and existing test standards 
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Table 3-2: Test results with values from the database 

test series nffc 
fibre 

type 
l test / Ø [-] 

load 

application 

ffc / fft 

[-] 

(ffc / fft)m 

[-] 
CoVffc nEfc 

Efc / Eft 

[-] 

(Efc / Eft)m 

[-] 
CoVEfc 

failure 

mode**  

Wu (1990): GFRP type I [35] 8 GFRP 1.0 ï 2.5 end faces 0.75 - 0.95 0.85 23 % 8 - 0.93 6 % a 

Wu (1990): GFRP type II [35] 12 GFRP 1.0 ï 2.6 end faces 0.26 - 0.57 0.53 16 % 4 - 0.69 16 % a 

Wu (1990): GFRP type III [35] 12 GFRP 1.0 ï 2.7 end faces 0.78 - 0.93 0.65 33 % 2 - 0.75 5 % a 

Chaallal and Benmokrane 

(1993) [36] 
2 GFRP 2.75 end faces 0.73 - 0.80 0.76 - 2 

1.08 - 

1.12 
1.10 - - 

Deitz et al. (2000) [50] 15 GFRP 4.9 ï 6.5 
end faces with 

steel cases 
0.60 - 1.19 0.79 24 % - - 1.04 - c / (a) 

Almerich-Chulia et al. (2012) 

[40] 
7 GFRP 11.0 

end faces with 

steel cases 
0.51 - 0.74 0.60 9 % 7 

1.02 - 

1.20 
1.06 9 % - 

Bruun (2014) [41] 5 GFRP 5.0 
end faces with 

steel cases 
0.56 - 0.62 0.60 4 % - - 1.00 - c / a 

Tavassoli et al. (2015) [42] 5 GFRP 2.0 ï 11.0 
end faces with 

steel cases 
0.55 - 0.65 0.60 17 % 5 

0.84 - 

0.98 
0.92 13 % a 

Galen (2017) [47] 24 GFRP 6.0 anchor sleeves 0.41 - 0.7 0.56 - - - - - c 

Khorramian and Sadeghian 

(2019): GFRP type I [43] 
10 GFRP 2.0 

compressive 

coupons 
0.74 - 0.99 0.87 6 % 10 

1.00 - 

1.06 
1.03 1 % c / (a) 

Khorramian and Sadeghian 

(2019): GFRP type II [43] 
5 GFRP 2.0 

compressive 

coupons 
- 0.85 9 % 5 - 0.97 2 % c / (a) 

Khorramian and Sadeghian 

(2019): GFRP type III [43] 
20 GFRP 2.0 

compressive 

coupons 
0.55 - 0.93 0.77 7 % 20 

1.00 - 

1.20 
1.06 3 % c / (a) 

AlAjarmeh at al. (2019) [45] 54 
GFRP 

(HM)***  
2.0 ï 16 

compressive 

coupons 
0.33 ï 1.23 0.76 16 % 48 

0.95 ï 

1.23 
1.04 3 % a / b / c 

Abed et al. (2020) [37] 
12 GFRP 

2.0 end faces 
0.55 - 0.83 0.70 6 % - - - - a 

6 BFRP 0.33 - 0.52 0.42 5 % - - - - a 

Urbanski (2020) [48] 3 B-CFRP* 5.7 ï 13.7 anchor sleeves 0.34 - 0.46 0.40 - - 
0.99 - 

1.14 
1.06 - c / (a) 

DôAntino and Pisani (2023): 

GFRP thermoset [49] 
20 GFRP 3.9 ï 7.1 anchor sleeves 0.49 ï 0.99 0.71 9 % 24 

0.95 ï 

1.16 
0.99 2 % b / (a) 

DôAntino and Pisani (2023): 

GFRP thermoplasts [49] 
25 GFRP 3.5 ï 4.0 anchor sleeves 0.39 ï 0.85 0.56 13 % 25 

0.86 ï 

1.12 
0.97 7 % b 

nffc = 245  nEfc = 160  

*Basalt-Carbon Hybrid; ** according to Figure 3-1: (a) longitudinal splitting; (b) shear crippling; (c) compressive failure; *** HM = high modulus 
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3.2 Experimental campaign 

An investigation of FRP bars made of three different fibre types (glass, carbon, basalt) is con-

ducted within the experimental efforts of this study. To depict the influence of different poly-

mer matrices as well as different fibre volume contents, FRP reinforcement bars provided by 

different manufacturers are investigated. To evaluate any potential impact of the bar diameter, 

various diameters from the same manufacturer are analysed. The obtained results from the ex-

periments are interpreted regarding the compressive strength and modulus of elasticity as well 

as the corresponding failure modes based on the mechanical considerations presented in section 

3.1. 

3.2.1 Tested specimens 

The tests are conducted in the Testing Laboratory of the Institute of Solid Structures at TU 

Darmstadt. A total of n = 95 tests from four different manufacturers (I, II, III, IV), three fibre 

types (glass (G), carbon (C), basalt (B)), two polymer matrix types (vinyl ester (V), epoxy (E)) 

and four nominal diameters (Ø8, Ø10, Ø12, Ø20 mm) are investigated as summarised in Table 

3-3. 

The GFRP reinforcement provided by manufacturer I (I-G) show a grooved surface composed 

of Electric Corrosion Resistant (ECR) glass fibre reinforced vinyl ester resin featuring a fibre 

volume content of Vf = 75 %. Three different nominal diameters (Ø8, Ø12, Ø20) are investi-

gated for this bar type within this study. The second GFRP reinforcement type provided by 

manufacturer III (III-G) made from ECR glass fibre reinforced epoxy resin shows a helically 

wrapped surface. The III-G GFRP bars feature a fibre volume content of Vf = 73 % and are 

investigated for two nominal diameters (Ø8, Ø12). The CFRP bars provided by manufacturer 

II (II -C) show a grooved surface similar to the I-G GFRP bars, whereas the CFRP bars provided 

by manufacturer III (III-C) show a wrapping similar to the III-G GFRP bars. All types of CFRP 

bars investigated within this study feature an epoxy polymer matrix. Series II-C and III-C 

CFRP bars show fibre volume contents of Vf = 68 % and 63 % respectively. The investigated 

nominal bar diameters are Ø10 (II-C) and Ø8, Ø12 (II-C). Manufacturer IV provides the BFRP 

bars (IV-B) investigated within this study, featuring an epoxy resin as polymer matrix. The 

BFRP bars exhibit a fibre volume content of Vf = 77 %, revealing the highest value within the 

presented test program. The IV-B BFRP bars, of which two different nominal diameters (Ø8, 

Ø12) are investigated, feature a sand coated and helically wrapped bar surface. A selection of 

the experimentally investigated bars is shown in Figure 3-3. Note that preliminary to the tests, 

the bar diameter Øim was determined by immersion tests according to ASTM D7205/D7205M- 
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06 [5]. The designation of the individual test series arranges as follows: 

Table 3-3 provides the corresponding tensile strength fft and elastic modulus Eft as well as the 

associated CoV for each series, to serve as a reference for the experimentally derived material 

properties in compression. Manufacturer III provides a mean ultimate test force Ftu from tensile 

tests, enabling the authors to calculate the mean tensile strength fft,m. Manufacturer I and IV do 

not provide such values. Therefore, the tensile strength fft,m was determined experimentally 

based on n = 5 test results within preliminary investigations [51] according to 

ASTM D7205/D7205M-06 [52]. The manufacturers provide values for the tensile elastic mod-

ulus for all GFRP specimens. The tensile reference values fft and Eft were provided by manu-

facturer III (III -C) and adopted from El Ghadioui (2020) [48] (II -C). 

Table 3-3: Overview of the experimental program 

series n [-] 
fibre 

type 

polymer 

matrix type 

Vf 

[%] 

Øim 

[mm] 

fft,m 

[N/mm²] 

Eft,m 

[N/mm²] 
CoV(fft) CoV(Eft) 

I-G-V-8 10 

glass 

vinyl ester 

75 8.81 1,161 49,474 
3.1 ï 

4.6 % 

1.0 ï 

3.9 % 
I-G-V-12 10 75 12.82 1,195 52,570 

I-G-V-20 10 75 21.11 1,195 53,856 

III -G-E-8 10 

epoxy 

73 8.78 1,074 51,725 n. a. n. a. 

III -G-E-12 10 73 12.62 1,074 51,725 n. a. n. a. 

II -C-E-10 9* 

carbon 

68 9.45 1,891 128,608 7.5 % 3.8 % 

III -C-E-8 8* 63 8.76 2,467 134,405 n. a. n. a. 

III -C-E-12 10 63 12.65 2,467 132,499 n. a. n. a. 

IV-B-E-8 10 
basalt 

77 7.41 955 47,611 1.1 ï 

3.4 % 

2.3 ï 

3.5 % IV-B-E-12 8* 77 11.72 950 42,846 

total n = 95    

*: Specimens were damaged during the production process. 

 

I-G-V-8.i 

 

Individual specimen number (1 ï 10) 

nominal diameter (Ø8, Ø10, Ø12, Ø20 mm) 

polymer matrix type (vinyl ester (V), epoxy (E)) 

fibre type (glass (G), carbon (C), basalt (B)) 

manufacturer (I, II, III, IV)   
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III -G-E-8 III -C-E-8 IV-B-E-8 I-G-V-8 II -C-E-10 

Figure 3-3: Selection of the tested samples 

3.2.2 Experimental setup and measurement instrumentation 

The testing length was selected to l test = 6 Ā Øim corresponding to the range of test lengths of 

approximately (5 ï 8) · Ø based on the findings from the literature [17, 18, 45, 49] as presented 

above, following GOST 31938:2012 [34]. 

  

Figure 3-4: Schematic test setup (left) and picture of the setup at the laboratory (right)  

The chosen test setup is shown schematically and as a picture in Table 3-4. In order to ensure 

a secure anchorage of the reinforcing bars during the test, the ends of each bar are placed into 

300 mm long steel sleeves and grouted with a high-strength mortar as specified in [5]. This 

type of end anchoring ensures a concentric positioning of the bars. The testing force is recorded 

l test= 6 Ā Øim

machinehead

groutedanchorsleeves
testspecimen

DD1-1

hydraulic

clampingjaws

testforce

DD1-2
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by an internal load cell with an accuracy of ± 0.05 % at a maximum of 650 kN throughout each 

experiment. Strain transducers (DD1) are mounted on both sides of the bar's free test length, 

with a gauge length of 40 mm. The bar strains are recorded at a frequency of 5 Hz. 

3.2.3 Experimental procedure 

The tests are performed displacement controlled at a target load speed of 1.3 ± 0.3 mm/min 

according to ASTM D695-15:2015 [30] and [45, 48]. The hydraulic clamping jaws in the trans-

verse direction are positioned in the area of the anchor sleeves to prevent damage to the FRP 

specimen due to transverse stresses. The first three tests of each series are carried out without 

strain transducers to avoid damage to the equipment from premature failure due to the unknown 

failure load of the specimens in each series. This procedure leads to the determination of only 

seven values for the elastic modulus per series. For the remaining specimens per series, the 

strain transducers are uninstalled at reaching 50 % of the ultimate load based on the first three 

tests, as a precautionary measure. Note that after removing the measurement devices, the strains 

are extrapolated assuming a linear elastic material behaviour based on the findings from the 

literature, as described above [25, 26, 36, 41, 45, 48, 49]. 

 
Figure 3-5: Deviation between the two measuring points and visualisation of the extrapolated measured val-

ues 

The deviations between the recorded values of the two displacement transducers allow an as-

sessment of the quality of the centric load application. The illustration in Figure 3-5 shows the 

measurement results of the displacement transducers DD1-1 and DD1-2 separately on speci-

men I-G-V-8.6. A high quality of concentric load application is observed from the minor devi-

ations. The compressive strength ffc is determined as the ratio of the maximum force Fmax to 
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the cross-sectional area of the reinforcement bar from immersion weighting Afi. The compres-

sive modulus of elasticity Efc is determined between the points at 20 % and 50 % of the ultimate 

load according to Eq. 3-4 as specified in GOST 31938:2012 [34]. 

max
fc

fi

F
f

A
=  Eq. 3-3 

( )
50% 20%

fc

fi 50% 20%

F F
E

A e e

-
=

Ö -
 Eq. 3-4 

3.2.4 Experimental results 

GFRP specimens 

Figure 3-6 illustrates the stress-strain behaviour of the GFRP specimens separately for each 

test series. 

  

  

0

100

200

300

400

500

600

700

800

900

1000

0 5 10 15 20

ů
c
[N

/m
m

²]

test

extrapolation

failure point

test series: I-G-V-8

n = 7

0              0.5              1.0            1.5             2.0     
Ůc [%]

0

100

200

300

400

500

600

700

800

900

1000

0 5 10 15 20

ů
c
[N

/m
m

²]

test series: III-G-E-8

n = 5

test

extrapolation

failure point

0              0.5              1.0            1.5             2.0     
Ůc [%]

0

100

200

300

400

500

600

700

800

900

1000

0 5 10 15 20

ů
c
[N

/m
m

²]

test

extrapolation

failure point

test series: I-G-V-12

n = 7

0              0.5              1.0            1.5             2.0     
Ůc [%]

0

100

200

300

400

500

600

700

800

900

1000

0 5 10 15 20

ů
c
[N

/m
m

²]

test

extrapolation

failure point

test series: III-G-E-12

n = 7

0              0.5            1.0           1.5            2.0     

Ůc [%]



Publication I 

59 

 

Figure 3-6: Stress-strain behaviour of the I-G GFRP specimens (left) and the III-G GFRP specimens  

   (right)  

To provide context for the obtained data, the authors normalised the mean compressive strength 

ffc,m and mean elastic modulus in compression Efc,m of GFRP specimens based on n = 49 (ffc) 

and n = 32 (Efc) test results, respectively. The normalisation was carried out using the corre-

sponding tensile properties fft,m and Eft,m resulting in a comprehensive summary presented in 

Table 3-4. The ratio between the mean recorded compressive strength ffc,m to the average tensile 

strength fft,m is between 0.63 and 0.71 (ffc,m = 720 ï 781 N/mm²), revealing a minor scatter 

range. The mean ultimate strain Ůfc,m for the GFRP specimens ranges between 1.29 and 1.43 %. 

