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ABSTRACT 

One of the key aspects of reinforced concrete design is the interaction between concrete 

and reinforcement. Adequate bond is necessary to ensure that sufficient force transfer 

occurs between the concrete and the reinforcement, hence composite action can be relied 

upon. Steel bars are commonly used as reinforcement, however, in an application where 

steel corrosion might be an issue, Fibre Reinforced Polymers (FRP) have been increasingly 

used as alternatives. The bond mechanisms of FRP bars in concrete are different than that 

of steel bars due to different material, physical and mechanical properties. In this thesis, 

the influence of three critical factors is studied on the bond behaviour of FRP bars.  

Firstly, experimental, analytical and statistical investigation is performed to study the influence 

of FRP bar surface on the bond characteristics based on 238 traditional and direct tension 

pull-out tests. Additional parameters include concrete strength and bar diameter. Bond 

characteristics are largely affected by the bar surface. Statistically significantly different 

bond strength was observed not just for bars with different surface profiles but within the 

same surface category as well. Interactions between the influence of bar surface and the 

other parameters are disclosed. The concrete strength influences the bond strength even 

if it is higher than the limit stated in the literature. Analytical models are refined. 

Secondly, the influence of entrained air in concrete is researched on the bond of FRP bars. 

Auxiliary parameters include concrete strength, bar diameter, surface and fibre type. 236 

pull-out tests were performed. Parameters for analytical models are defined and analysed 

alongside with the experimental results by statistical hypothesis tests. Statistically significant 

bond strength decrease was observed for air-entrained specimens, yet of low magnitude, 

hence FRP bars might be applied with AEC considering marginally larger development 

lengths. A statistical model and factors to account for the effect of entrained air are proposed. 

Finally, experimental and analytical study is performed on the bond behaviour of indented 

GFRP (Glass FRP) bars in concrete exposed to temperature levels ranging up to 300 °C. 

Twelve pull-out tests were carried out at hot state, at a steady temperature. A contactless 

technique measuring the free end slip during pull-out tests at high temperatures was 

developed. The effect of temperature on bond behaviour is discussed in terms of bond 

strength, bond stress-slip relationships and failure modes. Adjustments, to account for the 

temperature, are proposed for mBPE and CMR analytical bond stress-slip models.   
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ÖSSZEFOGLALÓ 

A vasbeton szerkezetek megvalósíthatóságának egyik legfontosabb feltétele a beton és a 

vasalás közötti hatékony együttdolgozás. Kétségtelen, hogy a megfelelő tapadás 

elengedhetetlen az erőátadódáshoz. Napjainkban túlnyomó részben betonacélt 

alkalmazunk a vasbeton szerkezetek húzó igénybevételeinek felvételére, a magyar 

terminológia is jól mutatja ezt. Az acél azonban hajlamos elektrolitikus korrózióra, ezzel 

szemben a szálerősítésű polimer (FRP – Fibre Reinforced Polymer) betétek egyik 

legfontosabb előnye a korrózióállóságuk. Az FRP betétetek tapadási viselkedése eltér a 

betonacélokétól a különböző mechanikai és fizikai tulajdonságok miatt. Értekezésemben 

az FRP betétek tapadását vizsgálom a betonban, három fontos paraméter alapján. 

Kísérleti, analitikai és statisztikai módszerekkel vizsgáltam az FRP betétek felületi 

kialakításának hatását a tapadásra. 238 darab hagyományos kihúzó és tiszta húzás 

vizsgálatot végeztem. További változó paraméterek voltak a beton szilárdsága és a 

betétek átmérője. Az FRP betétek felületi kialakításának számottevő hatása van a 

tapadásra. Statisztikailag szignifikánsan eltérő tapadási szilárdságot mértem nem csak 

különböző, hanem azonos felületi kialakítással rendelkező FRP betétek esetén is. 

Vizsgáltam, hogy létezik-e szignifikáns interakció a paraméterek hatásai között. 

Megfigyeltem, hogy a beton szilárdsága lényegesen befolyásolja a tapadást, a 

szakirodalomban meghatározott küszöbérték felett is. Általánosítottam két 

szakirodalomból vett analitikai modellt (mBPE és CMR) az általam vizsgált esetekre. 

Kísérleti, analitikai és statisztikai módszerekkel elemeztem – 236 darab vizsgálati 

eredmény alapján – a beton légbuboréktartalmának hatását az FRP betétek tapadására. 

További változó paraméterek voltak a beton nyomószilárdsága, az FRP betét átmérője, 

felületi kialakítása és száltípusa. Statisztikailag szignifikáns kapcsolati szilárdság 

csökkenést figyeltem meg a légbuborékok hatására, ám a csökkenés mértéke alacsony, így 

az FRP betétek alkalmazás a lehorgonyzási hossz kismértékű növelésével lehetséges 

légbuborékos betonok esetén is. Csökkentő tényezőket határoztam meg. Általánosítottam 

két szakirodalomból vett analitikai modellt (mBPE és CMR) az általam vizsgált esetekre. 

Kísérleti és analitikai módszerekkel vizsgáltam a magas hőmérséklet hatását a rovátkolt 

GFRP betét tapadására. 12 darab kihúzó vizsgálatot végeztem magas (300 °C-ig), állandó 

hőmérsékleten és az általam kifejlesztett újszerű módszer segítségével, mértem a 
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terheletlen oldali relatív elmozdulást. Kísérleti eredményeim alapján általánosítottam az 

mBPE és a CMR kapcsolati feszültség - relatív elmozdulás modelleket 300 °C-ig. 
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1. INTRODUCTION 

 

1.1 Background 

Steel bars have been used extensively for reinforced concrete (RC) structures as internal 

reinforcement due to their various advantageous properties such as ductility, high tensile 

strength, bendability etc. However, steel presents some disadvantage being the most 

noteworthy that it is susceptible to electrolytic corrosion. One of the main advantages of 

Fibre Reinforced Polymer (FRP) bars is their excellent corrosion resistance [1,2]. 

FRP bars are composites, made by embedding fibres into a polymeric resin. Fibres are the 

load bearing components, while the resin protects the fibres and transfers the stresses. 

Commonly used fibres are aramid (A), basalt (B), carbon (C) and glass (G), the latter is the 

most widely used for structural engineering. The most often applied resins are thermoset 

(epoxy, polyester and vinyl ester) [2]. FRP bars show outstanding mechanical 

characteristics, such as high tensile and fatigue strength. Furthermore, FRP bars have a 

low specific weight, electromagnetic neutrality and low life-cycle maintenance cost (e.g., 

[3–7]). Unlike steel, FRPs exhibit linear elastic behaviour up to failure and their elastic 

modulus is typically lower than that of steel (except high modulus CFRP). 

The construction industry cannot profit of the full advantage of FRPs’ superior properties as 

the current design codes are usually only adopted versions of those developed for steel 

reinforcement.  To facilitate the full acceptance of FRP RC structures, further studies are needed 

to understand the influence of critical factors to improve the guidelines. 

Undeniably, the bond between concrete and reinforcing bar is crucial for stress transfer 

from the former to the latter [8,9]. The bond between FRP bars and the surrounding 

concrete is built up from different components that are very much influenced by the 

mechanical and physical properties of the bars, as well as the properties of surrounding 

concrete and ambient conditions, among others. 

The surface characteristics of FRP bars can be considerably  different  than  that  of  steel  
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reinforcement. Guidelines generally claim that the surface of FRP bars influences the bond 

behaviour (e.g., [10]). Yet, due to the complexity of the phenomenon and the diversity of available 

surface profiles, there is still no agreement regarding the magnitude of the influence [11–13]. 

The combined use of air-entrained concrete (AEC) with FRP reinforcement could further 

increase the durability (i.e., freeze-thaw resistance) of RC structures. However, it must be ensured 

that no considerable negative effect is associated with the artificially entrained air void system. 

The interaction between reinforcement and AEC is one of the characteristics that might be 

susceptible to additional air since it could create barriers at the contact surface. 