The elastic moduli ratio Efc / Eft varies between 1.00 and 1.11 (Efc = 51,543 N/mm² 

ï 54,671 N/mm²). Besides the fact that the elastic moduli in compression are consistently at 

least as high as the corresponding elastic moduli in tension, the scatter range across the different 

test series is small. This observation, in particular, leads to the conclusion that GFRP is well 

applicable in compression and underlines the experimental test setup to be appropriate. 
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Table 3-4: Test results of the series with GFRP specimens 

series I-G-V-8 I-G-V-12 I-G-V-20 III -G-E-8 III -G-E-12 

Øim [mm] 8.81 12.82 21.11 8.78 12.22 

Ønom [mm] 8 12 20 8 12 

nffc 9 10 10 10 10 

ffc,m [N/mm²] 750 781 755 720 758 

ffc,m / fft,m 0.65 0.65 0.63 0.67 0.71 

CoV(ffc,m) 8.7 % 4.1 % 3.2 % 10.0 % 7.8 % 

nEfc 7 7 6 5 7 

Ůfc,m [%] 1.37 1.34 1.29 1.36 1.43 

Efc,m [N/mm²] 54,671 57,930 57,381 51,543 52,564 

Efc,m / Eft,m 1.11 1.10 1.07 1.00 1.02 

CoV(Efc,m) 1.5 % 3.9 % 6.3 % 1.8 % 1.3 % 

Along with the mean values from the test series, the corresponding scatter is of interest. The 

CoV(ffc,m) of the compressive strength ranges from 3.2 % (I-G-V-20) to a maximum of 10 % 

(III -G-E-8). In addition, the CoV(Efc) of the elastic modulus in compression is determined be-

tween 1.3 % (III -G-E-12) and a maximum of 6.3 % (I-G-V-20). The test series did not reveal 

any notable impact of the bar diameter on material properties, despite Wu's [35] earlier identi-

fication of such influence. Therefore, it is assumed that the bond behaviour between fibres and 

polymer matrix has improved due to an advanced production process compared to when Wu 

conducted his investigations in 1990. The consequently more homogeneous distribution of 

stresses across the FRP cross-section and the reduction of defects leads to a significantly re-

duced dependence of the FRP material properties on the diameter of the examined specimen. 

Three different failure modes (Figure 3-7) are observed after visual inspection as compiled in 

Table 3-5. Failure mode a (longitudinal splitting) occurs exclusively for the GFRP bars from 

manufacturer I and in particular for series I-G-V-8 and I-G-V-20, as shown in Figure 3-7 (a). 

The failure pattern is characterised by a vertical crack in the test specimen, marking a delami-

nation between the fibre and the polymer matrix due to transverse stresses. Note that the other 

specimens from manufacturer I assigned to failure modes b and c exhibit partial splitting at the 

very least (Figure 3-7 (b)). 

Table 3-5: Assignment of failure modes for GFRP specimen 

failure mode I-G-V-8 I-G-V-12 I-G-V-20 III -G-E-8 III -G-E-12 

mode a 7 1 6 - - 

mode b 1 - - 7 8 

mode c 2 9 4 3 2 
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The approximately equal elastic moduli and compressive strength values indicate similar fibre 

material of the specimens from series I-G and III-G. Therefore, it is assumed that the polymer 

matrix is the primary factor causing the differing failure modes. The vinyl ester utilised for the 

I-G samples seems to exhibit a smaller tensile strength compared to the epoxy resin employed 

for the III-G samples. Therefore, failure due to transverse tension (mode a) occurs for the I-G 

specimens solely. Failure of the specimens occurs within the free length for most specimens. 

However, tests in which failure occurs within the load application area show comparable 

strength and stiffness values, indicating the insensitivity of the glass fibres to transverse 

stresses. The failure modes of the III-G specimens are shown in Figure 3-7 ((c) and (d)) for 

direct comparison with the failure pattern observed for the I-G specimens ((a) and (b)). A more 

pronounced inclination of the failure joint is identified, leading to the assumption of failure 

mode b (shear crippling) in 15 of 20 cases. 

Note that specimens are partly excluded from further evaluation due to significantly outlying 

test results and damage incurred during the production process. Table 3-6 provides a record of 

the final count of valid test outcomes per series. 

 

    

(a) (b) (c) (d) 

Longitudinal splitting 
Compression failure 

with partial splitting 

Shear crippling with compression failure along the 

threat (c) and perpendicular to the threat (d) 

Figure 3-7: Failure modes of III-G GFRP-specimens (left: (a) and (b)) and III-G specimens (right: (c) and (d)) 
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BFRP specimens 

Figure 3-8 shows the stress-strain course of the BFRP specimens from series IV-B-E-8 and IV-

B-E-12. The average compressive strength of the IV-B-E-8 specimens is 49 % of the corre-

sponding tensile strength fft and scatters strongly compared to the other test series, featuring a 

CoVffc of 14.1 %. However, series IV-B-E-12 reveals similar strength values resulting in a nor-

malised compressive strength of ffc,m / fft,m = 50 %, with the CoV being slightly larger than for 

the GFRP specimens (CoV = 10.3 %). Regarding the stress-strain relationship (Figure 3-8), 

lower strength and stiffness values are observed compared to the GFRP reference. Neverthe-

less, the elastic moduli in compression of the BFRP specimen show good agreement with the 

corresponding tensile values revealing a ratio Efc,m / Eft,m of 0.98 for series IV-B-E-8 

(Efc,m = 46,746 N/mm²) and 1.03 for series IV-B-E-12 (Efc,m = 44,321 N/mm²) with a marginal 

scatter of CoVEfc = 2.4 % and 2.0 %, respectively.  

   

Figure 3-8: Stress-strain behaviour of the test series IV-B-E-8 and IV-B-E-12 

Shear failure along the tensioned strand is recognised as the predominant failure mode in the 

majority of BFRP specimens. In contrast to the other examined specimens, the BFRP rein-

forcement bars are helically wrapped with a tensioned strand, resulting in preliminary damage 

to the cross-section. Figure 3-9 presents a typical failure pattern indicative of this trend. 
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 Table 3-6: Test results of the series with 

    BFRP specimens 

 

series IV-B-E-8 IV-B-E-12 

Øim [mm] 7.41 11.72 

Ønom [mm] 8 12 

nffc 10 8 

fft,m [N/mm²] 955 950 

ffc,m [N/mm²] 465 472 

ffc,m / fft,m 0.49 0.50 

CoV(ffc,m) 14.1% 10.3% 

nEfc 7 6 

Ůfc,m [%] 0.97 1.02 

Eft,m [N/mm²] 47,611 42,846 

Efc,m [N/mm²] 46,746 44,321 

Efc,m / Eft,m 0.98 1.03 

CoV(Efc) 2.4 % 2.0 % 
 

Figure 3-9: Failure mode of the BFRP along the 

tensioned strand 
 

Note that specimens are partially removed from further evaluation due to damage of specimens 

during the production process. A documentation of the final number of valid test results per 

series is given in Table 3-8. 

CFRP specimens 

The stress-strain course of the CFRP specimens is shown in Figure 3-10 and Figure 3-11. An 

averaged stress-strain course from all GFRP tests, denoted as GFRP reference, serves for a 

better comparability of the following test series on CFRP and BFRP specimens. 

Regarding the stress-strain course of the CFRP specimens, the significantly higher modulus of 

elasticity Efc compared to the GFRP reinforcement is noticeable as expected analogously to the 

corresponding moduli of elasticity in tension. Conversely, the strength values ffc are below the 

corresponding mean strength of the GFRP reinforcement throughout the whole test series. Nor-

malising the mean CFRP compressive strength to the corresponding tensile strength reveals 

ratios from 0.22 (III-C-E-8) to 0.33 (II-C-E-10). One reason for the comparatively small 

strength ratios ffc,m / fft,m is the very high tensile strength of CFRP. However, the absolute com-

pressive strength values for the CFRP specimens range from 548 to 651 N/mm², which is con-

sistently below the corresponding values for GFRP. This observation shows the significantly 

greater sensitivity of the carbon fibres to transverse stresses and a higher susceptibility to micro 

buckling due to low individual fibre diameters compared to glass fibres. Moreover, the fibre 
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volume content for series II-C-E-10 and III-C series is Vf = 68% and 63% respectively, which 

is lower than that of the GFRP specimens (Vf = 73 ī 75 %). Consequently, CFRP was expected 

to exhibit smaller compressive strength values, as failure mode (b), observed for the majority 

of CFRP specimens, is substantially influenced by the fibre volume content, cf. Eq. 3-1. Nev-

ertheless, it is important to note that the CFRP elastic moduli show comparable values to their 

tensile counterparts. The ratios Efc / Eft range from 0.95 (II-C-E-10) to 0.98 (III-C-E-8) and 

thus indicate the hypothesis of equal elastic moduli in tension and compression to be accepted 

for CFRP. Figure 3-11 shows series III-C-E-8 and III-C-E-12 in direct comparison revealing 

significantly smaller compressive strength values for the Ø8 mm-specimens. This observation 

is attributed to the high susceptibility of the CFRP bars to stresses in the area of load introduc-

tion that is more pronounced for the specimens featuring a small diameter. 

 

 Table 3-7: Test results of the series with CFRP 

   specimens 

 

series II -C-E-10 III -C-E-8 III -C-E-12 

Øim [mm] 9.45 8.76 12.65 

Ønom [mm] 10 8 12 

nffc 9 8 10 

fft,m [N/mm²] 1,891 2,467 2,467 

ffc,m [N/mm²] 629 548 651 

ffc,m / fft,m 0.33 0.22 0.26 

CoV(ffc,m) 7.4 % 9.6 % 11.6 % 

nEfc 6 3 7 

Ůfc,m [%] 0.49 0.38 0.49 

Eft,m [N/mm²] 135,121 137,050 137,050 

Efc,m [N/mm²] 128,608 134,405 132,499 

Efc,m / Eft,m 0.95 0.98 0.97 

CoV(Efc) 4.3 % 1.9% 2.2 % 
 

Figure 3-10: Stress-strain behaviour of test series  

   II -C-E-10 
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While the II-C specimens mostly fail within the free testing length, the III-C specimens failed 

more frequently in the area of load application due to the sensitivity of CFRP in the transverse 

direction. This different failure behaviour is reflected in the corresponding scatter of the com-

pressive strength revealing larger CoVs for the III-C specimens (CoVffc = 9.6 ï 11.6 %) com-

pared to series II-C-E-10 (CoVffc = 7.4 %). However, the scatter of the elastic moduli in com-

pression of CFRP are consistently at a low level (CoVEfc = 1.9 % ï 4.3 %). 

It is particularly interesting to compare the III-C specimens with their GFRP (III-G) counter-

parts. The influence of the resin as well as the manufacturing process can be excluded as un-

known parameters since the same polymer matrix was used and the quality assurance is as-

sumed similar. The differences can thus be attributed to the fibre type and the fibre volume 

content (GFRP: Vf = 73 %; CFRP: Vf = 63 %). For the III-G specimens (ffc,m = 740 N/mm²), 

the compressive strengths are 23 % higher than for the III-C specimens (ffc,m = 600 N/mm²), 

revealing a significantly more favourable behaviour of GFRP in compression compared to 

CFRP. Furthermore, the GFRP ultimate compressive strain (Ůfc,m = 1.4 %) exceeds the corre-

sponding value for CFRP specimens (Ůfc,m = 0.45 %) by 211 %. Note that, regarding a concrete 

member longitudinally reinforced with FRP in concentric compression, this ultimate compres-

sive strain influences the load bearing capacity decisively. 

 

 

  

Figure 3-11: Stress-strain behaviour of the test series III -C-E-8 and III -C-E-12 
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Table 3-8: Number of failure modes CFRP 

failure mode II -C-E-10 III -C-E-8 III -C-E-12 

mode a 1 - - 

mode b 8 8 10 

mode c - - - 

The failure patterns exclusively show specimens that fail along an inclined shear plane (Figure 

3-12) indicating shear crippling (mode b) as dominating failure mode, which is consistent with 

the results from the literature. This failure mode leads to the specimen losing its entire integrity. 

Note that specimens are partially removed from further evaluation due to strongly outlying test 

results as well as damage of specimens during the production process. A documentation of the 

final number of valid test results per series is given in Table 3-8. Due to issues with the speci-

mens from test series III-C-E-8 as discussed above, only three valid results can be documented 

for the elastic modulus in compression. 

  

Figure 3-12: Failure modes of the III-C (left) and II-C specimens (right)  

3.2.5 Integration of the results from the database 

In order to verify the findings beyond the efforts of the present study, a joint evaluation of the 

results from the database (Table 3-2) and the results from this study, regarding the compressive 

strength ffc, the elastic modulus in compression Efc as well as the corresponding material scatter 

is conducted. Beyond the tests on CFRP and BFRP carried out as part of this study, only Abed 

et al. [37] and Urbanski [48] examined FRP based on basalt and basalt-carbon hybrid fibres, 
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respectively. Thus, GFRP is the FRP type applied for the major part of the investigated studies. 

Figure 3-13 illustrates the data giving the normalised compressive strength ffc / fft, the normal-

ised elastic modulus in compression Efc / Eft as well as the corresponding scatter if available 

and the sample size allows for (n Ó 5). 

The mean value over all strength ffc / fft ratios integrated in the database based on nffc = 339 test 

results in total equals 0.68 for GFRP, which is between the limits (ffc / fft = 0.63 ī 0.71) of the 

values determined within this study (Table 3-4). The strength ratios of the BFRP reinforcement 

obtained within this study ranging from ffc / fft = 0.49 to 0.50 show good agreement with the 

values from Abed et al. [37] (0.33 ī 0.52) and Urbanski [48] (0.34 ī 0.46). Unfortunately, no 

reliable studies from the literature are available for comparing the CFRP test results. The mean 

elastic moduli ratio Efc / Eft equals 1.00 regardless of the fibre type. This observation gives a 

strong indication to verify the hypothesis of the FRP elastic modulus in compression Efc corre-

sponding to the elastic modulus in tension Eft based on ntot,Efc = 221 test results in total. Anal-

ogously to the observations regarding the compressive strength, the values for the modulus of 

elasticity from the GFRP tests in this study (Efc / Eft = 0.97 ï 1.16) are in the scatter range of 

the database (0.84 ï 1.23). None of the studies considered deviates considerably from the mean 

value of Efc / Eft = 1.00. Regarding the results for BFRP specimens obtained in this study, the 

moduli ratio ranges from Efc / Eft = 0.98 to 1.03, revealing a very small range around 

Efc / Eft = 1.00. Test results from Urbanski [48] underline this presumption (Efc / Eft = 0.99 ï

1.14). Since there is no reliable study from literature regarding the elastic moduli in compres-

sion of CFRP specimens, the results from this study stand alone at this point. However, the 

modulus ratio for CFRP specimens also corresponds well with the target value of 

Efc / Eft = 1.00 (Efc / Eft = 0.95 ï 0.98). 
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 Figure 3-13: Results of the normalised compressive strength ffc / fft and compressive elastic moduli Efc / Eft 

from the database 

Regarding the scatter of the compressive strength, test series from Deitz et al. [50], Wu [35] 

and Tavassoli et al. [42] show the greatest scattering values, revealing coefficients of variation 

of CoVffc = 24 %; 23 % and 17 % respectively. Conversely, the test series by Galen LLC [47] 

(CoVffc = 3.6 %), Bruun [41] (3.9 %), Khorramian and Sadeghian [46] (CoVffc = 7 %) and the 

results from this study (Bujotzek et al. (2023)) (CoVffc = 6.7 %) feature the smallest CoVs. The 

mean CoVffc for the compressive strength based on nffc = 339 in total equals 11.5 %. The overall 

scatter of the elastic moduli in compression of FRP (CoVEfc = 3.9 %) falls significantly below 

this value. Results from Tavassoli et al. [42] and Almerich-Chulia et al. [40] show strongly 

scattering values with CoVEfc = 13.4 % and 8.7 %, respectively. The very small scatter of the 

elastic moduli in compression determined in this study is particularly remarkable, ranging be-

tween 2.2 % (BFRP) and 3.0 % (GFRP). Khorramian and Sadeghian [43] (CoVEfc = 2.3 %) and 

AlAjarmeh et al. [45] (CoVEfc = 3.3 %) observed values of a similar small magnitude. 
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3.2.6 Influence of the test slenderness and the setup the FRP compressive material 

properties 

The test slenderness l test / Ø as well as the type of test setup according to Table 3-1 are the 

major parameters influencing the compressive material properties of FRP apart from the mate-

rial itself based on the above considerations. For the following evaluation the GFRP specimens 

from [35, 37, 39ï42, 45ï47, 49] are taken into consideration. 

As can be observed from the ffc / fft - values plotted over the corresponding test slenderness 

l test / Ø in the left part of Figure 3-14, the theoretically assumed optimum as illustrated in Figure 

3-2 becomes apparent based on nffc = 231 test results. The influence of the test slenderness on 

the elastic modulus as shown in the middle part of Figure 3-14 is less pronounced. Neverthe-

less, the Efc / Eft ratio seems to converge at slenderness values l test / Ø > 4.0. Additionally, high 

test slenderness values do not seem to influence the value of the elastic modulus in a negative 

way. Regarding the CoVs of ffc and Efc plotted over l test / Ø reveals decisively less scatter at 

increasing test slenderness for both, the compressive strength and the elastic modulus. This 

finding is strongly enforced by the test series presented in DôAntino and Pisani [49] and AlA-

jarmeh et al. [45]. In addition to that, the findings are in line with the theoretical assumptions 

presented above, regarding increased edge effects for small test slenderness values, leading to 

a crucial increase in material scatter. 

 

Figure 3-14: Influence of the test slenderness on ffc / fft (left) and Efc / Efc (middle) and the corresponding CoVs 

(right) 

Figure 3-15 illustrates the influence of the chosen test setup according to Table 3-1 on the 
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to be affected decisively by the type of load setup, if the specimens are sufficiently careful 

prepared. The test results range from ffc / fft = 0.66 for setup (e) and (f) to 0.69 for setup (a). 

Note that the results from the test series on thermoplast GFRP specimens from [49] are not 

integrated into the compilation since due to the comparatively small ffc / fft - ratio of 0.54 this 

would yield misleading results. The highest scattering values regarding the compressive 

strength is observed for setup (d) (CoVffc = 16.4 %) applying the load directly to the end faces 

of the specimen via non-grouted steel cases, followed by setup (e) (15.0 %) and (a) (14.0 %). 

Setup (f) which was applied for the tests conducted within this study as well as in [47] and [49] 

reveals the smallest scatter (CoVffc = 6.9 %). Regarding the influence of the setup type on the 

elastic moduli ratio Efc / Eft shows results corresponding well with the hypothesised value of 

1.00 for setup (d), (e) and (f). The results corresponding to setup (a) introducing the load di-

rectly via the end faces of the specimen deviates considerably from this value (Efc / Eft = 0.93). 

Note that for this explicit evaluation only the test results from Wu [35] were considered. The 

least scattering results are found for setup (f) (CoVEfc = 2.3 %), followed by setup (e) (3.1 %) 

and setup (a) (6.0 %). Setup (d) in which the load was introduced directly via the specimens 

end faces by non-grouted anchor sleeves leads to the highest scattering values 

(CoVEfc = 10.7 %). 

 

Figure 3-15: Influence of the test setup according to Table 3-1 on ffc / fft and Efc / Eft and the corresponding 

scatter 
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3.3 Statistic evaluation 

Before the consideration of FRP reinforcement in compression within applicable standards be-

comes conceivable, an evaluation of the reliability requirements of such reinforced concrete 

members must be carried out. In order to prepare for reliability studies of this kind, the distri-

bution type of the material properties is checked. 

3.3.1 Kolmogorov-Smirnov test 

One of the best-known goodness of fit tests is the Kolmogorov-Smirnov (KS) test [53]. This 

test compares the assumed theoretical Cumulative Distribution Function (CDF) to the Empiri-

cal Distribution Function (EDF) from the experimental results. Comparing the maximum de-

viation DKS,max between CDF and EDF to a statistic DKS,lim, which can be determined as a func-

tion of the sample size n and the chosen confidence level (1 ï Ŭ) as shown in Eq. 3-5 leads to 

acceptance or rejection of the assumed hypothesis. According to Hedderich [54], the following 

equation applies for the selected confidence level (1 ï Ŭ) = 95 %. 

KS,lim

1.358
      for 35D n

n
= >  Eq. 3-5 

For the application of the KS test within the scope of this study, the data is evaluated separately 

for the compressive strength and the elastic modulus in compression. In order to comply with 

the critical sample size n > 35, the data of the single test results is normalised to the mean value 

of the respective series (ffc,i / ffc,m, Efc,i / Efc,m) and jointly evaluated. Furthermore, it is distin-

guished between an evaluation of the data from this study and the data from this study plus the 

database. With respect to [55, 56], there is sufficient reason to believe to appropriately describe 

the compressive material properties of FRP by means of a lognormal distribution. 

3.3.2 Evaluation of the test results 

The EDF of the single test results for the compressive strength normalised to the mean value 

of the respective series (ffc,i / ffc,m) and the corresponding CDF as a lognormal distribution are 

illustrated in Figure 3-16. The test results obtained within the scope of this investigation 

(n = 94) are shown in black, whereas the overall values including the results from the database 

(n = 264) are shown in grey for direct reference. Besides the CDF and EDF, the empirical and 

the theoretical distribution density (PDF) is given in the right part of Figure 3-16. 
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Figure 3-16: CDF, EDF (left) and PDF (right) for the FRP compressive strength ffc 

A good approximation of the EDF by the assumed lognormal distribution (CDF) can be ob-

served from Figure 3-16. The highest deviation between the two graphs is DKS,max = 0.093 for 

the test series conducted within this study and DKS,max = 0.082 for the test series including the 

values from literature. Comparing DKS,max to the critical values for accepting the null hypothe-

sis for a 95 % confidence interval DKS,lim = 0.139 (this study) and 0.0834 (this study with data-

base) leads to the hypothesis being accepted. Besides the compliance with the limits of the KS 

test, a slight positive skew is recognisable for the density functions (PDF), which is character-

istic of a lognormal distribution. Given the direct correlation between the load share of the FRP 

reinforcement and its axial stiffness EAf due to the linear elastic material properties, the elastic 

modulus in compression is the most crucial material parameter of FRP regarding the compres-

sive capacity of FRP reinforced concrete columns. It is therefore essential to examine the cor-

responding statistical characteristics carefully with regard to future reliability analyses. 

A good agreement of the EDF with the CDF is found, regarding the test results of the elastic 

modulus in compression obtained within the scope of this study (black), revealing small scatter 

(CoV = 2.9 %). According to the result of the KS test (DKS,max = 0.074 < 0.175 = DKS,lim), the 

hypothesis of a LN distribution can be accepted at a significance level of (1 ï Ŭ) = 95 %. Inte-

gration of the values from the database into the statistical evaluation of the elastic modulus in 

compression leads to a slightly worse agreement between the graphs at a simultaneously in-

creasing scatter (CoV = 4.5 %). However, the null hypothesis of a LN distribution can be ac-

cepted at a significance level of (1 ï Ŭ) = 95 %, (DKS,max = 0.078 < 0.103 = DKS,lim). 
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Figure 3-17: EDF, CDF (left) and PDF (right) for the FRP elastic modulus in compression Efc 

3.4 Conclusions 

Within the current paper, an extensive literature review on previous investigations for the ex-

perimental determination of material properties of FRP in compression as well as on existing 

test methods was performed. A widely arranged experimental program addressed the influence 

of decisive parameters on the FRP material properties in compression based on a reasonably 

chosen test setup. The obtained results from test series on GFRP, CFRP and BFRP specimens 

were presented and put into the context of experimental data obtained from the literature. Fur-

thermore, the influence of the test slenderness as well as the test setup on the FRP compressive 

material properties as well as the corresponding scatter were discussed. Eventually the joint 

data was evaluated regarding the observed distribution type of the material parameters. The 

following conclusions are drawn from the examinations: 

¶ The experimental results from this study show small scatter and reproducibility of material 

properties as well as failure modes regardless of FRP type, bar diameter or fibre volume 

content. Based on the evaluation of the data from the literature and the data generated within 

this study the applied test slenderness l test / d = 6.0 as well as the chosen test setup (f) can be 

generally recommended for the experimental determination of FRP compressive material 

properties. 

¶ The widely arranged test program enables the authors to compare the material behaviour of 

FRP in compression regardless of the fibre type. For the first time, the theoretical findings 

from the polymer literature, particularly regarding the observed failure modes according to 

Hahn [14], have been analysed in a larger context including a high number of test results 
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from previous studies. Thus, this study serves for a better understanding of the material 

behaviour of FRP in compression. 

¶ The presumption of the elastic modulus in compression Efc being equal to the elastic mod-

ulus in tension Eft is confirmed based on the test results and the evaluated database. The 

experimental values from the tests conducted within the scope of this study correspond well 

with the results from the literature, although featuring less scatter. For the first time, the 

dependence of the compressive material properties on the test slenderness, featuring less 

scatter with increasing test slenderness is shown based on the test results from the literature 

and tests from this study. 

¶ The highest compressive strength ratios ffc / fft were obtained for the GFRP specimens, fol-

lowed by BFRP and CFRP. The comparison of series III-G and III-C reveals a resilient 

conclusion regarding the significantly superior material behaviour of GFRP compared to 

CFRP identifying GFRP as the most appropriate material for a robust design of such rein-

forced concrete structures in compression. 

¶ The test results of the GFRP and BFRP specimens show high values for the ultimate strain 

Ůfc Ó 1.29 % (GFRP); 0.97 % (BFRP), significantly exceeding the ultimate concrete strain 

(Ůcu = 0.35 %) according to EN 1992-1-1 [57]. The ultimate strains for CFRP are also above 

Ůcu = 0.35 % (Ůfc,CFRP = 0.38 ï 0.49 %). However, due to the sensitive behaviour of CFRP in 

compression, the results for CFRP reveal need of further investigations. 

¶ Based on the findings from this study, a lognormal distribution is identified as suitable to 

statistically describe the compressive strength and modulus of elasticity of FRP reinforce-

ment independent of the fibre material. 

For the design of FRP reinforced concrete members, the contribution of FRP to the short-term 

load-bearing capacity can be generally recommended. However, further studies should be con-

ducted concerning the FRPôs long-term material behaviour in compression as well as corre-

sponding reliability studies. 
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4 SENSITIVITY  ASSESSMENT OF THE LOAD-BEARING  

CAPACITY OF FRP REINFORCED CONCRETE COLUM NS 

(PUBLICATION  II ) 

Publication II  ñSensitivity assessment of the load-bearing capacity of FRP reinforced 

concrete columnsò provides useful information about the sensitivity of FRP reinforced concrete 

members in compression on its crucial influencing parameters. Particularly, the influence of 

the FRP compressive modulus is investigated. Therefore, the statistical investigation on the 

distribution of the FRP elastic modulus in compression from Publication I provide decisive 

information. The results from this study serves as an estimate on the influence of the FRP 

material properties to the total scatter of the limit state with regard to FRP reinforced columns 

subjected to axial and eccentric compression, thus providing an estimate for the safety consid-

erations in section 8.3. 

The paper was published in the Proceedings of the 15th fib International PhD Symposium in 

Civil Engineering (28th to 30th August 2024 in Budapest, Hungary) in November 2024. The 

author of this thesis is first author of this publication and contributed writing of the original 

draft, validation, methodology, investigation and conceptualization to the publication. 
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Summary 

Fibre-reinforced polymer (FRP) reinforcement bars are a promising alternative to conventional 

steel reinforcement due to their advantageous durability properties. However, today's leading 

standards do not permit FRP reinforcement to be taken into account in compression. Several 

researchers have found this restriction to be very conservative and have shown that a significant 

increase in load-bearing capacity can be achieved when concrete columns are reinforced with 

FRP reinforcement. However, before a standardised application of FRP bars in compression is 

possible, the reliability requirements need to be clarified. Therefore, this study presents a com-

prehensive sensitivity analysis addressing the crucial parameters in the design of FRP rein-

forced concrete members in compression. In addition to quantifying the sensitivity factors, this 

study provides results for the scatter of the member resistance, which gives a strong indication 

towards the reliability of such structures. 