The critical temperatures of FRP bars are lower than those of steel, due to softening of the 

polymer matrix at temperature levels close to their glass transition temperature (Tg) [1]. 

Yet, there are still very little studies available on the bond behaviour of FRP bars at hot state. 

1.2 Objectives 

The main aim of this thesis is to improve scientific understanding of the influence of significant 

factors on the bond behaviour of FRP bars to concrete. To reach the targeted aim, the 

following objectives are performed. 

Review the literature on the bond behaviour of FRP bars to disclose the different bond influencing 

parameters, components and failure modes of the bond; locate the most critical parameters. 

I. Determine the bond characteristics of FRP bars with different surface profiles having 

various bar diameters and concrete strengths. Furthermore, define the significance of the 

interactions among the influence of parameters (NSR 1 and 2). 

II. Determine the bond characteristics of FRP bars in air-entrained concrete having 

different bar diameter, surface profile, fibre type and concrete strength. Furthermore, define 

the significance of the interactions among the influence of parameters (NSR 3 and 4). 

III. Determine the bond characteristics of indented GFRP bars at high temperature (NSR 5 

and 6). 

1.3 Research significance 

Guidelines take the effect of the FRP bar surface differently (e.g., [14,15]) or do not take it 

at all (e.g., [10]). Hence, the extensive experimental program improves the available data and 

thus the knowledge about the effect of the bar surface. The analysis provided discloses 

the interaction of the influence of bar surface with other parameters (e.g., bar diameter). 
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FRP reinforced AEC reduces the degradation induced by both of the corrosion of steel 

reinforcement as well as of the freeze-thaw cycles. There are no studies available on the effect 

of the artificially induced pores on the bond behaviour of FRP bars, although in Hungary the 

application of AEC in bridge superstructure is not allowed due to possible reduction of bond 

capacity [16]. The experimental data and analysis provided aims to diminish this deficiency.  

A robust framework to study the bond behaviour of GFRP bars at high temperatures is 

provided. A non-contact measurement system has been developed and integrated within 

a well-established pull-out test methodology to reliably monitor the behaviour of 

specimens exposed to simultaneous mechanical and thermal loading.  

Bond stress-slip constitutive laws are essential for finite element analysis of FRP RC 

structures [17,18] as well as for the analytical definition of the required anchorage length 

of the bar [19,20]. Parameters of analytical models (i.e., mBPE and CMR) to predict the 

bond stress-slip relationship are defined. The calibrated parameters can be adopted by 

researchers and engineers to account for the influence of different parameters on the 

bond behaviour of FRP bars embedded in concrete. 

Mathematical statistics provide powerful tools to analyse if a statistically significant 

difference exists between the means of two or more independent groups. In the literature, 

very limited studies are reported which apply statistical tools to study the effect of different 

factors on the bond behaviour of FRP bars (e.g., [21,22]). In this thesis statistical analysis 

was used to study the statistical significance of the findings. Furthermore, interactions that 

arise among the influence of different factors were analysed and disclosed.   
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2. LITERATURE REVIEW 

 

2.1 FRP reinforcement for concrete structures 

FRP bars are composites. A composite is a structural material that consists of two or more 

constituents which are combined at a macroscopic level and are not soluble in each other 

[23]. Constituents are combined in such a way to enable making better use of their virtues 

while minimising the effects of their deficiencies [24]. One main component is called the 

reinforcing phase, whereas the other is the resin (also called the matrix) [25]. The 

continuous fibres provide strength and stiffness to the composite and carry most of the 

applied load while the polymer matrix constituting a binder that assures cohesion, thus 

transferring stresses among fibres and providing protection [2,26]. There are over twenty 

different methods in practice to manufacture composites each having its advantages and 

limitations [1]. FRP bars used to reinforce concrete elements are typically made by the 

pultrusion process. Fibres are continuously pulled and impregnated by resin before 

curing takes place in a heated die [27–29]. Typically available FRP products are presented 

in Figure 1. 

       

Figure 1 Typical FRP products: bars, laminates, stirrup and mesh 

To predict the physical and mechanical properties of an FRP composite from the 

properties of the fibre and polymer resin system micromechanical models can be applied 

at different levels [30,31]. Alternatively, experimental measurements can be used to 

define the properties of FRP bars [31]. The properties of the end product closely depend 

not just on the properties of constituent materials, but also on the volume of each 

component in the final composite material and on the orientation of the fibres [32–35]. 
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2.1.1 Constituent materials 

FRP composites are made of three essential constituents: fibres, polymers and additives. 

The additives may include plasticizers, impact modifiers, heat and light stabilizers, 

antioxidants, flame retardants, blowing, antistatic and coupling agents, coatings, 

pigments, fillers and others [1]. 

Fibres 

The reinforcing phase of an FRP composite material consists of thousands of individual 

micrometre-diameter filaments. For FRP bars these fibres are indefinitely long and are 

called continuous [31,36]. Fibres are the load-carrying constituents of composites and 

occupy the largest volume in the composite [1]. Commonly used fibres are glass, carbon, 

aramid and basalt [37]. Generally, glass fibres are preferred over carbon and aramid in 

most RC applications, as glass fibres offer an economical balance between cost and 

specific strength properties [2]. Fibres exhibit linear elastic behaviour (Figure 2) under 

tensile loading up to failure without showing any yielding. Typical properties of different 

fibres are presented in Table 1 [32]. 

 
Figure 2 Stress-strain curves of typical reinforcing fibres [9] 

There are various glass fibres types [38], however, the most common types are electrical 

(E-glass), high-strength (S-glass) and alkali-resistance (AR-glass). Due to its high 

electrical resistivity E-glass is used to produce the vast majority of GFRP products for 

structural engineering [31].  

Glass fibres are made from molten glass spun from an electrically heated furnace. 

Filaments are cooled to room temperature rapidly (within 10–5 sec). A protective coat 

(called sizing) is applied on individual filaments before they are gathered together into a 
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strand. Glass fibres have a diameter ranging from 3 to 9 μm. A strand is the basic form of 

commercially used continuous glass fibres that consists of 204 or more parallel filaments. 

Strands are wound in a cylindrical form that is called a roving [1,39]. 

Table 1 Typical properties of fibres [32]  
Fibre  
type 

Fibre 
identification 

Density Tensile 
strength 

Tensile 
modulus 

Failure 
strain 

Thermal expan-
sion coefficient 

Poisson's 
ratio 

  (kg/m3) (MPa) (GPa) (%) (x10-6/ °C) (-) 
Aramid Kevlar 49 1458 3620 131 2.8 -2 0.35  

Technora 1410 2999 70 4.6 -5.99 0.35 
Basalt 

 
2691 2999 90 3.2 4.44 - 

Carbon T-300 1762 3654 231 1.4 -0.6 0.2  
P-100 2146 2413 69 0.32 -1.45 0.2  
As-4 1794 4068 248 1.65 -0.6 0.2  
IM-7 1778 5309 300 1.81 -0.75 0.2 

Glass E-Glass 2547 3447 72 4.8 4.99 0.2  
S-Glass 2483 4309 87 5 2.9 0.22 

Carbon fibres can have the highest modulus of elasticity compared to other types of fibres 

[32]. Carbon fibre is made from polyacrylonitrile (PAN), pitch or rayon precursors.  

PAN-fibres are the most often used in civil engineering applications. PAN-based carbon 

fibre presents high strength and relatively high modulus. Pitch-based carbon fibre has 

higher modulus but lower strength. Rayon and isotropic pitch precursors are used to 

produce low-modulus carbon fibre. Carbon fibres can be classified as high or low 

modulus, based on their mechanical properties. They possess high fatigue strength, low 

coefficient of thermal expansion (CTE), high resistance to alkali or acid environment, 

relatively low impact resistance. Carbon fibre has high electrical conductivity; it can cause 

galvanic corrosion when in direct contact with metals. Carbon fibres are difficult to wet 

by resins; therefore, sizing (surface treatment) is necessary before embedding it in the 

resin. As a rule, carbon fibre is about 10 times more expensive than glass fibre and exhibits 

strength and modulus about three times higher than glass at the moment. The high cost 

of these fibres is caused by the high price of raw materials and the long process of fibre 

production [2,40]. A diameter of pitch-type and PAN fibres is approximately 9-18 μm, 

while it is 5-8 μm for that of PAN-type [41]. 