  



Publication II 

83 

4.1 Introduction 

4.1.1 FRP material behaviour in compression 

The application of reinforcement bars made of fibre-reinforced polymers (FRP) is increasingly 

in demand in the concrete construction industry. Due to the beneficial durability properties of 

FRP compared to conventional steel reinforcement, the possible reduction of the concrete cover 

is considered most advantageous towards a more efficient way of construction. The tensile 

material behaviour of FRP has been studied for several years and is well implemented in stand-

ards [1, 2]. However, with regard to the application of FRP reinforcement bars in compression, 

leading standards do not allow for the consideration of such reinforcements due to the lack of 

reliable research in this area [1, 3, 4]. Recently, various researchers addressed the FRP material 

behaviour in compression, revealing elastic moduli corresponding to those in tension [5ï11] 

and featuring compressive strength values of relevant magnitude, especially for glass fibre-

reinforced polymers [5, 6, 11, 12]. Furthermore, several test setup proposals towards a stand-

ardised experimental determination of FRP compressive strength and elastic modulus in com-

pression have been made in the literature [5, 10ï12]. 

4.1.2 Cross-sectional load-bearing behaviour of FRP reinforced columns 

With regard to the cross-sectional load-bearing behaviour of FRP reinforced concrete members 

in compression, the axial capacity must be distinguished from the eccentric capacity. In the 

scope of this study, this eccentric capacity is referred to as m-n-interaction (moment axial force 

interaction). Whilst the axial load-bearing capacity NR can be calculated using Eq. 4-1, the 

exact determination of the capacity of members subjected to m-n-interaction requires an itera-

tive procedure. 

R c c fc f fN A f E Ae= Ö + Ö Ö Eq. 4-1 

The axial capacity NR consists of a concrete part, given by the concrete cross-sectional area Ac 

and its compressive strength fc, and an FRP part. The cross-sectional area of the FRP reinforce-

ment and the FRP elastic modulus are given as Af and Ef respectively. The FRP compressive 

modulus can be considered known due to its compliance with the corresponding tensile value. 

For Ůfc, most researchers agree on the choice of this explicit value to be equivalent to the com-

pressive strain corresponding to the concrete peak compressive stress [13ï16]. In the literature, 

a large number of experiments validate this assumption [12, 17]. For this reason, this assump-

tion is also followed in this study. 
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As mentioned above, the determination of the member resistance under eccentric loading with 

FRP reinforcement applied on both, the tensile and the compression side of the cross-section 

requires an iterative procedure. Based on experimental results from the literature, concrete 

compression failure is assumed to be the critical failure mode for all levels of eccentricity and 

reinforcement ratios investigated [13ï17]. Thus, the strain value at the compressed edge of the 

cross-section is set to the concreteôs ultimate compressive strain (Ůcu = -0.35 %) [18]. The iter-

ation of the strain plane is therefore performed by varying the strain at the edge of the cross-

section subjected to tension. Convergence is achieved when the axial force (NR) and moment 

(MR) equations (Eq. 4-2 and Eq. 4-3) satisfy the equilibrium conditions. 

R R c f1 f1 f f2 f2 fN x b f A E A Ea e e= Ö Ö Ö + Ö Ö + Ö Ö Eq. 4-2 

R R c a f1 f1 f 1 f2 f2 f 2
2 2 2

h h h
M x b f x k A E d A E da e e

å õ å õ å õ
= Ö Ö Ö Ö - Ö + Ö Ö Ö - + Ö Ö Ö -æ ö æ ö æ ö

ç ÷ ç ÷ ç ÷
 Eq. 4-3 

Note that the parabola-rectangle (PR) diagram according to Eurocode 2 [18] is used for mod-

elling the stress distribution in the compression zone. This material model is well approved for 

considerations in the ultimate limit state. Table 4-1 compiles all relevant variables addressed 

in Eq. 4-1 - Eq. 4-3. For an entirely developed PR diagram (Ůc = Ůcu = -0.35 %), the parameter 

describing the stress distribution compared to a solid stress block ŬR and the coefficient for the 

determination of the distance of the resulting concrete compressive force from the compressed 

edge ka are 0.81 and 0.416 respectively. 

 

Figure 4-1: Strain plane and stress distribution for axial compression and m-n-interaction 

From the above examinations, it becomes clear that both the axial and the eccentric compres-

sive load-bearing capacity of FRP reinforced columns in compression is significantly influ-

enced by the axial stiffness of the FRP reinforcement. Elmessalami et al. [17], among others, 

support this thesis based on the results of a database containing a large number of correspond-

ing experimental results. Therefore, a mechanical reinforcement ratio ɤtot,f is introduced for the 

following investigations. Contrary to the mechanical reinforcement ratio of steel reinforced 

columns, the axial stiffness Ef Ā Af of the total longitudinal FRP reinforcement determine ɤtot,f. 
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4.2 Sensitivity analysis 

4.2.1 Methodology and basic variables 

The following investigations aim at a quantitative comparison of the sensitivity of the formu-

lated limit state functions to selected basic variables. Such investigations are essential to pre-

pare for future studies on the reliability of FRP reinforced concrete members in compression. 

Regarding the axial load-bearing capacity, the limit state function Z can be formulated by sub-

tracting the acting axial force NE from the axial capacity NR as described in Eq. 4-5. 

R E c c cf f f Eg Eq 0Z N N A f E A N Ne= - = Ö + Ö Ö - - = Eq. 4-5 

Analogously, the eccentric load-bearing capacity can be expressed via the following both limit 

state function for the axial NR and the moment part MR respectively. 

R E R c f1 f1 f f2 f2 f Eg EqZ N N x b f A E A E N Na e e= - = Ö Ö Ö + Ö Ö + Ö Ö - - Eq. 4-6 
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Eq. 4-7 

The crucial parameters are modelled stochastically by means of their mean value (ɛXi) and the 

corresponding standard deviation (ůXi) resulting from an input coefficient of variation (CoV). 

On the resistance side, the concrete compressive strength fc and the FRP elastic modulus Ef 

represent the crucial parameters and are therefore modelled stochastically. In addition, the FRP 

tensile strength is modelled stochastically to allow for reference examinations regarding the 

bending capacity. According to JCSS [19], the concrete compressive strength fc is lognormally 

distributed. Regarding the scatter of the concrete compressive strength, there are different opin-

ions on whether the standard deviation of fc correlates to the compressive strength or not. How-

ever, the approach implemented in Eurocode 2 follows studies by Rüsch [20], who found the 

standard deviation of fc to be independent of its mean value at 5.0 N/mm². The scatter of the 

concrete compressive strength is therefore modelled accordingly in this study. According to 

Bujotzek et al. [12], the FRP compressive modulus can be assumed to be lognormally distrib-

uted. The evaluation of a database containing n = 157 test results gives a CoVEf of 0.034 for 
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the FRP compressive modulus [12]. Test results from Hiesch et al. [21], among others, reveal 

scatter of the tensile modulus of similar magnitude (CoVEf < 0.039). Thus, the same CoVEf is 

considered for the FRP tensile and compressive elastic moduli in this study. The mean value 

and CoV of the FRP tensile strength are chosen to fft = 1,500 N/mm² and CoVfft = 0.08 respec-

tively, in accordance with investigations made by Rempel [22]. Besides the variables of the 

resistance side, the limit state functions include a permanent (g) and a live load (q) component 

of the acting forces. These values are defined to satisfy the condition Z = 0. Due to the com-

plexity of modelling live loads, which will not be the focus of this study, a simplified approach 

is chosen and a fixed coefficient of variation CoVEq = 0.20 is applied as proposed by Rempel 

[22]. The predominant part of the permanent load share (g) is assumed to result from the self-

weight of the structure and shall therefore be modelled normally distributed with a CoVEg of 

0.04, according to JCSS [19]. The load share ɖ = q / (g + q) is assumed to be 0.50 in this study 

featuring the mean value of a practical range 0.20 Ò ɖ Ò 0.70 [23]. The stochastically modelled 

variables Xi and the parameters assumed deterministic (det.) are listed in Table 4-1. 

Table 4-1:  Compilation of the applied basic variables 

Variable Xi Dimension 
Distribu-

tion type 
ɛXi ůXi CoV 

Concrete 

compressive strength 
fc [N/mm²] 

N 

30 5 0.167 

FRP elastic modulus Ef [N/mm²] 60,000 4,400 0.034 

FRP tensile strength fft [N/mm²] 1,500 120 0.080 

Live load q [MN; MNm]  
variable 

0.200 

Permanent load g [MN; MNm]  0.040 

Mechanical 

reinforcement ratio 
ɤtot,f - det. 10 - 250 - - 

Compressive strain 

(axial loading) 
Ůfc - det. 0.22 % - - 

Load share ɖ = q / (g + q) - det. 0.50 - - 

For the determination of the sensitivity of the limit states to the four selected basic variables Xi 

(fc, Ef, g, q) the Hasofer-Lind method [24] is applied. With the aid of this method, it is possible 

to determine the sensitivity values Ŭi based on partial derivations ÖZ / ÖXi of the limit state 

functions according to Eq. 4-8 [25]. Note that the Hasofer-Lind method is based on the as-

sumption that all basic variables are normally distributed, even if the actual distribution type is 

different. The associated error that results from this assumption is classified as sufficiently 

small for the present sensitivity study. 
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4.3 Results and discussion 

4.3.1 Concentrically loaded columns 

The influence of the FRP reinforcement on concentrically loaded FRP reinforced columns 

needs to be investigated with respect to the mechanical reinforcement ratio ɤtot,f. Therefore, 

the sensitivity factors according to Eq. 4-8 are plotted against ɤtot,f. For mechanical reinforce-

ment ratios between 10 and 250, a practical range of ɤtot,f is shown in Figure 4-2 (left). With 

regard to the resistance side, the sensitivity factor of the concrete compressive strength Ŭfc is 

significantly greater than the one for the elastic modulus of the FRP reinforcement ŬEf regard-

less of the mechanical reinforcement ratio. Starting from ɤtot,f = 10, ŬEf is close to zero. Grad-

ually increasing ɤtot,f gives a sensitivity factor of ŬEf = 0.09 at ɤtot,f = 250. The live load ac-

counts for the major part of the sensitivity on the action side. The observations are amplified 

when considering the square of the sensitivity values Ŭi² plotted in the right part of Figure 4-2. 

The influence of the FRP elastic modulus becomes negligible compared to the other variables 

with even the peak value at ɤtot,f = 250 being less than 0.01. Note that in the following inves-

tigations the squares of the sensitivity values Ŭ²i are presented, because the sum of these values 

is equal to one, which leads to a better quantitative comparability. 

  

Figure 4-2: Sensitivity values Ŭi (left) and Ŭi² (right) against the mechanical reinforcement ratio ɤtot,f (Ŭq²: 

live load; Ŭg²: permanent load; ŬEf²: FRP elastic modulus; Ŭfc²: concrete compressive strength) 
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4.3.2 Eccentrically loaded columns 

In engineering practice, columns are not generally subjected to concentric compression. There-

fore, the following investigations focus on the study of eccentric loading using an eccentricity 

to height ratio (e / h). The mechanical reinforcement ratio is set to ɤtot,f = 50 in these investi-

gations. 

The distribution of the Ŭ²i - values with respect to the axial load limit state NR in the left part of 

Figure 4-3 shows a pronounced dependence on the eccentricity ratio (e / h). The sensitivity 

value of the concrete compressive strength is dominant over the entire range investigated. Up 

to e / h < 0.50, the sensitivity value of the FRP elastic modulus is of negligible importance. 

However, Ŭ²Ef increases for larger values of e / h, giving a sensitivity value of Ŭ²Ef = 0.03 at 

e / h = 2.0. The generally decreasing influence of the action part can be explained by the fact 

that the axial capacity of the cross-section decreases with higher values of e / h. 

 

Figure 4-3: Sensitivity values Ŭ²i for the axial force (left) and the moment (right) against e / h 

The course of the sensitivities of the accompanying moment MR is also mainly determined by 

the concrete compressive strength on the resistance side and the live load on the action side, as 

shown in the right part of Figure 4-3. The sensitivity value of the FRP elastic modulus here 

remains less than 0.015. For columns subjected to m-n-interaction, a separation of axial force 

and bending moment makes only limited sense. Thus, the corresponding sensitivity values 

Ŭ²i (NR) and Ŭ²i (MR) are combined via Eq. 4-9 and plotted against e / h in the left part of Figure 

4-4. The sensitivity of the FRP elastic modulus here remains below 0.03 for the whole range 

investigated. 
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Figure 4-4: Combined sensitivity values for m-n-interaction (left) and normalised sensitivity values of the 

tensile (Ŭ²Eft) and compressive (Ŭ²Efc) reinforcement (right) against e / h 
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the evolution of the reliability level. For this purpose, the CoV of the corresponding member 

resistance (CoVR) is calculated according to Eq. 4-10 following fib Model Code [28]. There-

fore, the member resistance based on the mean values of the input variables Rm and the corre-

sponding value based on the 5 % - percentile values Rk is required. 

m
R

k

1
ln

1.65

R
CoV

R

å õ
= Öæ ö

ç ÷
 Eq. 4-10 

A single reinforced beam with reinforcement only at the tension edge of the cross-section rep-

resents the member under pure flexural loading in this study. For this type of member, there 

are two possible failure mechanisms: (i) tensile failure of the FRP reinforcement and (ii) crush-

ing of the concrete compression zone. Both failure mechanisms are considered below, resulting 

in two different values of CoVR for the member subjected to pure bending.  

R ft ftM f A z= Ö Ö Eq. 4-11 

Tensile failure of the FRP reinforcement is formulated in Eq. 4-11. Where Aft is the tensile 

reinforcement cross-section, z is the inner lever arm of the cross section. The specifications in 

Table 4-1 entail the information about the FRP tensile strength (fft = 1,500 N/mm²; 

CoVfft = 0.08). 

R c RM f b x za= Ö Ö Ö Ö Eq. 4-12 

Eq. 4-12 composes analogously, with the concrete compression force (fc Ā x Ā b Ā ŬR) consisting 

of the concrete compressive strength fc, the height of the compressive zone x, the cross-sec-

tional width b and the solidity coefficient ŬR replacing the reinforcement tensile force (fft Ā Aft). 

 

Figure 4-5: CoVR of members under m-n-loading against e / h compared to pure bending for different me-

chanical reinforcement ratios 
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Applying Eq. 4-10 to these two cases gives CoVR values of 0.086 for FRP tensile failure and 

0.194 for concrete compressive failure, as shown by the dashed lines in Figure 4-5. An inves-

tigation of the CoVR for m-n-interaction is given in Figure 4-5 for different levels of eccentricity 

and five different mechanical reinforcement ratios (ɤtot,f = 10 50 100 175 250). The course of 

CoVR decreases nonlinearly with increasing eccentricity, regardless of the reinforcement ratio. 