Aramid is a generic term for a group of organic fibres having the lowest specific gravity 

and the highest tensile strength-to-weight ratio among the current reinforcing fibres [9]. 

Aramid fibre is an aromatic polyamide organic fibre. It possesses good mechanical 

properties, high toughness and high impact resistance. Aramid fibres are resistant to 

organic solvents, fuels and lubricants. Moreover, they are effective insulator of both 
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electricity and heat. Aramid is sensitive to ultraviolet (UV) light, high temperature and 

high humidity. It has higher tensile strength and elastic modulus than glass. Kevlar is the 

most common type of aramid fibre [2,9]. 

Basalt fibre is marginally stronger and stiffer than E-glass. It has high-heat stability and 

insulating characteristics, it is environmentally safe, noncorrosive and nonmagnetic. 

Basalt fibre is manufactured by the same technology as E-glass fibre. The lower energy 

needed for the fabrication and the widely available raw material (basalt rock), makes the 

basalt fibre a more economic choice. Properties of basalt fibre can be tailored to some 

extent by modification of the chemical composition [2,9]. 

Polymeric matrices 

Main roles of a matrix are to protect the fibres against mechanical or environmental 

effects and distribute the load among the fibres. The matrix controls several mechanical 

properties of a composite, such as transverse modulus of elasticity, tensile strength, shear 

and compressive mechanical properties [32]. The matrix must be chemically and 

thermally compatible with the fibres [9].  

FRP bars can be produced using two basic types of polymeric matrices: thermoset and 

thermoplastic. Thermoset resins are polymers which are irreversibly formed from low 

molecular weight precursors of low viscosity. They are cross-linked, having molecular 

chains that are joined to form a continuous three-dimensional network by strong 

covalently bonded atoms. They cannot be melted after curing. If heated, their shape 

remains unchanged until thermal decomposition at high temperature [2,31].  

Table 2 Typical properties of thermoset matrices [9] 
 Matrix 

Polyester Epoxy Vinyl ester 
Density (kg/m3) 1200-1400 1200-1400 1150-1350 

Tensile strength (N/mm2) 34.5-104 55-130 73-81 

Longitudinal modulus (N/mm2) 2100-3450 2750-4100 3000-3500 

Poisson’s coefficient (-) 0.35-0.39 0.38-0.40 0.36-0.39 

Thermal expansion coefficient (10-6/°C) 55-100 45-65 50-75 

Moisture content (%) 0.15-0.60 0.08-0.15 0.14-030 

Thermoplastic polymers are not cross-linked and their molecular chains are held together 

by weak van der Waals forces or by hydrogen bonds [42,43]. Thermoplastics resins are 

capable of being reshaped by subjecting them to temperature reaching values above their 
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forming temperature. Most common thermoplastic resins are polyether ether ketone 

(PEEK), polyphenylene sulphide (PPS) and polysulfone (PSUL) [9]. 

The most common matrices used for FRP bars are thermoset polymeric resins [44], such 

as epoxy, polyesters and vinyl ester (Table 2). 

2.1.2 Physical and mechanical properties of FRP bars 

The tensile strength and the modulus of elasticity of FRP bars mainly depend on the shape 

and size of the cross-section, the type of fibre and resin, the volumetric ratio of fibres 

(usually 60-70 V%), the angle between the fibres and the longitudinal axis of the bar. 

Tensile strengths of FRP bars are in the range of 500 to 4 500 N/mm2, whereas between 

35 000 and 580 000 N/mm2 in terms of Young's moduli and the range of 0.5 to 4.4% in 

terms of failure strains [9,45]. The most important difference between FRP and steel bars 

is that FRP bars have linear elastic behaviour up to failure without any plasticity and 

considerable release of elastic energy [46]. 

The density of FRP bars varies around one-sixth to one-fourth of the steel (Table 3) that 

reduces the transportation costs and makes FRP bars easy to handle at the site [2,9]. 

Coefficient of thermal expansion (CTE). Longitudinal and transverse CTEs of FRP bars 

depend on the constituent materials and their volumetric ratio (Table 3). The matrix and 

glass fibres can be considered isotropic, while carbon and aramid fibres are orthotropic. 

CFRP and AFRP bars contract generally in the longitudinal direction when temperature 

increases and dilate when temperature decreases (that is the CTE is negative in the 

longitudinal direction) [2]. 

Tensile strength and behaviour. FRP bars have a stress-strain relationship that is linear 

elastic up to failure (Figure 3). Compared to steel bars, FRP bars offer higher tensile 

strength, lower ultimate tensile strain and generally, a lower tensile modulus of elasticity 

(Table 3). The tensile strength of an FRP bar varies with its diameter (shear lag effect) 

[2,47,48]. 

Table 3 Typical FRP bar properties [2] (CTE - Coefficient of thermal expansion) 
  CTE     
 Density Longitudinal Transverse Tensile strength Tensile modulus Rupture strain 
 (kg/m3) (10-6/°C) (10-6/°C) (N/mm2) (N/mm2) (%) 
GFRP 2153÷3623 0.18÷0.31 0.63÷0.72 482÷1585 35100÷50900 1.2÷3.1 

CFRP 2580÷2769 -0.34÷0.00 2.16÷3.06 599÷3686 116400÷578800 0.5÷1.7 

AFRP 2153÷2437 -0.18÷0.58 1.78÷2.34 1723÷2536 41300÷125400 1.9÷4.4 
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Figure 3 Stress-strain curves of different unidirectional FRP materials [32] 

Compressive strength and behaviour. The most common failure modes of longitudinally 

compressed FRP components in many cases are associated with microbuckling or kinking 

of the fibre within the restraint of matrix material [9]. The compressive strength 

decreases, compared to tensile strength, by up to 45%, 80% and 22% for GFRP, AFRP and 

CFRP bars, respectively, while the compressive modulus of elasticity is reduced 

approximately 80%, 100% and 85% compared to the tensile modulus of elasticity [2]. 

Transverse shear behaviour. Properties of FRP bars in transverse shear is dominated by 

the matrix properties and local stress distribution. The shear strength can be increased 

by braiding or winding additional fibres in the direction transverse to the longitudinal one 

[2]. Typical transverse shear strength of FRP bars ranges between 50 to 90 N/mm2 [9]. 

Creep rupture. FRP bars subjected to sustained tensile load suffer progressive 

deformations, that might ultimately lead to sudden failure (creep rupture) after a period 

of time called “endurance time”. Test results showed that the percentage of initial tensile 

strength retained, linearly extrapolated at the 50-year endurance time, was about 30%, 

50% and 95% for GFRP, AFRP and CFRP, respectively [2,9]. 

Fatigue behaviour. Carbon, aramid and glass fibres are generally not prone to fatigue 

failure [2], however, they show different fatigue limits. 

Durability. The mechanical properties of FRP bars might be affected by environmental 

conditions. The presence of water, alkaline, acidic or saline solutions, as well as exposure 

to ultraviolet radiation or high temperature [49] might affect the tensile and bond 

properties of FRP bars [2]. 
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2.2 Bond of FRP reinforcement 

One of the key aspects of RC members design is the interaction between concrete and 

reinforcement [8,9,50]. Both in the ultimate and serviceability state an adequate bond 

between concrete and reinforcement is necessary to ensure that sufficient force transfer 

occurs and composite action can be relied upon [17,51–55]. All the main resisting 

mechanisms (e.g., bending, shear and torsion) of a RC member are ensured if a proper 

bond is developed. Furthermore, deformations and crack widths are controlled by the 

tension stiffening, which is directly related to bond behaviour [8]. 

Owing to the different material characteristics, manufacturing processes and surface 

treatments bond of FRP bars differ from that of conventional steel reinforcement in many 

aspects. The most fundamental differences between the two reinforcing materials are that 

steel is isotropic, homogeneous and elasto-plastic material, whereas FRP is anisotropic, 

non-homogeneous and linear elastic [31,46]. 

To facilitate the faster acceptance of FRP materials by the construction industry, 

understanding of the composite action of FRP RC elements is essential. In this chapter an 

overview of the basics of the FRP bar-concrete bond development is given, followed by 

the discussion of the most important bond influencing parameters. 

2.2.1 FRP bar-concrete interaction 

Bond stress-slip relationship characterizes the bond behaviour of FRP bars to concrete. 

Furthermore, it allows the determination of characteristics such as the anchorage, 

transfer and development length as well as crack width and spacing [56,57]. Bond stress 

is defined by assuming uniform stress distribution along the embedded length of the bar, 

while the slip is the relative displacement of FRP bar to concrete. 

A comprehensive description of the bond between bar and concrete is presented in fib 

Bulletin 10 [8]. Bond action of plain FRP bars is mainly attributed to the adhesion at zero 

slip. When adhesion breaks down, owing to the plain surface of the bar, bond slip occurs. 

No tensile cracking is likely to occur, hence splitting bond forces are unlikely to develop. 

Smooth bars are not recommended for structural application, except if anchoring 

elements are provided [17,58,59]. 

In case of the surface treated smooth bars, the bond stress has two main components: the 

adhesion at zero slip and the friction as slip is developed. When deformed bars are 
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considered a third component, the mechanical interlock (bearing), plays an important 

role to develop high bond strength [60,61]. 

For deformed and surface treated FRP bars, the bond between concrete and FRP bar is 

described in Figure 4 by using the bond versus loaded end slip response curve [8,62]. 

 

Figure 4 Typical average bond stress - loaded end slip curve of FRP short embedment (based on [62]) 

Section OA: When loading starts, the main resisting mechanism is the chemical adhesion 

between the two materials. At this phase, no measurable slip is observed.  

Section AB: For higher bond stress values (as the load increases) the chemical adhesion 

breaks down and a different bond mechanism is activated. The slip at the loaded end of 

the bar increases and the deformations of the bar induce large bearing stresses against 

the concrete, thus originating micro-cracks at the tips of the bar deformations allowing 

the bar to slip. In the case of FRP bars, the onset of the micro-cracks is delayed, compared 

to that of steel, because of the properties of surface characteristics. 

Section BC: As the slip of the bar increases, the bearing stresses increase considerably. The 

radial component of the bond stress is balanced against the rings of tensile stresses 

developed in concrete. If the value of the tensile hoop of stresses exceeds the tensile 

strength of concrete, splitting cracks might appear along the length of the bar, provided 

that no additional confinement (e.g., transverse reinforcement) is present.  

Section CD: If sufficient resistance to splitting is provided by the surrounding concrete the 

bond stress can reach the maximum bond strength (τb*). Once the maximum bond stress 

has been reached, the bearing mechanism breaks down. The residual bond strength is 

mainly dependent on the frictional resistance as both ends of the bar (loaded and free) 

are slipping [8]. 
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Bond failure modes 

Depending on the concrete strength and shear strength of surface deformations, four 

different modes of bond failure can take place [8]: 

Shearing off part of or all the surface deformations of the bar. In this case, the concrete 

strength is high enough, so the bond strength of FRP bars is controlled by the shear 

strength between successive layers of fibre or by the shear strength of bar deformations. 

Hence, an increase in concrete strength will not be necessarily followed by an increase in 

bond strength of the FRP bar, unlike for steel. This type of failure yields the highest 

possible bond strength. 

Concrete shear failure. For lower concrete grades, the concrete is crushed in front of the 

bar deformations; therefore, the bond strength is mainly controlled by the concrete shear 

strength. This failure mode is similar to that of deformed steel bars. 

Combined mode. With intermediate levels of concrete strength, a combined mode of the 

above two failure modes is likely to occur. 

Squeeze through. Due to the low stiffness in the radial direction, the bar can squeeze 

through the concrete. In this case, the bond is provided by the friction between the 

deformations of the bar and the concrete. The bond is much more ductile in this case than 

the previous ones. 

2.2.2 Parameters influencing the bond behaviour 

The bond behaviour of FRP bars is influenced by an even greater number of parameters 

compared to that of steel reinforcement [8]. Main parameters are concrete strength 

[53,54,59], cover [63–66], type [64,67,68], age [69] and density [70]; bar diameter [71–

73], position [17,67,74], cross sectional shape [62], end condition [75], embedment length 

[66,69,76,77], surface characteristics [11–13], fibre/resin type, elastic modulus in 

transverse and axial direction [19,78] and bends in anchored bars [79]; distances 

between parallel bars, transverse pressure and transverse reinforcement [17], coefficient 

of thermal expansion [80], Poisson effect, wedging effect, test methodology [71,81–83], 

loading rate [84,85], cyclic loading [86,87], environmental conditions such as freeze-thaw 

cycles [88–90], saline [55,91], acidic [91,92] and ambient circumstances [93] as well as 

the effect of service and elevated temperature [49,94,95] etc. 
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The strength of concrete can largely influence the bond strength and behaviour of FRP 

bars. In addition to the higher mechanical properties, higher strength provides better 

confinement for FRP bars, which leads to higher bond strength values. Owing to the 

relatively low shear strength of the FRP bar surface, compared to that of conventional 

steel, researchers [53,55,62] found that above a certain concrete compressive strength 

level (approximately 30 N/mm2) the bond failure happens in the bar surface, thus the 

increase of concrete strength will not result in an increase of the bond strength. The 

failure mode is different for lower concrete grades (about 15 N/mm2) and it takes place 

in the concrete matrix [96]. Most of the equation (e.g., [10,15,22,74,97]) used to predict 

the bond strength of FRP bars considers that the bond strength to be proportional to the 

square root of the compressive strength of concrete, while some others [53,98] use a 

different exponential function to define the relationship. 

The influence of concrete cover was investigated in several studies (e.g., [63]). Results 

show that concrete cover has a significant effect on the bond behaviour, as well as on the 

splitting tendency of the reinforcement, however, this is also dependent on the type of 

reinforcement (i.e. surface characteristics). Concrete cover affects not only the bond 

strength but also the failure mode of the reinforced concrete member [10]. Bond failure 

occurs by splitting of the concrete when the member does not have an adequate concrete 

cover. The larger the concrete cover, the higher the confinement provided by the concrete, 

which increases the bond strength of the bars. In a study of 48 beam specimens with GFRP 

bars [97], it was concluded that splitting failure occurred when the specimen had a 

concrete cover of one bar diameter, whereas pull-out failure or bar fracture occurred 

when the concrete cover was two times the bar diameter or more. On the other hand, Aly 

et al. [99] concluded that the side concrete cover is more effective in increasing the bond 

strength than the bottom concrete cover. The bottom concrete cover should not be larger 

than the side concrete cover.  

According to numerous studies, the bar diameter appears to play an important role in 

bond behaviour of FRP bars to concrete. Larger diameter bars develop lower average 

bond strength than smaller diameter counterparts [54,62,77,100–102]. Possible reasons 

are fourfold. Firstly, due to the increase in the diameter more water can be trapped 

underneath the bar which in turn creates more voids than would form under a smaller 

bar. The presence of voids decreases the contact area between the bar and the 

surrounding concrete and hence the bond strength is reduced. Secondly, the Poisson 
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effect may also influence this phenomenon. When the FRP bar is pulled, the diameter is 

reduced and as a consequence, stresses from mechanical interlock and friction between 

FRP bar and concrete will be reduced. The reduction is more pronounced for larger 

diameters. Furthermore, larger diameter bars result in longer embedment lengths, since 

the embedment length is a function of the diameter. The peak bond stress moves 

gradually from the loaded end towards the free end of the bar during a pull-out test, 

therefore, in case of longer embedment lengths the average bond stress is lower. Finally, 

the “shear lag” effect could be also responsible for this phenomenon. When FRP bar is 

pulled, differential movements can be formed at the surface of the bar and in the core of 

the bar, since shear stiffness of FRP bar is lower than that of the steel bar. It results in a 

non-uniform distribution of normal stresses through the cross-section of the bar, thus the 

stress at the surface is higher than the calculated average stress. The difference is greater 

in large diameter bars which are expected to reduce the average bond stress. However, 

some other studies (e.g., [64]) show that there is no obvious trend for the effect of 

diameter.  