The generally decreasing behaviour can be explained by the increasing sensitivity of the limit 

state functions towards the FRP elastic modulus for the axial (NR) and the bending (MR) part 

as shown in Figure 4-3. Furthermore, the mechanical reinforcement ratio has a positive influ-

ence on the CoVR. For the smallest value studied (ɤtot,f = 10), the CoVR equals 0.189 at e / h = 

0.1, which is close to the upper threshold for bending failure due to concrete compression 

(CoVR = 0.194). Conversely, the course of CoVR for ɤtot,f = 250 shows a maximum value of 

0.121 at e / h = 0.1. All values investigated are within the both thresholds due to bending, show-

ing a positive influence of the reinforcement to the obtained CoVR. Note that the reliability 

requirements of the two bending modes are covered by the partial safety factors mentioned 

above. Since the CoVR can be considered as an indicator of the reliability of the member re-

sistance, this is a clear indication that the reliability level is not negatively influenced by the 

FRP reinforcement. Nevertheless, this hypothesis must still be sufficiently underlined by ex-

tensive reliability analyses. 

4.5 Summary and conclusions 

This study presents a sensitivity analysis of FRP reinforced concrete members in compression. 

After introducing the newly formulated mechanical reinforcement ratio for FRP reinforced 

concrete members ɤtot,f, sensitivity values Ŭi are quantified for four variables (fc, Ef, g, q). The 

following conclusions can be drawn from the above examinations: 

¶ The investigation of the sensitivity values for different mechanical reinforcement ratios 

for FRP reinforced concrete columns subjected to axial compression gives a maximum 

sensitivity value of Ŭ²Ef < 0.01 at ɤtot,f = 250. Compared to a sensitivity value for the con-

crete compressive strength of Ŭ²fc = 0.50, Ŭ²Ef presents a negligibly small value.  

¶ The sensitivity values show a distinct dependence of the e / h - ratio with a larger Ŭ²Ef - 

value for large eccentricities (Ŭ²Ef = 0.032 for e / h = 2.0). However, the sensitivity value 

of the compressive reinforcement becomes negligible compared to that of the tensile rein-

forcement at large eccentricities. 
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¶ The resistance scatter CoVR of FRP reinforced members subjected to eccentric compres-

sion ranges between the corresponding values of members subjected to pure bending with 

respect to (i) FRP tensile failure and (ii) concrete compressive failure. 

The investigations carried out in this study give a strong indication that the application of FRP 

reinforcement has no negative influence on the reliability of such reinforced concrete members 

in compression. However, this hypothesis needs to be supported by appropriate reliability con-

siderations.  
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5 NOVEL MODEL FOR THE DETERMINATION OF STR ESS RE-

DISTRIBUTION IN GFRP  REINFORCED CONCRETE  MEMBERS 

UNDER LONG-TERM COMP RESSION BASED ON EXPERI-

MENTAL RESULTS (PUBL ICATION III ) 

The study presented in ñNovel model for the determination of stress redistribution in GFRP 

reinforced concrete members under long-term compression based on experimental resultsñ 

adapts the results on the short-term FRP compressive material properties from Publication I by 

the influence of FRP compressive creep. Therefore, GFRP compressive creep rates were de-

termined experimentally. Furthermore, extensive experimental investigations were conducted 

to study the influence of FRP compressive creep on the stress redistribution behaviour of such 

reinforced concrete specimens. The results of this study finally served to calibrate a model for 

the analytical determination of such stress redistribution. 

The paper was published as Open Access in the journal Construction and Building Materials 

in June 2024. The author of this thesis is first author of this publication and contributed writing 

of the original draft, validation, methodology, investigation, formal analysis, data curation and 

conceptualization to the publication. 
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Abstract 

Reinforcement bars based on glass fibre reinforced polymers (GFRP) show good mechanical 

properties and advantageous durability properties compared to conventional steel reinforce-

ment. The increasing use of GFRP reinforcement can, therefore, also be seen against the back-

ground of an advised resource-efficient adoption of materials in the construction industry. 

However, the mechanical properties of GFRP reinforcement are still not sufficiently re-

searched, currently leading to regulatory restrictions. More specifically, regarding the com-

pressive material properties of GFRP reinforcement bars under long-term loading, there is a 

significant lack of information. 

This paper introduces a novel model for predicting the stress redistribution in GFRP reinforced 

concrete members subjected to long-term compression. A comprehensive examination of the 

mechanical background and a brief summary of existing literature on relevant test results form 

the basis for the initial development of an extensive test program to be applied. In the first part 

of the experimental investigations, GFRP reinforcement bars are statically loaded for an exper-

imental period of 1,000 hours in order to determine creep rates. Subsequently, GFRP reinforced 

concrete specimens are subjected to compression for 190 days at three different load levels. 

The results show a significant stress increase in the GFRP reinforcement due to creep and 

shrinkage. The high ultimate loads of preloaded specimens demonstrate that the long-term 

loading did not lead to any damage. The proposed analytical model combines the two parts of 

the experimental program and provides a practical method for determining the load redistribu-

tion in GFRP reinforced concrete members under permanent compressive loading.
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5.1 Introduction  

Advancing global industrialisation is leading to an alarming change in the climate and an increasing 

scarcity of resources. In this context, concrete construction has a major responsibility due to the CO2 

intensive production of cement and the immense amount of resources required. For this reason, 

research currently focuses on various opportunities for developing innovative alternatives to con-

ventional concrete structures. One possibility involves the integration of industrial waste (e. g. alu-

minium, plastics) into the concrete [1, 2]. Other efforts are focussed on the development of geopol-

ymer concretes, which may be provided with nanoparticles in order to improve their durability prop-

erties [3]. This paper discusses the use of corrosion resistant reinforcement made of fibre reinforced 

polymers (FRP) as an alternative to steel reinforcement with the aim of improving the durability of 

reinforced concrete structures. According to leading international standards, the use of reinforce-

ment bars made of glass fibre reinforced polymers (GFRP) in compressed concrete members is 

currently not permitted due to limited research on this topic [4ï6]. Concerning the short-term com-

pressive material properties, GFRP reinforcement bars exhibit high compressive strength values. In 

addition, the compressive elastic moduli are comparable to those in tension [7ï12]. However, when 

assessing the entire service life of a GFRP reinforced concrete member, it is necessary to consider 

time-dependent material properties during the design process.  

5.1.1 GFRP creep in tension 

Tensile creep and relaxation of GFRP reinforcement bars has been studied for long [4, 13]. Several 

research projects focused on the creep induced loss of prestressing forces [14ï16] and tried to coun-

teract tertiary creep with eventual creep rupture [4]. GFRP creep in tension comprises of three dif-

ferent portions, as shown in Figure 5-1. The first part: (i) fibre creep ȹwf (t) can be considered neg-

ligible for glass fibres [14, 17ï19]. The viscoelastic material behaviour of the polymer matrix results 

in deformations ȹwm (t) due to (ii) polymer matrix creep [4, 17]. When initially loaded, stresses in 

the GFRP cross-section are distributed proportionally according to the stiffness share between fibres 

and polymer matrix. A load transfer from the polymer matrix to the fibres, which can be assumed 

to be time-invariant [17], occurs due to a creep induced stiffness decrease of the polymer matrix. 

According to Dolan et al. [18], the load share of the polymer matrix is entirely transferred to the 

fibres. Considering the time-dependent GFRP elastic modulus EGFRP (t) and the mixture rule accord-

ing to Eq. 5-1 [4], the polymer matrix induced creep rate űGFRP,m (part (ii)) at t = Ð can be estimated 

following Eq. 5-2. The fibre and the polymer matrix elastic moduli are denoted by Ef and Em re-

spectively, while Vf describes the fibre volume content: 
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GFRP f f f m( 0) (1 )E t V E V E= = Ö + - Ö Eq. 5-1 

GFRP f f f m
GFRP,m

GFRP f f

( 0) (1 )
( ) 1 1

(  = )

E t V E V E
t

E t V E
j

= Ö + - Ö
=¤ = - = -

¤ Ö
 Eq. 5-2 

The third part (iii) of GFRP tensile creep results from the initial skewness of the fibres [16, 17]. As 

shown in Figure 5-1 (iii) the individual fibres show imperfections resulting from the manufacturing 

process. Application of tensile stress to the GFRP leads to straightening of the fibres and an accom-

panying creep deformation ȹwi (t). To counteract this issue, GFRP reinforcement bars for use as 

tendons are preloaded before prestressing [16]. 

 

Figure 5-1: Portions of GFRP tensile creep: (i) Fibre creep; (ii) Polymer matrix creep; (iii) Creep due to fibre skew-

ness [16] 

Tensile creep tests on GFRP reinforcement bars have been conducted by several researchers. 

Youssef and Benmokrane [15] tested vinyl ether reinforcement bars with fibre volume contents 

ranging between Vf = 0.51 and 0.75. After an experimental period of 3,000 to 10,000 hours, tensile 

creep rates between űGFRP = 0.012 and 0.157 were observed. Experiments conducted by Sayed 

Ahmed et al. [20] revealed tensile creep rates of űGFRP = 0.039 ï 0.112 after a long-term loading 

period of 1,670 hours. Test results by Hiesch et al. [14] showed tensile creep rates for GFRP 

reinforcement bars with a fibre volume content of Vf = 0.75 ranging between űGFRP = 0.016 ï 0.041 

after 1,000 hours of loading. 

ȹwm(t)

v (t = Ð)

v (t = 0)

ȹwf (t) å 0
w

v
ȹwi(t)

(i) (ii) (iii)
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5.1.2 Existing studies on GFRP compressive creep 

The research on the compressive short-term material behaviour of FRP reinforcement for structural 

concrete applications is still limited and therefore excluded from leading standards [12]. In addition, 

testing of FRP reinforcement in compression is not yet standardised and must be carried out with 

great care. Research into long-term properties, including compressive creep, is a next step and there-

fore a highly innovative topic that has not yet been addressed in concrete structural engineering. 

From the literature, no experimental studies on the compressive creep behaviour of GFRP reinforce-

ment bars for application in concrete structures can be found. However, studies on the creep behav-

iour of GFRP specimens with various shapes exist, some of which are presented in the following. 

McClure and Mohammadi [21] investigated the compressive creep behaviour of GFRP specimens 

made from E-glass and polyester resin with a fibre volume content of Vf = 0.53 ï 0.59. The speci-

mens were loaded in compression at 45 % of the ultimate load over a period of 2,500 hours. A 

clearly nonlinear course of the experimentally recorded creep strains with strongly increasing values 

immediately after load application was observed. An analytical approach according to Findleyôs 

power law [22] served to model the evolution of the test data, evidently converging towards a thresh-

old. Apart from the experimental creep rates (űGFRP = 0.133 ï 0.152), no tertiary creep or creep 

rupture was observed. After unloading, the creep recovery of the specimens was recorded, showing 

that 53 ï 67 % of the creep strain was reversible. Scott and Zureick [23] investigated GFRP speci-

mens in compression with a vinyl ether polymer matrix featuring a fibre volume content of 

Vf = 0.30. The specimens were investigated at three different load levels, specifying ratios of 0.20, 

0.40 and 0.60 of the short-term compressive strength fGFRP,c. Creep rates ranging from 0.089 ï 0.138 

were found after a loading period of 5,000 hours. No significant differences were found in the results 

of the different load levels. From the observations of the recorded strains, a nonlinear power function 

was empirically calibrated to model the creep strain course. Despite the high load level of 

ůc / fGFRP,c = 0.60, no tertiary creep was observed and, therefore, no risk of creep rupture was iden-

tified. Choi and Yuan [24] investigated glass fibre reinforced polyester resin with fibre volume frac-

tions Vf ranging from 0.45 to 0.75. The specimens were tested in compression at four different load 

levels (0.20  0.30  0.40  0.50 Ā fGFRP,c). After a loading period of 2,500 hours, creep rates ranging 

from 0.098 to 0.108 and a good agreement of the experimental results with Findleyôs power law 

were found. No characteristic dependence of the creep rate on the load level was observed from the 

test results.  

Apart from the general GFRP creep behaviour in compression, a distinct effect of the ambient tem-

perature on polymer matrices is known from the literature [17]. Due to the strongly temperature-
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dependent material behaviour of the polymer matrix, high ambient temperatures result in signifi-

cantly accelerated creep rates. AlAjarmeh et al. [25] investigated the influence of elevated ambient 

temperatures (23 to 140°C) on the compressive material behaviour of GFRP reinforcement bars at 

different slenderness ratios. The authors found a strong decrease of the GFRP compressive strength 

at very high temperatures (T > 60 °C). 

5.1.3 GFRP reinforced concrete in compression 

With regard to the use of GFRP reinforcement bars in concrete members, several researchers inves-

tigated the short-term load-bearing capacity of such reinforced columns [26ï30]. The results show 

a good agreement between the experimental load-bearing capacities NR of concentrically loaded 

concrete columns reinforced with GFRP reinforcement bars with the analytical approach according 

to Eq. 5-3. The total axial load-bearing capacity NR is the sum of the normal force NR,c and NR,GFRP 

taken up by the concrete and the GFRP reinforcement, respectively: 

R R,c R,GFRP c c GFRP,c GFRP GFRP,cN N N f A E A e= + = Ö + Ö Ö Eq. 5-3 

The load share of the GFRP reinforcement NR,GFRP is proportional to its axial stiffness EGFRP,c Ā AGFRP 

due to the linear elastic material behaviour. The assumed compressive strain ŮGFRP,c must be chosen 

according to the applied concrete material model. The literature documents different approaches 

depending on whether the ultimate concrete strain is applied according to Eurocode 2 [31] 

(Ůcu = -0.35 %) or ACI 318 [32] (Ůcu = -0.30 %). Since the ultimate load-bearing capacity is primar-

ily determined by the concrete, the authors of this paper take the position of using the concrete strain 

at peak compressive stress (Ůc1 å -0.20 %). A sufficient number of experimental results for short-

term loading in compression emphasises this position [33ï36]. Also, the positive effect of longitu-

dinal GFRP reinforcement on the short-term compressive capacity of concrete members has been 

demonstrated by several experimental and theoretical investigations [27]. 

5.1.4 Load redistribution in steel-reinforced concrete members under compression 

With respect to the total service life of a reinforced concrete member, the aforementioned load share 

between concrete and GFRP reinforcement is subject to creep and shrinkage induced variations. 

Load transfer from the concrete to the steel reinforcement due to creep and shrinkage has been 

known for a long time [37ï39]. Several experts proved analytical methods to determine the resulting 

force increase in conventional steel reinforcement [40, 41]. Nevertheless, this topic is still part of 

current research [42, 43]. Transferring the problem of time-dependent load redistribution to GFRP 

reinforced concrete members in compression raises the question of the extent to which the time-
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variant material behaviour of the GFRP reinforcement itself influences the load redistribution. Fur-

thermore, any influence of the long-term loading on the ultimate load-bearing behaviour of such 

reinforced concrete members in compression is of great interest. 

5.1.5 Research significance 

Existing studies focus on the short-term load-bearing behaviour of GFRP reinforced concrete mem-

bers in compression. With the aim of applying GFRP reinforcement in engineering practice, the 

long-term behaviour of GFRP itself, as well as the interaction of the reinforcement with the concrete 

under sustained compressive loading must still be properly investigated. Any potential damage to 

the GFRP reinforcement due to long-term loading or constraining stresses due to shrinkage of the 

concrete must be carefully addressed. Whereas the tensile creep behaviour of GFRP has been the 

subject of several research projects, the compressive creep behaviour has not been part of such 

studies in concrete research. 

The current study provides experimentally determined creep rates resulting from a test series on 

GFRP reinforcement bars subjected to long-term (1,000 hours) compression. Based on the experi-

mental results, an analytical approach is developed in order to allow for an extrapolation of the 

GFRP creep rates to the entire service life of GFRP reinforced concrete members. An extensive 

experimental program examines the creep and shrinkage induced load redistribution behaviour of 

GFRP reinforced concrete specimens subjected to long-term (190 days) compressive loading. The 

investigation of different load levels enables the authors to provide results independent of the ap-

plied stress state. Crucial information on potential damage of the specimen or the GFRP reinforce-

ment bars is obtained by testing the ultimate load-bearing capacity of the specimens following the 

long-term loading period. Finally, a practical model for determining the load redistribution of GFRP 

reinforced concrete members in long-term compression is proposed and validated with the experi-

mental results. 

5.2 Compressive creep tests on GFRP reinforcement bars 

5.2.1 Test program and setup design 

In order to assess GFRP reinforced concrete members subjected to long-term compressive loading, 

the first necessary step is to investigate the time-dependent material behaviour of the reinforcement 

bars itself. Creep tests on GFRP reinforcement bars are carried out at the Testing Laboratory of the 

Institute of Solid Structures at TU Darmstadt. The reinforcement bars with a nominal diameter of 

Ønom = 12 mm (diameter from immersion weighting: Øim = 12.82 mm) show a grooved surface and 

are made from Electric Corrosion Resistant (ECR) glass fibre reinforced vinyl ester resin with a 
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fibre volume content of Vf = 75 %. The short-term material properties have been determined in ad-

vance [12] and are presented in Table 5-1 specifying mean value, sample size n (experimental num-

ber of compressive strength and elastic modulus values: nf and nE) and CoV of the GFRP compres-

sive strength fGFRP,c and elastic modulus EGFRP,c. 

Table 5-1: Short-term material properties of the GFRP reinforcement bars 

Øim 

[mm] 

Ønom 

[mm] 

fGFRP,c 

[N/mm²] 

EGFRP,c 

[N/mm²] 
nf [-] nE [-] CoVf CoVE 

12.82 12 781 57,930 10 7 4.1% 3.9% 

The long-term load level is chosen to be ůfc / fGFRP,c = 25 % (compressive stress in the reinforcement 

bar: ůfc = 195.3 N/mm²) of the mean compressive strength, corresponding to a constant compressive 

testing force of Ffc = 25 kN. The applied strain is ŮGFRP,c = 0.33 % and thus exceeds the strains con-

ventional concrete components are exposed to in a permanent load situation, even when significant 

creep is taken into account. Following the findings of [12, 44], the free testing length is chosen to 

be 6 Ā Øim = 77 mm to generate a uniaxial stress state. The load is applied via the carefully prepared 

end faces of the specimen. To avoid buckling of the specimen and to ensure a concentric load intro-

duction, the free testing length is marked by horizontal brackets (Figure 5-2). Strains are recorded 

directly on the specimens during the test using inductive displacement transducers (DD1). Addi-

tional displacement transducers (DD2) are installed at the top and bottom machine heads. The con-

centric load application is experimentally verified by means of the displacement transducers (DD1 

and DD2) mounted on two sides of the specimens. In addition to recording the displacements of the 

bars, the ambient temperature is recorded throughout the whole test. Furthermore, the machine force 

is monitored to ensure a constant load level. Two preliminary tests of 200 hours each are carried out 

to verify the test setup. Subsequently, four tests in which the specimens are subjected to a constant 

compressive stress for 1,000 hours each are compiled, leading to a total of six tested specimens. The 

test period of 1,000 hours was chosen in accordance with studies for FRP creep in tension [14, 16, 

45, 46]. All experimental data is recorded at a rate of 5 Hz during the first hour and at 1 / h for the 

rest of the experiment. 
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Figure 5-2: Schematic test setup (left) and picture of the setup at the laboratory (right) 

5.2.2 Test evaluation and elimination of temperature induced effects 

Figure 5-3 shows the first 500 seconds of the creep test exemplary on specimen #1, including the 

load application process until reaching the target load Ffc. The bar strains Ů increase linearly until 

reaching the target elastic strain Ůel as defined above. From this point on, the test load is held constant 

with an accuracy of < 0.1 %. Further strain increase can barely be recognised from the left part of 

Figure 5-3. Therefore, the strain increases at t > t0 is represented in the right part of Figure 5-3 by 

means of the GFRP creep rate űGFRP (t) according to the following equation: 

el
GFRP

el

( )
( ) 1

t
t
e e

j
e

-
= - Eq. 5-4 

The creep rate űGFRP shows a pronounced nonlinear course with general decreasing gradient (Figure 

5-3 (right)). 

 

Figure 5-3: Loading process (left) and illustration of the GFRP creep rate (right) exemplary for creep test on speci-
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To obtain creep rates that are independent of ambient temperature variations, temperature induced 

effects must be eliminated from the results. The influence of the ambient temperature on the course 

of the experimental creep rate becomes evident from the creep rates űGFRP especially from test #5 

(Figure 5-4) showing the most significant temperature course of all tests. The original űGFRP data as 

determined according to Eq. 5-4 is shown as dashed line (black). The data show a highly scattered 

course with a particularly strong increase at the beginning, followed by a plateau at around 

űGFRP = 0.04, which remains constant until (t ï t0) = 550 hours, when the rate starts increasing 

strongly again. The course of the ambient temperature which varies between 19.7 and 25.4 °C with 

an average of Tm = 22.2 °C is given in the plot as well (grey solid line). Particularly the area after 

(t ï t0) = 550 hours, where the creep rate strongly increases, is dominated by a high increase in am-

bient temperature. On the other hand, the plateau phase ((t ï t0) å 200 ï 550 h) is governed by tem-

peratures below Tm. Furthermore, local steps in the course of the creep rate are accompanied by 

visual steps in the course of the temperature. This observation can be justified by the fact that the 

material properties of the polymer matrix are strongly dependent on the ambient temperature [4, 

25]. Aiming to formulate a creep model independent of the ambient temperature, the values accord-

ing to Eq. 5-4 are multiplied by a correction term, which is composed of the ratio of the mean 

temperature Tm to the temperature at the considered time T (t) (Tm / T (t)) (Eq. 5-5). Introduction 

and the stepwise optimisation of a power p to this correction term leads to creep rate courses that 

come very close to the courses observed in the literature for both tensile [14] and compressive creep 

[21, 23, 24] for p = 2. The course of the temperature adjusted creep rate ű*
GFRP shows decisively 

less scatter and corresponds well with a logarithmic course given as a black solid line in Figure 5-4. 

2

* m
GFRP GFRP( ) ( )

( )

T
t t

T t
j j

å õ
= Öæ ö

ç ÷
 Eq. 5-5 

 

Figure 5-4: Influence of the temperature T on the creep rate űGFRP and ű*
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5.2.3 Experimental results and analytical approximation 

With regard to the application of GFRP reinforcement bars in engineering practice, the service life 

of a building exceeds the experimental period of 1,000 hours many times over. To extrapolate the 

evolution of the creep rate ű*
GFRP beyond the experimental period, the test data is recalculated by a 

logarithmic approach (Eq. 5-6) as suggested in [14, 16] for tensile creep tests on FRP specimens: 

GFRP,cal log 0 loglog( )a t t bj = + - Ö Eq. 5-6 

While alog and blog are free parameters that are to be calibrated empirically, (t ï t0) describes the 

experimental period. Table 5-2 shows the experimentally determined creep rates ű*
GFRP for 

(t ï t0) = 200 and 1,000 hours respectively. In addition, the mean ambient temperature Tm is given 

for each test. The parameters alog and blog from the logarithmic approach, which have been ap-

proached iteratively in order to optimise the coefficient of determination R², are also given. Finally, 

Table 5-2 contains an extrapolation of the creep rates for each test to the target service life of build-

ings which is chosen to 50 years according to Eurocode 0 [47]. Besides the parameters of the indi-

vidual tests #1 to #6, the experimental values of specimen #3 to #6 (1,000 hours) are jointly consid-

ered to obtain mean values. 

Table 5-2: Compilation of experimental creep rates and analytical parameters 

Specimen 
Duration 

[h] 

ű*
GFRP, 200h 

[-] 

ű*
GFRP, 1,000h 

[-] 

Tm 

[°C] 

alog 

[-] 

blog 

[-] 

R² 

[-] 

ű*
GFRP,50a 

[-] 

#1 
200 

0.043 0.050**  26.7 0.0243 0.0084 0.976 0.072 

#2 0.029 0.032**  25.9 0.0135 0.0063 0.781 0.049 

#3 

1,000 

0.029 0.040 26.9 0.0090 0.0090 0.864 0.060 

#4 0.016 0.024 26.9 0.0000 0.0077 0.893 0.043 

#5 0.043 0.050 24.3 0.0185 0.0105 0.965 0.078 

#6 0.019 0.026 24.3 0.0070 0.0050 0.944 0.035 

mean #3 to 

#6 
1,000 0.026 0.033 25.8 0.0069 0.0085 0.970 0.055 

CoV - 38 % 31 %  
** calculated based on the values at (t ï t0) = 200 h according to Eq. 5-6 

In Figure 5-5, where the plots of the creep rates of all 6 specimens are presented, it becomes apparent 

that the major part of the creep process occurs within the first 200 hours. After (t ï t0) = 1,000 hours 

the mean creep rate is ű*
GFRP (1,000 h) = 0.033, which equals 60 % of the extrapolated creep rate at 

the end of the service life ű*
GFRP,50a = 0.055. A comparison of the individual experimental creep 

rates ű*
GFRP at (t ï t0) = 1,000 hours shows a highly scattered range from 0.024 to 0.050 

(CoV = 31 %). This is due to the high sensitivity of the creep rates to the fibre volume content Vf 

and especially the fibre skewness. To indicate the variability of the creep rates, a scatter range is 
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added as a grey area to the averaged curve from the tests on specimens #3 to #6. Conversely, the 

qualitative comparison of the creep curves of the individual tests shows good agreement among the 

experimental results. Furthermore, a coefficient of determination of R² = 0.970 for the averaged 

results from specimen #3 to #6 reveals good agreement of the experimental results ű*
GFRP with the 

analytical approach űGFRP,cal according to Eq. 5-6. 
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Figure 5-5: Illustration of the GFRP creep rates (űGFRP,cal: calculated values according to Eq. 5-6 and ű*
GFRP: tem-

perature adjusted experimental data according to Eq. 5-5) of the individual specimens #1 to #6 

The strong increase in the creep rate at the beginning of each test can be attributed to the load 

redistribution from the polymer matrix to the fibres ((ii) matrix creep in Figure 5-1), which is known 

to occur rapidly [4, 14]. In the following, the matrix creep induced part of ű*
GFRP is estimated ac-

cording to Eq. 5-2. The short-term compressive modulus of the applied GFRP reinforcement bars is 

known to be EGFRP,c (t = 0) = 57,930 N/mm² (Table 5-1). The elastic modulus of the vinyl ether pol-

ymer matrix Em can be approximated to range between 3,000 and 4,000 N/mm² [14, 17, 48]. The 

fibre volume content specified by the manufacturer is Vf = 75 %. Therefore, the fibre elastic modu-

lus Ef can be expressed as follows: 

GFRP,c f m

f

f

(1 )
76,240  to  75,907 / ²

E V E
E N mm

V

- - Ö
= =  Eq. 5-7 

The polymer matrix induced creep rate űGFRP,m at (t = Ð) can thus be estimated as follows (Eq. 5-2): 

GFRP,c GFRP,c

GFRP,m

GFRP,c f f

( 0) ( 0)
( ) 1 1 0.0131  to  0.0176

( )

E t E t
t

E t E V
j

= =
=¤ = - = - =

=¤ Ö
 Eq. 5-8 

It is evident from the estimation that the polymer matrix induced creep rate is 40 ï 53 % of the mean 

experimental creep rate at (t ï t0) = 1000 hours (ű*
GFRP, 1,000h = 0.033), indicating that the contribu-

tion due to fibre skewness (Figure 5-1 (iii)) is of significant magnitude. 

A comparison of the compression creep tests performed in this study with tests under long-term 

tensile stress conducted by Hiesch et al. [14] reveals two significant differences. Due to the same 

type of GFRP bars that were used in [11] and this study, comparability is given in terms of fibre 

volume content and fibre skewness. Firstly, tensile creep rates of in average űGFRP = 0.0283 

(CoV = 33 %) after a test period of 1,000 hours were found [14], compared to a value of ű*
GFRP = 

0.033 in compression from this study. Secondly, the tensile creep tests from [14] partly still show a 

significant slope after 1,000 hours, whereas the specimens subjected to compression from this study 
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appear to converge within the experimental period of 1,000 hours. Both observations can be at-

tributed to the creep due to fibre skewness (Figure 5-1 (iii)). The process of straightening a misa-

ligned fibre in tension is limited to the core of the specimen (Figure 5-6 (left)). Conversely, the 

corresponding process in compression has no such geometric threshold (Figure 5-6 (right)). As a 

result, the skewness induced creep rates in compression can achieve higher values than in tension. 