According to numerous studies (e.g., [19,62,97,103]), the maximum average bond stress 

decreases with an increase of the embedment length. It is thought to be the result of the  

non-linear distribution of bond stresses over the bar embedment length. The embedment 

length has also a significant influence on the initial bond stiffness of FRP bars as well as 

on the failure mode of the bond. The rate of bond stress increase was greater for smaller 

embedment lengths than for larger embedment lengths [72] that is also attributed to the 

non-uniform distribution of the bond stresses over the bar.  

FRP bars can be manufactured having a wide range of modulus of elasticities [9] it can be 

higher than that of steel bars, however, due to economic reasons most of the FRP bars 

used in civil engineering are GFRP bars with a modulus of elasticity somewhere around a 

quarter of that of steel. Due to the relatively low modulus of elasticity, the relative 

displacement (elongation) between the loaded and free ends of the bonded part of FRP 

bars, during pull-out tests, is larger than in case of steel bars, resulting in more damage at 

the bond surface close to the loaded end. Owing to the accumulated damage, the average 

bond strength value decreases making the modulus of elasticity of FRP bar an important 

factor to be taken into consideration [104,105]. Yet, some available guidelines — due to 

limited available data — make no distinction between the bond strength of CFRP and 

GFRP bars [10,15]. 
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Numerous studies have been carried out to study the durability of individual FRP 

components, as well as concerning the durability of the FRP-concrete interface, which can 

be even more important than the decrease in individual materials’ properties. Authors 

[106] found that bond strength was reduced, when freeze-thaw and wet-dry cycles 

conditioning were applied, even though the material properties were nearly unaffected. 

Similarly, it was reported that the bond strength decreases when specimens are 

conditioned, however, it is safe to use the same design values for bond strength as for steel 

reinforcement [107]. According to [108] the ageing did not significantly affect the durability 

of the bar-concrete interface under the conditions used in the study: exposed to tap water 

at different temperatures. Authors of the research [90] observed that the bond strength 

experienced noticeable degradation when exposed to combined environmental 

conditioning, including freeze-thaw cycles, high temperature (60 °C) and de-icing salt 

solution. Bond degradation was observed when freeze-thaw conditioning was applied [89]. 

Concrete cover of three times the bar was not sufficient to resist the environmental agents 

when exposed to conditioning. However, there are structures reinforced with FRP bars that 

have been in service in aggressive environments in various parts of the world, for more than 

a decade, without any considerable structural problems [109,110]. 

2.2.3 Influence of bar surface characteristics on bond behaviour 

The content of this subchapter includes the survey published in [111]. 

FRP bars are produced with different surface characteristics to enhance the bond to 

concrete [2]. The types of FRP bars are numerous and their surface is usually weaker than 

that of steel [27]. They may suffer fracture by bond forces [112] due to the orthotropic nature 

of the FRP bars. FRP bars are manufactured with different surface characteristics, such as 

ribbed/lugged, indented, sand coated, spirally wrapped or the combination of these [31]. 

Available literature shows contradictory findings on the effect of surface characteristics 

while the existing design provisions take them into consideration differently. 

Design provisions 

The most important guidelines which define the bond strength are the following: 

ACI 440.1R-15 by the American Concrete Institute [10], CSA S6-06 [14] and 

CSA S806-12 [15] by Canadian Standards Association and the Japanese Design Code [98]. 

These guidelines are discussed in numerous studies (e.g., [59]), hence herein only a 

summary of the included factors are provided (Table 4). 
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Table 4 Summary of factors to define bond strength in international design codes (based on [59]) 
Guideline Concrete 

strength 
Concrete 
cover 

Bar di-
ameter 

Bar lo-
cation 

Bar 
surface 

Embedded 
length 

Fibre 
type 

Transverse 
confinement 

ACI 440.1R-15 ✓ ✓ ✓ ✓ ✗ ✓ ✗ ✗ 
CSA S806-12 ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✗ 
CSA S6-06 ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ 
JSCE 1997 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✓ 

Key factors such as concrete strength and cover, bar diameter and location are considered 

in all provisions. However, the bar surface characteristics are only reflected in Canadian 

Standards. The CSA S806-12 [15] specifies a factor (k5) to include the effect of surface 

characteristics. Recommended values are 1.0 for surface roughed, sand coated or braided 

surfaces; 1.05 for spiral pattern surfaces or ribbed surfaces; whilst 1.8 for indented 

surfaces. Factor k5 is being inversely proportional to the bond strength, thus indicates that 

roughened, sand coated and braided surfaces provide the highest bond strength, while, 

indented surfaces show the lowest. The CSA S6-06 [14] indicates also a factor (k4) to 

include the effect of surface characteristics, that is being the ratio of the bond strength of 

the FRP bar to that of a deformed steel bar with the same cross-sectional area as the FRP 

bar, but not greater than 1.0. In the absence of experimental data, k4 shall be taken as 0.8 

according to CSA S6-06 [14]. In the case of ACI 440.1R-15 [10], the surface profile was 

included as a parameter into the study [21] based on which the bond strength formulae 

was defined. However, it was found that the bar surface (spiral wrapped vs. helical 

lugged) did not appear to affect the results, and it is necessary to be further investigated. This 

result agrees with CSA S806-12 [15] as for both spiral wrapped and helical lugged surface 

categories the same value is provided for k5. 

Several other formulae can be located in the literature for bond strength estimation (e.g., 

[22,53,74,97,113]), however, studies consider only limited factors to estimate the bond 

strength that might lead to erroneous results in some cases as pointed out by several 

pieces of research (e.g., [114]). 

Literature review on the influence of surface characteristics 

During the last decades, several studies were performed to analyse the effect of surface 

characteristics on the bond strength. However, up until now, there are contradictory 

findings reported by different researchers.  

In this chapter, when comparing the available results from literature, bars with smooth 

surface (without any surface treatment) are not taken into consideration since they are 
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normally taken as a reference to quantify the effects of various surface treatments on 

bond behaviour. Smooth FRP bars are not recommended for structural application, except 

if anchoring elements are provided [17,58,59]. Possible anchoring elements are presented 

in [75,115], further studies and additional rib elements are presented in [116,117]. 

Wambeke et al. [21] collected and analysed the results of 269 beam-type tests. They 

concluded that bar surfaces (spiral wrapped vs. helical lugged) do not affect the bond 

strength of GFRP bars to concrete. This was confirmed by Mosley et al. [118] based upon 

the results of beam splice tests of both GFRP and AFRP bars.  

Contrarily, numerous papers report that the surface profile does influence the bond 

strength of FRP bars.  

Aiello et al. [11] performed an extensive experimental study to analyse the effect of 

surface characteristics along a couple of other parameters (i.e., fibre type, test method). 

Experimental bond stress-slip curves of deformed bars (helical wrapping with sand 

coating) show different stages of the bond behaviour. The first stage is the chemical bond 

while the slip at the free end is zero. The presence of sand on the bar surface leads to an 

increase of chemical bond (2 MPa for AFRP and GFRP, 4 MPa for CFRP). The second stage 

is up to the maximum bond stress and it is mostly attributed to the mechanical interlock. 

The third stage starts when the peak bond stress is reached, the mechanical contribution 

is progressively reduced and the friction through wedging of the rebar deformations to 

the surrounding concrete becomes the predominant bond mechanism. 