The same geometric situation leads to stronger transverse stress ůtr on the polymer matrix in com-

pression than in tension. As a result, the compressive creep rates tend to converge faster than their 

tensile counterparts. 

 

Figure 5-6: GFRP creep due to fibre skewness in tension (left) and compression (right) 

5.3 Compressive creep tests on GFRP reinforced concrete specimens 

5.3.1 Test program and specimen preparation 

To account for the creep and shrinkage induced load redistribution between the concrete and the 

GFRP reinforcement bars, reinforced concrete specimens are tested under long-term compressive 

loading. Subsequently, the load-bearing capacity and stiffness of the specimens are determined ex-

perimentally to identify any damage to the reinforced specimens as a result of the long-term loading. 

A total of 28 concrete cylinders with a height to diameter ratio of 2.0 (h = 300 mm x d = 150 mm ï 

Figure 5-7 (left)) according to EN 12390-1 [49] are divided into four batches and are investigated 

under three different load levels (LL) (ůc / fcm = 0.20 0.30 0.45 ï Figure 5-7 (right)). Each batch 

consists of two sets of three specimens, with the first set of cylinders being unreinforced and the 

second set being reinforced with 12 Ø12 mm GFRP reinforcement bars for each cylinder resulting 
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in a geometrical reinforcement ratio of 8.8 %. The aim is to ensure a possibly high load-redistribu-

tion from concrete to the reinforcement by maximising the reinforcement ratio based on the maxi-

mum reinforcement ratio according to Eurocode 2, which equals ɟl = 9 % [31]. The mechanical 

properties of the GFRP reinforcement bars are specified in Table 5-1. Each specimen is equipped 

with four pairs of measurement marks, placed at quarter circle positions as shown in Figure 

5-7 (left), each consisting of a small plate with a rounded steel head and spaced at 200 mm along 

the specimenôs height. Concrete with a target compressive strength of fc = 28 N/mm² and maximum 

aggregate size of 8 mm is used to ensure proper compaction also in the heavily reinforced areas of 

the specimen. In addition to the loaded specimens, one batch of shrinkage (SH) specimens consist-

ing of one reinforced and one unreinforced set of each three specimens, is produced. These shrink-

age specimens serve as reference (REF) specimens when testing the ultimate load-bearing capacity 

subsequent to the long-term testing period. Finally, four unreinforced specimens are casted for the 

determination of the concrete compressive strength and elastic modulus at 7 and 28 days. The des-

ignation of each test series arranges as follows: 

 

  

Figure 5-7: Schematic illustration of the specimen geometry (left) and the test program (right) 

The production of the specimens begins with preparing the GFRP bars to the required length. The 

GFRP bars are placed in the cylinder moulds using a template to ensure a precise position of the 

reinforcement during casting (Figure 5-8 (a)). After concreting (Figure 5-8 (b)), the specimens re-

main in the moulds until demoulding on the seventh day. Before loading the specimens, the load 

introduction area is prepared perpendicular to the specimen axis to ensure a homogeneous load dis-

tribution (Figure 5-8 (c)). 
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(a) Preparation of the reinforcement (b) Casting of the specimens (c) Preparing the load introduction area 

   

(d) Specimens inside the climate room (e) Installation of measurement marks (f) Specimens inside the loading frame 

Figure 5-8: Preparation of the specimens 

The specimens are then transferred to a constant climate environment (Figure 5-8 (d)) featuring a 

temperature of T = 20 ± 2 °C and a relative humidity RH of 65 ± 5 % according to DIN 12390-16;17 

[50, 51]. The climatic conditions are monitored over the entire duration of the experiment using 

appropriate measuring instruments, featuring an accuracy of ȹT = Ñ0,3ÁC and ȹRH = ±2 %. A man-

ual extensometer which fits the steel heads of the marks is used to record the distance between them 

to an accuracy of 0.5 µm throughout the test. Before subjecting the specimens to long-term loading 

over a period of 190 days, the concrete cylinder compressive strength fcm,cyl and elastic modulus Ecm 

are determined (Table 5-3). To determine any influence of the applied long-term compressive stress, 

three load levels (ůc / fcm,7d = 0.20  0.30  0.45) are tested experimentally (Table 5-3). The load levels 

are arranged around the maximum stress value ůc,max / fcm = 0.33, as prescribed in [50] for the ex-

perimental determination of concrete creep rates. The load is carefully applied by means of a rigid 

loading frame and a hydraulic system (Figure 5-8 (f)). Each batch, consisting of three reinforced 

and three unreinforced specimens, is loaded via a linked hydraulic system, to ensure exactly the 
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same load level. Note that the hydraulic pressure is monitored for each frame to ensure a constant 

load throughout the whole test period. Strains are recorded daily for the first week after loading and 

then weekly for the first 30 days. For the remaining duration of the test, measurement is compiled 

every 14 days. 

Table 5-3: Concrete compressive strength, elastic modulus and load levels 

Concrete material properties Load levels (LL) 

 fcm,cyl 

[N/mm²] 

Ecm 

[N/mm²] 

ůc / fcm = 0.20 

[N/mm²] 

ůc / fcm = 0.30 

[N/mm²] 

ůc / fcm = 0.45 

[N/mm²] 

t = t0 = 7 d 17.7 21,002 
3.50 5.30 8.00 

t = 28 d 30.0 25,783 

5.3.2 Experimental results 

Figure 5-9 (i) and (ii) summarise the experimentally recorded total strains Ůtot of the unreinforced 

(UR ï solid lines) and reinforced specimens (R ï dashed lines), respectively for the three aforemen-

tioned load levels. The total strains, including the initial elastic strain Ůel show considerably higher 

values for the UR specimens compared to those with GFRP reinforcement bars (R), as expected. 

The shrinkage strains Ůsh (Figure 5-9 (iii))  are recorded analogously to the total strains on each three 

reinforced and unreinforced specimens subjected to the same environmental conditions. Only minor 

deviations are observed between the experimental values Ůsh,exp and the ones calculated Ůsh,cal accord-

ing to the shrinkage model of Eurocode 2 [31]. The significant deviation of the experimental results 

from the recalculation between (t ï t0) = 120 and 169 days can be explained by a temporary devia-

tion from the standard climate. Subtracting the initial elastic strain Ůel of each specimen and the 

shrinkage strain Ůsh from the total strain Ůtot, leads to pure creep strains Ůcc, which are presented in 

Figure 5-9 (iv). Note that the results presented in Figure 5-9 result from n specimens. 
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Figure 5-9: Experimental results: Total strains Ůtot, Shrinkage strains Ůsh and Creep strains Ůcc 

Each strain value shown in Figure 5-9 corresponds to the average of each four measurement marks 

at three specimens. The four measurement points per specimen are used to verify the centric load 

application. The creep rates are calculated from the creep strains Ůcc as follows: 

cc 0
0

el

( )
( )

t t
t t

e
j

e

-
- =  Eq. 5-9 

The creep rates obtained for the unreinforced (UR) specimens are given in Figure 5-10 (left) and 

show the typical nonlinear course regardless of the load level. The unreinforced specimens show 

creep rates from űUR = 1.97 (LL = 0.20) to 2.13 (LL = 0.30) after (t ï t0) = 190 days. A recalculation 

űcal of the experimentally recorded creep rates for the UR specimens according to Eurocode 2 [31] 

(similar to MC 2010 [52]) leads to a slight overestimation. A comparison of the creep rates of the 

reinforced specimens with the unreinforced specimens leads to the observation of significantly less 

creep, with creep rates for the reinforced specimens (R) ranging from űR = 1.19 (LL = 0.20) to 1.24 

(LL = 0.30) after (t ï t0) = 190 days. 

It is interesting to note that the creep rate of the reinforced specimens converges faster to its final 

value than the values from the UR specimens. This effect can be explained by the redistribution of 

creep inducing stresses from the concrete to the GFRP reinforcement, resulting in a reduction of the 

stresses acting on the concrete. This effect counteracts the creep process of the plain concrete and 

leads to a reduced gradient of the creep rate. As a result, the creep rate of the reinforced specimens 

converges faster towards its final value. Similar effects are known from concrete members with 
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conventional steel reinforcement [53]. This observation is emphasised by the slightly decreasing 

course of the creep rate ratio űR / űUR in Figure 5-10 (right). Apart from the highly scattered values 

at the beginning of the experiment, űR / űUR converges to a target value ranging between űR / űUR = 

0.58 ï 0.60 at (t ï t0) = 190 days, independent of the load level. 

 

Figure 5-10: Creep rates for R and UR specimens (left); Creep rate ratio űR / űUR (right) 

5.3.3 Evaluation of the load redistribution from experimental results 

In order to quantify the load redistribution in the specimens tested within the scope of this study, 

the following equations are derived (Eq. 5-10 to Eq. 5-18). The total experimental load N0 consists 

of the concrete Nc and GFRP reinforcement NGFRP load shares: 

0 c GFRP N N N= +  Eq. 5-10 

As the total experimental load N0 is applied concentrically to the specimen, the load distribution can 

be assumed to be directly proportional to the axial stiffness of the concrete EAc and the GFRP rein-

forcement EAGFRP, respectively: 
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 Eq. 5-11 

GFRP
GFRP 0

c GFRP

 
EA

N N
EA EA

= Ö
+

 Eq. 5-12 

The axial stiffness EA can be directly calculated from the experimentally recorded strains according 

to Hookeôs law. Thus, the axial stiffness of the unreinforced specimens EAUR is derived by dividing 

N0 by the load induced strain of the unreinforced specimen (Ůtot,UR ï Ůsh,UR). The analogous procedure 

applies to the axial stiffness EAR of the reinforced specimens: 
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0
UR

tot,UR sh,UR

 
N
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e e
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-
 Eq. 5-13 

0
R

tot,R sh,R

 
N

EA
e e
=

-
 Eq. 5-14 

The axial stiffness of the GFRP reinforcement EAGFRP can be derived from the difference between 

the axial stiffness of the reinforced EAR and the unreinforced EAUR specimens, as follows. Note that 

the axial stiffness of the concrete part of the reinforced specimens EAc must be distinguished from 

the axial stiffness of the unreinforced specimens EAUR according to the corresponding concrete area 

(Acg = concrete gross cross-sectional area): 

cg GFRP

R c GFRP UR GFRP

cg

 
A A

EA EA EA EA EA
A

-
= + = Ö +  Eq. 5-15 

cg GFRP

GFRP R UR

cg

A A
EA EA EA

A

-
= - Ö  Eq. 5-16 

The axial stiffness of the concrete EAc and the GFRP reinforcement EAGFRP can thus be expressed 

via the experimentally recorded strains values as follows: 

cg GFRP0
c

tot,UR sh,UR cg

A AN
EA

Ae e

-
= Ö

-
 Eq. 5-17 

cg GFRP

GFRP 0

tot,R sh,R tot,UR sh,UR cg

1 1 A A
EA N

Ae e e e

å õ-
= Ö - Öæ öæ ö- -ç ÷

 Eq. 5-18 

The load shares of the GFRP reinforcement (NGFRP / N0) and the concrete (Nc / N0) are calculated 

from the above derived equations and plotted over the test period (Figure 5-11 ï left). A nonlinear 

increase of the load share of the GFRP reinforcement from the initial value of 0.21 to values between 

0.41 for the load level LL = 0.45 and 0.45 for the load level LL = 0.20 can be observed. No signif-

icant influence of the load level on the load share becomes evident. 
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 Figure 5-11: Evolution of the load shares NGFRP / N0 and Nc / N0 due to creep (left) and course of the shrinkage 

     force Nsh (right) 

In addition to the creep induced load redistribution, the constraining stresses due to concrete shrink-

age need to be considered to estimate the total stress in the GFRP reinforcement. Assuming linear 

elasticity for the material behaviour of the GFRP reinforcement bars, the constraining force due to 

shrinkage Nsh,GFRP can be calculated as follows (Eq. 5-19): 

sh,GFRP sh,c GFRP sh,R( ) ( )N t N EA te=- = Ö  Eq. 5-19 

To satisfy the equilibrium conditions Nsh,GFRP acts as a compressive force on the GFRP reinforce-

ment and as a tensile force within the concrete Nsh,c. At (t ï t0) = 190 days, the shrinkage strain of 

the reinforced SH specimens is recorded to be Ůsh,R (190 d) = 0.0362 %. The corresponding con-

straining force can be calculated as follows: 

sh,GFRP sh,c GFRP sh,R(190 ) (190 ) 57,930 / ² 1,549 ² 0.0362% 32.47N d N EA d N mm mm kNe=- = Ö = Ö Ö = 

Thus, in addition to the creep induced load redistribution, a load share due to shrinkage develops in 

the GFRP reinforcement bars as shown in the right part of Figure 5-11. Note that due to the load- 

invariability of the shrinkage strain, the constraining force of Nsh,GFRP (190 d) = 32.47 kN is inde-

pendent of the applied load level. The superposition of the initial load share (Nel / N0) with the creep 

induced load share (Ncc / N0) and the shrinkage load share (Nsh / N0) is shown in Figure 5-12. 
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Figure 5-12: Superposed load shares from elasticity (Nel / N0), creep (Ncc / N0) and shrinkage (Nsh / N0) 

The overall results at (t ï t0) = 190 days show that the GFRP reinforcement carries the majority of 

the load for all load levels considered. The different results depending on the load level are caused 

by the load-independent share due to shrinkage (Nsh / N0). In contrast to the creep induced load share 

(Ncc / N0), Nsh / N0 develops independently of the considered load level. This means that Nsh / N0 for 

LL = 0.20 represents a larger part of the total load N0 than for LL = 0.45, leading to the results 

displayed in Figure 5-12. Thus, the GFRP reinforcement carries 96.8 % of the total load N0 after 

190 days for the LL = 0.20 specimens. This ratio is lower for LL = 0.3 and LL = 0.45 showing val-

ues of 78.7 % and 66.6 %, respectively. The load share of the GFRP reinforcement exceeds the 

concrete load share between (t ï t0) = 11 days (LL = 0.2) and 28 days (LL = 0.45) depending on the 

load level. As it can be observed from the experimental results, a remarkable load increase due to 

time-dependent material properties is evident, exceeding the short-term load share of the GFRP 

reinforcement by far. 

5.3.4 Determination of the load-bearing behaviour after long-term loading 

To identify potential damage of the GFRP reinforced specimens, the load-bearing capacity is tested 

after the long-term loading period of 190 days. The tests are performed displacement-controlled at 

a loading rate of 0.40 mm/min to achieve a total test duration of 90 seconds as specified in EN 

12390-3 [54]. The displacements are recorded with two inductive displacement transducers at a 

measurement rate of 5 Hz. Figure 5-13 shows the load-bearing capacities NR of both, the unrein-

forced (UR = dark grey) and reinforced (R = light grey) specimens for each testing series (REF; 

LL = 0.20  0.30  0.45). It is evident from the figure that the reinforced specimens have a consistently 

higher load-bearing capacity compared to the unreinforced counterparts, indicating an additional 

load-bearing capacity of 19 to 24 %. The observations are highlighted by the low scattered values 
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specified in by means of the Coefficient of Variation (CoV). The mean values of the axial load-

bearing capacity are compiled in Table 5-4. The load-bearing capacity of the reinforced (R) speci-

mens NR,R,cal is calculated according to Eq. 5-3. For each load level, the concrete compressive 

strength fcm is known from the results of the corresponding UR specimens. The GFRP reinforcement 

bar strain is selected to be Ůc1 = 0.22 %, featuring the strain at peak compressive stress for the present 

concrete strength (fcm = 30 N/mm²) according to Eurocode 2 [31]. Good agreement of the calculated 

results NR,R,cal with the experimental values NR,R,exp is given from Table 5-4. Furthermore, the small 

deviations between the experimental and calculated values indicate the choice of the bar strain ac-

cording to Eurocode 2 to the suitable for calculating the axial capacity. No considerable anomalies 

of the experimental results that can be attributed to damage of the specimens or the GFRP reinforce-

ment bars due to the prior long-term loading are evident. 

 

Figure 5-13: Load-bearing capacities of the tested specimens including CoVs of the tested series 

Table 5-4: Mean load-bearing capacities of the specimens 

 NR,UR,exp [kN]  NR,R,exp [kN]  NR,R,cal [kN]  

REF 644 800 790 

LL = 0.20 648 800 791 

LL = 0.30 678 842 820 

LL = 0.45 697 800 838 

The axial force-displacement (N ï w) diagrams are shown in Figure 5-14. For each series, the unre-

inforced (UR = solid lines) specimens are directly compared with the reinforced ones (R = dashed 

lines). 
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Figure 5-14: Force-displacement (N ï w) course of the tested specimens 

The UR ï specimens show softening behaviour and distinct longitudinal cracks indicating specimen 

failure (Figure 5-15 (a)). Besides the higher ultimate strength, a significant improved post-peak be-

haviour of the R ï specimens can be observed. A more ductile post-peak behaviour is evident with 

small force decrease after reaching the peak load. This can be attributed to the continuous linear 

elastic material behaviour of the GFRP reinforcement bars after the concrete reached its peak stress. 

Similar results have already been observed by various researchers for short-term loading [55, 56]. 

The improved behaviour is evident for all tests, irrespective of the prior long-term load level. The 

cracking pattern of the reinforced specimens is characterised by vertical and horizontal cracks of 
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small crack width as highlighted in Figure 5-15 (b). The horizontal cracks arise centrally and result 

from the GFRP reinforcement bars trying to bend out of the concrete specimen. 

  

(a) Failure pattern of a UR specimen (b) Failure pattern of a R specimen 

Figure 5-15: Typical failure pattern of the different types of specimens 

Besides the ultimate strength and the post-peak behaviour of the specimens, the axial secant stiff-

nesses of the UR ï specimens EAUR,exp and the R ï specimens EAR,exp are calculated according to 

Eurocode 2 [31] for each specimen based on the experimentally recorded values using Eq. 5-20. 

The results are presented in Figure 5-16: 

R,exp

UR/R,exp

exp R,exp

0.40

(0.40 )

N
EA

Ne

Ö
=

Ö
 Eq. 5-20 

A higher axial stiffness for the reinforced specimens compared to the unreinforced ones is evident 

(Figure 5-16), revealing an average increase in stiffness of 12 %. In addition, the recalculation 

(EAR,cal) of the experimental stiffness of the reinforced specimens leads to a good compliance. Ex-

cept for the reinforced specimens of the LL = 0.2 series, the corresponding CoVs are below 10 %, 

underlining the consistency of the experimental results. In addition to the axial stiffness values, the 

mean strain at peak load Ůc1,exp is given in Table 5-5 for each series. For the unreinforced specimens 

Ůc1,exp ranges from 0.231 ï 0.250 %. The reinforced specimens show values from 0.247 ï 0.282 % 

being on average 8 % higher compared to the UR ï specimens due to the continuous linear elasticity 

of the GFRP reinforcement bars. 
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Figure 5-16: Axial secant stiffness of the tested specimens including CoVs of the tested series 

Table 5-5: Compilation of the experimental axial stiffness 

 Series n [-] Ecm [MN/m²] EAUR/R,exp [MN]  EAR,cal [MN]  Ůc1,exp [%] 

U
R

 

SH-UR-0.0 3 24601 431 - 0.250 

N-UR-0.2 3 23631 414 - 0.241 

N-UR-0.3 3 24859 436 - 0.236 

N-UR-0.45 3 25397 467 - 0.231 

R
 

SH-R-0.0 3 - 470 484 0.282 

N-R-0.2 3 - 465 468 0.255 

N-R-0.3 3 - 501 488 0.247 

N-R-0.45 3 - 474 497 0.252 

5.4 Analytical model for the determination of the stress redistribution in GFRP reinforced 

concrete members under long-term compression 

In the following, an analytical model for the calculation of load redistribution in GFRP reinforced 

concrete members subjected to long-term compression is proposed (Eq. 5-21 to Eq. 5-28). Within 

the model, the equations based on a method by Hegger et al. [41] for estimating the stress redistri-

bution in steel reinforced concrete members subjected to compression are adapted considering the 

material behaviour of the FRP reinforcement. Heggerôs method follows a mechanically consistent 

approach by introducing a creep function n (t) that serves to virtually adapt the concrete cross-sec-

tional area depending on the assumed creep behaviour. Finally, creep and shrinkage induced load 

redistribution are accounted for by a reduction in stress in the concrete part and a corresponding 

increase in the reinforcement part. The changes compared to Hegger's method essentially involve 

the replacement of the steel elastic modulus with the GFRP elastic modulus. In addition, GFRP 

creep according to the experimental findings (Table 5-2) of this study is implemented. For this pur-

pose, the time-dependent elastic modulus of the GFRP reinforcement EGFRP,c (t) is calculated as a 

first step: 
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GFRP,c

GFRP,c

GFRP,cal

( 0)
( )

1 ( )

E t
E t

tj

=
=
+

 Eq. 5-21 

GFRP,cal log 0 loglog( )a t t bj = + - Ö Eq. 5-22 

Note that the coefficients alog and blog have to be determined experimentally in advance. The values 

from this study can serve as a guide for an initial estimate. Given the short-term elastic modulus of 

the concrete Ecm (t = 0) and the concrete creep rate űc (t) that shall be estimated according to Euro-

code 2 [31], the time-dependent stiffness ratio n(t) can be calculated: 

GFRP,c

cm c

( )
( )

( 0) ( )

E t
n t

E t tj
=

=
 Eq. 5-23 

The ideal cross-sectional area of the considered member Ai (t) can be calculated by means of n (t): 

c GFRP( ) ( )iA t A n t A= + Ö  Eq. 5-24 

To account for the shrinkage strain Ůsh (t) that shall be calculated according to Eurocode 2 [31] the 

resulting constraining stresses in the GFRP reinforcement ȹůGFRP,sh (t) and the concrete ȹůc,sh (t) are 

calculated: 

() GFRP
sh GFRPR

i

GF P,sh ( ) 1 ( )
( )

 
A

t E n t
A t

ts e
å õ

= Ö Ö - Öæ
ç

D ö
÷
 Eq. 5-25 

() GFRP
sh GFRP

i

c,sh ( ) 
( )

A
E

A t
t ts e=- Ö ÖD  Eq. 5-26 

Finally, the stress in the reinforcement ůGFRP (t) and the concrete ůc (t) from the elastic, creep and 

shrinkage parts are superposed as follows: 

() ()0

i

GFRP GFRP,sh( )
(

   
)

N
n t

A t
t ts s= Ö +D  Eq. 5-27 

() ()0
c c

i

,sh   
( )

N

A t
t ts s= +D  Eq. 5-28 

From the stress in the GFRP reinforcement and the concrete, the experimental load shares from 

Figure 5-12 can be recalculated. The comparison of experimental and calculated values is shown in 

Figure 5-17, separately for the GFRP reinforcement (left) and for the concrete (right). The figure 

shows good agreement of the analytical model (dashed lines) with the experimental results (solid 

lines). 
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To demonstrate the influence of GFRP creep on the load redistribution behaviour, the proposed 

model is applied twice for the recalculation of the load redistribution. Firstly, the elastic modulus of 

the GFRP reinforcement bars is set to its short-term value EGFRP,c (t = 0) = 57,930 N/mm² (Table 

5-1). Secondly, GFRP creep is considered by applying a GFRP creep rate that has been determined 

experimentally after 1,000 hours (Table 5-2). The new value for EGFRP (t) results as follows: 

GFRP,c

57,930 / ²
( 1,000 ) 56,079 / ²

1 0.033

N mm
E t h N mm= = =

+
 Eq. 5-29 

The results are shown in Figure 5-17 for both cases. It is evident from this comparison that consid-

eration of GFRP creep results in slightly less load redistribution from the concrete to the GFRP 

reinforcement bars. Taking GFRP creep into account reveals better agreement with the experimental 

values. However, the influence of GFRP creep is small, resulting into variations of 2 % for the load 

level LL = 0.30 and the load level LL = 0.45 and 3 % for the load level LL = 0.20 at 

(t ï t0) = 190 days. 

 

Figure 5-17: Comparison of the experimental load shares with the proposed model 

5.5 Conclusions 

This paper discusses the application of GFRP reinforcement bars in concrete members subjected to 

long-term compressive loading, based on an extensive experimental program. For the first time in 

concrete engineering, the current study presents an experimental investigation of the compressive 

creep behaviour of GFRP reinforcement bars. Furthermore, to assess the long-term behaviour of 

GFRP reinforced concrete in compression, a series of respective specimens was examined. The in-

fluence of various load levels on the creep and load redistribution behaviour was evaluated. A sub-

sequent investigation of the ultimate load-bearing behaviour, including the ultimate capacity and 

axial stiffness, allowed an assessment of potential damage induced by long-term loading. Eventu-

ally, an analytical model for the determination of load redistribution in concrete components with 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 50 100 150 200

N
G

F
R

P
/ 
N

0
 [
-]

(tī t0) [d]

LL = 0.2

LL = 0.3

LL = 0.45

NGFRP,exp.

NGFRP,cal.(EGFRP,c(t = 0))

NGFRP,cal. (EGFRP,c(t = 1,000 h))

GFRP load share:

(Nel + Ncc + Nsh) / N0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 50 100 150 200

N
c
/ 
N

0
[-

]

(tī t0) [d]

LL = 0.2 LL = 0.3 LL = 0.45
Concrete load share:

(Nel + Ncc + Nsh) / N0

Nc,exp.

Nc,cal. (EGFRP,c(t = 0))

Nc,cal. (EGFRP,c(t = 1,000 h))

200



Publication III 

125 

GFRP reinforcement subjected to long-term compressive loading is proposed. From the above ex-

aminations the following conclusions can be stated: 

¶ Creep rates ranging from ű*
GFRP,1,000 h = 0.024 to 0.050 were found from the experimental results 

performed in GFRP reinforcement bars subjected to long-term compression after 1,000 hours. 

Note that the experimental results show a large scatter range (CoV = 31 %) which can be at-

tributed to the high sensitivity of the creep rate to the initial fibre skewness from the production 

process. 

¶ The experimentally generated GFRP creep rates show a logarithmic course, after temperature 

induced effects have been successfully eliminated. An accordingly calibrated function shows 

good agreement with the experimental results. The proposed approach allows the authors to 

extend the experimental findings to the entire service life of GFRP reinforced components. 

¶ An extensive test program consisting of unreinforced and GFRP reinforced concrete specimens 

under three different compressive load levels allows the authors to evaluate the creep induced 

load redistribution of GFRP reinforced concrete specimens. Compared to the unreinforced 

specimens, the GFRP reinforced specimens show significantly lower creep rates regardless of 

the load level investigated.  

¶ The load share of the GFRP reinforcement increases decisively from NGFRP / N0 = 20.7 % to 

values ranging from 41 % (LL = 0.45) to 45 % (LL = 0.20) due to creep induced load redistri-

bution. Taking the constraining forces due to shrinkage into account, the load share of the GFRP 

reinforcement exceeds the concrete load share for all tested load levels after a fraction of the 

total experimental period of 190 days. The total load share of the GFRP reinforcement was 

found to be between 66.6 % (LL = 0.45) and 96.8 % (LL = 0.20) at the end of the long-term 

test. Thus, a remarkable load increase can be observed, exceeding the short-term load share of 

the GFRP reinforcement by far. 

¶ Long-term preloading does not affect the ultimate load capacity or axial stiffness of the speci-

mens, regardless of the applied load level. The experimental results of the preloaded specimens 

agree with the results of the unloaded reference specimens. Furthermore, the short-term strength 

calculation models are used to accurately recalculate the load-bearing capacity of the preloaded 

specimens. 
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¶ The proposed analytical model for determining the load redistribution of GFRP reinforced con-

crete members in long-term compression represents a comprehensible approach and incorpo-

rates the experimental results found within the scope of this study. The model shows good 

agreement with the experimental results and is assured reliably by the load-bearing tests. 

Based on the results of this study, the general recommendation for the use of GFRP reinforcement 

bars in compression can be extended to the long-term behaviour of such members. However, further 

studies should be carried out on the influence of elevated temperatures on the compressive strength 

and creep behaviour of GFRP reinforcement bars. Also, the investigation of creep induced load-

redistribution behaviour of GFRP reinforced concrete specimens under sustained load levels, ex-

ceeding the values applied in this study, would be of great interest. Beyond that, such studies should 

be conducted under various environmental conditions such as increased service temperatures, ex-

posure to salt water or corresponding combinations. 

  


























































































































