Bond stress-slip curves of sand coated bars (fine and coarse sand) show different stages 

of the bond behaviour as well, however, the bond mechanisms are different. The first part 

is due to chemical adhesion provided by the sand coating. The next one is characterized 

by friction between concrete and the FRP reinforcement. Peak bond stress is attained at 

low slip value and then a sudden drop is observed, after the peak stress, at a level which 

remains approximately constant irrespective of the slip increase. The friction bond stress 

is higher for the coarse sanded bars than that of fine, however, the results show relevant 

scatters and that is explained by the authors as a probable result of the imperfections of 

the surface treatments during manufacturing processes. The bond strength appears to be 

the same for both fine and coarse sanded bars. 

Results showed that spirally wound CFRP bars had almost four times the bond strength 

of similar sand coated bars while spiral wound and ribbed GFRP bars showed about three 
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times the bond strength of their sand coated counterparts. That is attributed to the 

contribution of mechanical interlock of deformed bars. Obtained results confirm that 

there is a relevant influence of the surface treatment on bond stress-slip curves not only in 

terms of surface type but also in terms of specific properties within the same surface typology. 

Al-Mahmoud et al. [76] conducted an experimental program to study the bond behaviour 

between CFRP bars and concrete by performing pull-out tests. Authors applied various 

types of surface treatments to the smooth bars to enhance the bond behaviour. Some of 

the bars were machined to create lugs with different configurations, whilst some others 

were coated with sand of various grain sizes using a thin layer of epoxy resin as adhesive. 

Based on the results authors concluded that bond behaviour and bond strength depend 

at great magnitude on surface type. Moreover, depending on the surface treatment 

process, the ultimate bond strength can reach twice that of the ribbed steel bars and the 

residual friction between the CFRP bars and the concrete (softening branch) remained 

equivalent to or greater than that of the ribbed steel bar. 

Deformed bars with three different lug configurations were tested [76]. The bond 

strength of the bars with small CFRP lug width (thus large concrete lug) is about three 

times larger than for the bars with large CFRP lugs. Based on the bond strength results 

and failure modes authors performed a theoretical analysis to define the critical CFRP lug 

width ratio to achieve balanced failure of concrete and CFRP lugs. Balanced failure is 

defined as a simultaneous failure of CFRP and concrete lugs. Authors estimated that – for 

the given experimental conditions – the CFRP lug ratio that ensures a balanced failure is 22%. 

Based on the results of sand coated bars with different sand granulometry (grain sizes 

ranging from 0.1 to 0.2, 0.2 to 0.3 and 0.3 to 0.4 mm, respectively) the ultimate bond stress 

of the sanded CFRP bars decreases with the reduction of the size of sand particles. Bond 

strength of CFRP bars coated with larger sand particles was about the double of that of the 

smaller particles, which in turn is approximately equal to the bond strength of steel bars. 

Lee et al. [53] carried out an experimental study to investigate the bond behaviour of sand coated 

GFRP and helically wrapped GFRP bars in normal and high strength concrete by pull-out 

tests. Results showed that the bond strength of helically wrapped GFRP bars is similar to 

the sand coated ones. However, the slip – when bond strength is reached – is much higher for 

helically wrapped bars. The post-peak behaviour of sand coated bars is brittle. Steel bars 

showed higher bond strength values than GFRP bars, especially in high strength concrete. 
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Baena et al. [54] carried out an experimental study to investigate the bond behaviour of 

different CFRP and GFRP bars by performing 88 pull-out tests in two different concrete 

compositions. In their case, CFRP bars with non-deformed surface types (sand coated; 

surface textured) were applied. The conclusion was that the sand coated bars provide 

higher bond strength. Both deformed (helically wrapped; indented; helically wrapped and 

sand coated) and non-deformed (sand coated) GFRP bars were applied. Helically wrapped 

GFRPbars showed the highest bond strength due to the higher projected rib area to rib 

spacing ratio. Furthermore, they concluded that the influence of surface characteristics is 

more pronounced in higher strength concrete. Generally, the bond strength of steel bars 

was found superior to those of FRP bars. 

Hao et al. [12] performed 90 pull-out tests to study the effect of rib geometry on the bond 

behaviour of GFRP bars. The study included bars with various combinations of rib 

geometries: bar diameter of 8 to 12 mm, rib spacing ranging from 0.5 to 3 times the bar 

diameter and rib height ranging from 3% to 9% of the bar diameter. Based on the test 

results authors concluded that the optimal rib spacing is equal to the bar diameter, 

whereas the optimal rib height is 6% of the bar diameter.  

Esfandeh et al. [119] reported that the bond strength of sand coated and helically wrapped 

bars are in overall better than those of sand coated or helically wrapped, even though, sand 

coated bars could reach similar bond strength values depending on the embedment length. 

Wang and Belarbi [77] investigated the bond behaviour of helically wrapped and sand 

coated GFRP bars and surface textured CFRP bars in plain and fibre reinforced concrete. 

They observed different bond mechanisms for the CFRP and the GFRP due to their 

different surface treatments. Chemical bond played a much less important role for the 

GFRP specimens than for the CFRP. The mechanical bearing and frictional force 

dominated the bond components for GFRP bars. The bond strength of the GFRP was about 

twice as much as that of CFRP. They highlighted that the bond characteristics strongly 

depend on the mechanical and physical properties of the external layer of FRP bars and 

that the conclusions of their research apply only to the types of bars included in the study. 

Authors concluded that bond strongly depends on the type of FRP manufacturer unlike 

for the traditional steel rebar, since the ribs of the FRP rebar are made of resin, which has 

lower shear-resisting capacity. 
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Arias et al. [13] studied the influence of the granulometry of the sand on the bond 

behaviour of sand coated GFRP bars to concrete by pull-out tests. The smooth bars were 

coated using epoxy resin as adhesive and sand of two different granulometries. Sand 

granulometry was determined by sieving, the sand retained on sieve N° 16 (mean size of 

the grain: 1.2 mm) was used as coarse sand, and the sand retained on sieve N° 50 (mean 

size of the grain: 300 mm) as fine sand. The author concluded that adding sand to the 

surface of the bars improves the mechanical behaviour of coating as the sand itself 

provides higher friction and interlock forces. Irrespective of the concrete strength, bars 

with coarse sand provide higher bond strength since coarser sand produces higher 

interlocking forces and friction. 

Veljkovic et al. [63] studied the effect of the bar surface on the bond behaviour of GFRP 

bars by performing centric and eccentric pull-out tests. Two types of GFRP bars were 

involved: indented; helically wrapped and sand coated. Indented GFRP bars showed 

excellent bonding performance when combined with low concrete cover, due to the low 

splitting tendency and specific rib geometry. Helically wrapped and sand coated GFRP bars 

showed brittle bond behaviour with sudden debonding of the whole sand coated layer. 

Both GFRP bars presented comparable, but slightly lower bond strength than that of steel. 

Based on the survey above, it is safe to conclude that there is still no definite agreement 

on the effect of the bar surface on bond behaviour. Furthermore, in the literature, the 

possible interaction between the effect of the surface characteristics and other factors 

(e.g. bar diameter, concrete strength, etc.) are not considered. This can further delay the 

complete understanding. Finally, the physical and mechanical properties of FRP bars are 

constantly improving, thus results for the same type of bar could improve considerably in 

the meantime. Hence a part of this thesis aims to provide an extensive experimental study 

on the effect of bar surface completed with analytical and statistical analysis. 

Characterising the surface characteristics 

Deformed bars 

To account for the influence of bar geometries [120] on the bond behaviour of deformed bars, 

three geometrical ratios have been proposed in the literature for FRP bars: as, Rr and CLR.  

Area to space ratio (as) is defined as the ratio between the projected rib area normal to 

the axis and the rib spacing. It can be computed for ribbed/wrapped and indented bars as 

well. It was presented [54] to analyse the influence of bar geometries.  
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Concrete lug ratio (CLR) is defined as the ratio of the concrete lug width to the sum of the 

concrete and FRP bar lug widths. It can only be computed for the indented bars due to 

geometrical constraints. The CLR ratio was first published [76] to analyse the influence of 

the geometry of indented bars on bond behaviour and bond strength.  

The relative rib area (Rr) [12] is the ratio of the rib bearing area to rib shearing area. It 

can be interpreted both for ribbed/wrapped and indented bars. 

For all three types of geometrical ratios (as, Rr and CLR) a larger value involves larger 

bearing resistance to be developed after the point where the chemical adhesion is lost. 

Thus, increasing the bond strength and improving the bond behaviour. 

CFRP bars with different CLR (0.25, 0.40 and 0.75) values were studied [76]. In case of 

0.25 and 0.40 values, the concrete lug was shared off, while for 0.75 the CFRP lug failed. 

The bond strength of the CFRP bar was about three times higher for CLR=0.75 than for 

CLR=0.25. Based on the results authors performed a theoretical analysis to define the 

critical CLR coefficient for balanced failure. For the given experimental conditions, a CLR 

value that ensures the failure of the bar lug was found to be 78%. 

Hao et al. [12] performed pull-out tests with different rib geometry and concluded that 

the relative rib area (Rr) of the bars corresponding to the optimal rib geometry is 0.06. 

Non-deformed bars 

Unlike for the deformed bars, there are no geometrical ratios or similar factors to account 

for the influence of bar geometries on the bond behaviour of non-deformed bars. Studies 

reported that the increase of the sand particle size resulted in increase of the bond 

strength [13,76,121], while some others reported no influence of the grain size (e.g., [11]). 

However, beside the particle size limits, the particle size distribution, the type of resin and 

the quality of the application process could have essential importance as well. 

2.2.4 Bond behaviour in air-entrained concrete 

Among the causes of the degradation of  RC structures two major types are due to the 

corrosion of steel reinforcement and the concrete degradation caused by the freeze-thaw 

cycles [122]. Combined application of FRP bars and air-entrained concrete (AEC) can 

reduce both the shortcomings of steel corrosion and the freeze-thaw cycles induced 

concrete degradation.  
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AEC is a special type of concrete that was developed [123,124] and improved thanks to 

the advancements in the field of construction chemicals [125,126] to prevent concrete 

deterioration due to freeze-thaw cycles. In AEC, an artificial air void system consisting of 

approximately equally distributed small size pours is created in the cement paste. This allows 

the uptake of the volume extension due to the freezing water limiting the internal damage 

[127–130]. The air-entraining admixture (AEA) increases the workability of the fresh 

concrete [124,131]. Controlling the air content and stability in concrete during placement 

of concrete is of paramount importance for the appropriate performance of hardened AEC 

[126,132]. The characteristics of the air voids system have been found to play a dominant 

role in estimating properties such as freeze-thaw durability as it is directly linked to 

strains inside the material arising from the volume increase of freezing water [129]. 

However, to fully benefit the advantageous properties a composite behaviour of the 

component materials must be ensured, proper interaction must be mobilized between the 

AEC and FRP bars. There are numerous studies in the literature focusing on various 

factors, as previously presented. Yet, there are no studies available on the effect of the 

artificially induced pours by AEA on the bond behaviour of FRP bars.  

Therefore, one part of this thesis focuses on the bond behaviour of FRP bars in AEC 

employing experimental, analytical and statistical studies. The research carried out in this 

thesis can encourage the applications of FRP reinforced AEC.  

2.2.5 Bond behaviour at high temperature 

Despite being one of the main factors hindering widespread applications in civil 

engineering the understanding of the fire resistance of FRP reinforced structures as well 

as available experimental data are scarce. The critical temperatures of FRP bars are lower 

than those of steel, due to softening of the polymer matrix at temperature levels close to 

their glass transition temperature (Tg) [1]. The bond mechanism of FRP to concrete relies 

on the shear transfer through the bar surface, thus greatly depending on the soundness of 

the bar coating [13,69,76] which makes the bond susceptible to damage at elevated 

temperature. Nevertheless, most of the studies that investigated the effect of temperature 

on the bond behaviour [80,81,138,139,90,93,94,133–137] of FRP bars present some 

limitations. In most cases, the investigated temperature levels were below or only 

marginally higher than Tg [80,90,93,134,135], while some others were performed almost 

two decades ago [94,133]. Results for recently manufactures FRP bars are not available. 
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Also, unexpected failure modes [135] were recorded, possibly caused by the scant 

literature to draw upon leading to an inaccurate specimen design rather than by the 

effects of pull-out at high temperature. This lack of an acknowledged and univocal test 

methodology, including an effective strategy to measure slip at high temperature, had 

even wider repercussions. In fact, most of the tests were performed after the heated 

specimens cooled down [80,90,93,134,136–139], thus investigating the residual bond 

capacity, which can be greatly different from the bond strength at high temperatures. 

In addition to the FRP bars, the concrete itself is susceptible to high temperature [140–

142]. Literature reports that up to 300 °C the concrete compressive strength suffers 

limited reduction that can be explained by increased hydration of the cement and 

amplified mechanical interlock due to thermal strains. However, above 300 °C an 

approximately linear compressive strength reduction is visible owing to the cement paste 

and aggregate decomposition and micro-cracks [143–146]. The tensile strength of 

concrete, compared to other mechanical properties, decreases at a higher rate.  

The degradation is mainly caused by the micro-cracks due to the different thermal 

behaviour of cement paste and aggregates [147–149]. 

A section of this thesis presents an experimental and analytical study on the bond 

behaviour of indented GFRP bars at hot state. Furthermore, a contactless optical 

technique for the measurement of free end slip is developed in the present thesis.  

2.2.6 Test methods 

As previous studies [96,150] have already drawn attention, test methods might have a 

considerable influence on the measurable bond strength. The two main test types to study 

the bond behaviour of steel reinforcement are applicable for FRP bars as well, beam [151] 

and pull-out test [152]. 

The pull-out test (Figure 5) is the most widely applied setup due to ease of application, 

reduced material use and the ability to perform a high number of tests [11]. Various forms 

of the pull-out test – consisting of small alterations – are available. Generally, the concrete 

block is a cube [15,153], however, cylinders are used as well [69,139,154]. The size of the 

concrete block can vary, the splitting failure mode of concrete is generally avoidable. The 

bond length of the bar is kept short, so the assumption of constant bond distribution is 

applicable. The bond length of FRP bars is mostly defined as 5∙Ø (Ø - nominal bar 
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diameter) [153] or 4∙Ø [15], however, in some studies even smaller embedment lengths 

are considered [155]. 

 

Figure 5 Loading frame and pull-out test specimen [71] 

Many studies (e.g., [83]) claim that the stresses developed in the concrete during a  

the pull-out test occurs rarely in practice [72]. Modification to the pull-out test is proposed 

to avoid the additional confinement effect of concrete induced by the friction to the 

bearing plates, and the concrete is in compression around the FRP bar.  

The beam test addresses some of the disadvantages of the pull-out tests by offering the 

advantages of representing the bond stress fields more accurately [74]. Test beam 

consists of two rectangular blocks of reinforced concrete joined at the top by a steel hinge 

and at the bottom by the reinforcement to be tested for bonding with the concrete (Figure 

6). Only a segment of the reinforcement is anchored in each block, while the remaining 

part is isolated from the concrete. Beam test are performed in literature with several 

modifications and geometrical combinations [19,64,73,78,83,104,156–158]. 

 
Figure 6 Schematic representation of beam test specimen 

Tendencies of FRP bars to split the concrete cover are studied through eccentric pull-out 

test [65,71,81]. Furthermore, numerous other approaches are available to study the bond 

behaviour of bent FRP bars [75,79,159] or FRP bars with additional ribs [102,115,117]. 
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A specially designed test was considered [82,160] for investigation of the bond behaviour, 

called Direct Tension Pull-out test (DTP), where the anchorage was forced to occur in the 

presence of a uniform tensile stress field (Figure 7). The test specimens had prismatic 

shapes, with a length of 250 mm. Experimental results confirmed the unaccountable 

favourable influence of compression field in conventional pull-out tests (Figure 5), as local 

bond strength of GFRP bars in DTP test was lower than the values reported in literature 

obtained with conventional pull-out tests.  

 
Figure 7 Schematic representation of Direct Tension Pull-out test [82,160]  

Previous studies [11] concluded that owing to the large variability of the available tests, 

standardization is necessary for the bond test procedure. To facilitate this, in this thesis a 

new test method is proposed (an improved version of the direct tension pull-out test) that 

contains both the advantages of pull-out and beam tests. 

2.3 Experimental definition and analytical modelling of bond stress-slip behaviour 

The bond allows the forces to be transferred between reinforcement and concrete. Due to 

the transfer, the force in the reinforcement changes along its length, and so does in 

concrete. Wherever the stains differ between concrete and reinforcement, relative 

displacement (slip) occurs [8]. The bond behaviour of reinforcement is best described by 

the bond stress-slip relationship. Bond stress is the shear stress acting on the contact 

surface between reinforcement and concrete [56,57]. 

Bond stress-slip relationships are experimentally defined by using a pull-out [15,152–

154] or a beam [151,153] test. Specimens with short embedment lengths are used– in 

most cases – equal to 5 times the bar diameter [15], which is considered short enough to 

assume constant bond stress distribution over the embedded length [19] and long enough 

to be representative for the bar surface geometry [155]. 

A typical bond stress-slip relationship, when enough confinement is provided, is 

presented in Figure 8. The curve has two distinct section: pre- and post-peak branch. The 

peak bond stress is bond strength. The aforementioned three main components of bond 

mechanisms have predominant effects at different stages. During the pre-peak branch, 

chemical adhesion gradually brakes, starting from the loaded end. As the slip increases, 
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internal micro-cracks are formed and the mechanical interlock (bearing) becomes the 

main bond constituent. Assuming that splitting is avoided after the peak bond stress is 

reached, the mechanical interlock diminishes due to the excessive slip and the friction 

remains the only bond component that resists the load.  

 
Figure 8. Schematic bond stress-slip relationship 

Bond stress-slip relationships can be analytically described by constitutive laws  

(𝜏𝜏𝑏𝑏 = 𝜏𝜏𝑏𝑏(𝑠𝑠)), where τb is the bond stress, while s is the slip. The analytical expression of 

the stress-slip relationship can be introduced in the solution of problems such as the 

calculation of the development, anchorage and transfer length as well as to estimate crack 

width and spacing [56,161,162]. This highlights the importance of the constitutive bond 

stress-slip law solving structural problems involving the bond characteristics. 

Several analytical expressions have been developed for the local bond stress-slip 

relationships [53,74,162–165]. Furthermore, studies reviewing and assessing the 

available models are available as well [18,59].  

Malvar [163] was the first to propose an analytical expression for the bond stress-slip 

relationship of FRP bars. However, due to the numerous parameters to be experimentally 

calibrated and the inaccurate representation of the bond when slip is zero [164], the 

model was soon replaced by more efficient and effective alternatives. 

Among all, mBPE [162] and CMR [164] models show the highest appropriateness [166]. 

Hence herein only these are briefly introduced and considered in the thesis. 

2.3.1 Modified BPE (mBPE) model 

The BPE model, developed by Eligehausen et al. [167] for deformed steel bars, was 

adjusted for FRP bars by Cosenza et al. [162] and is referred to as modified BPE (mBPE) 

model. The modification consisted of accounting for the linear elastic behaviour of the 

GFRP bar, thus omitting the plateau typical of the second portion of the BPE model 
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corresponding to steel yielding. The model gives a complete bond stress-slip constitutive 

curve for FRP bars. It consists of three sections. Stage I is modelled by an ascending 

function. Stage II is described by a linear descending function that starts after the bond 

strength was reached. While, in stage III, due to excessive slippage the mechanical 

interlock has broken, the friction is the only available bond component that is represented 

by a constant value. There are three parameters that have to be adjusted to the 

experimental data. One parameter for each stage. The model is expressed by the following 

equations (Eq. 1 to 3): 

• ascending branch (0 ≤ s ≤ sm)               𝜏𝜏𝑏𝑏 = 𝜏𝜏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 �
𝑠𝑠
𝑠𝑠𝑚𝑚
�
𝛼𝛼

  (1)  

• descending branch (sm ≤ s ≤ sres)         𝜏𝜏𝑏𝑏 = 𝜏𝜏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 �1 − 𝑝𝑝 � 𝑠𝑠
𝑠𝑠𝑚𝑚
− 1�� (2) 

• along the third branch (s ≥ sres)            𝜏𝜏𝑏𝑏 = 𝜏𝜏𝑟𝑟 (3) 

where τb is the bond stress, s is the slip, τb,max is the maximum bond stress, sm is the slip 

corresponding to τb,max, τr is the residual bond stress and sres is the slip corresponding to 

τr. The parameters α and p are calibrated by curve fitting of experimental data considering 

that α must not be greater than 1 to be physically meaningful (α = 0.4 for steel bars, as a 

general approach by [58]). 

2.3.2 CMR model 

Most structural problems to be dealt with are at the serviceability state level [17], 

therefore a refined model only for the ascending branch was proposed by Cosenza et al. 

[164]. It is known as the CMR model and is defined by Eq. 4.  

𝜏𝜏𝑏𝑏 = 𝜏𝜏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 �1 − 𝑒𝑒�−
𝑠𝑠
𝑠𝑠𝑟𝑟
��
𝛽𝛽

      (4) 

where β and sr are experimental parameters, sr cannot be equal or less than zero. 

It can be concluded that models contain some parameters which have to be adjusted to 

the experimental curves. As pointed out in [56] if parameters of a local bond stress-slip 

relationship are available for an FRP bar that allows to easily find the anchorage length of 

the bar depending on the design tensile force. In general, these parameters are not 

available particularly not to consider the possible effect of bar surface characteristics, 

entrained air or high temperature. In this thesis, the parameters of analytical models are 

defined. 
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2.4 Statistical analysis 

Many engineering problems require to decide which of two competing claims, statements 

of a given factor is true. The statements are called hypotheses, and the decision-making 

procedure is called hypothesis testing. A statistical hypothesis is a statement about the 

parameters of one or more populations. This is the most powerful aspect of statistical 

inference, as many types of experiments can be formulated as hypothesis-testing 

problems [168,169]. 

In some other cases, it is important to compare two different conditions (e.g. concrete 

with or without air-entrained admixture) to determine whether a condition produces a 

significant effect on the observed response (e.g., bond strength). An example of the 

representation of two different population is shown in Figure 9 [168]. 

 
Figure 9 Two independent populations [168] 

The independent-samples t-test is used to determine whether a difference exists between 

the means of two independent groups on a continuous dependent variable. More 

specifically, it allows determining whether the difference between these two groups is 

statistically significant [169]. In engineering problems, it is useful to ascertain whether 

the difference between the two sample means (experimental data) is just a consequence 

of sampling variation (i.e., chosen experimental matrix) or does it show that a difference 

exists in the population. 

If the influence of a factor is studied that has multiple independent groups – for instance, 

FRP bars having different surface characteristics – and the aim is to determine whether 

there are any statistically significant differences between the means of these independent 

groups one-way analysis of variance (ANOVA) can be applied [170,171]. 

Furthermore, if a study contains multiple factors (e.g. concrete strength, FRP bar diameter 

and surface etc.) one-way ANOVA can be extended allowing to determine if there is an 
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interaction effect between the independent variables on a continuous dependent variable 

[172,173]. 

There are basic requirements that must be met to run an independent-samples t-test. Six 

assumptions need to be considered. The first assumption is related to the dependent 

variable, it has to be continuous (e.g., bond strength). The independent variable must be 

consisted of two categorical (Assumption 2), independent groups (e.g., concrete with or 

without AEA). Furthermore, the assumption (Nº3) of independence of observations 

(experimental results) must be satisfied. The fourth assumption deals with the outliers. 

The fifth assumption provides that the dependent variable should be approximately 

normally distributed for each group of the independent variable. Whilst, in the sixth 

assumption the homogeneity of variances (i.e., the variance is equal in each group of the 

independent variable) are examined [169]. ANOVA test must fulfil similar assumptions.  
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3. BOND OF FRP BARS WITH DIFFERENT 

SURFACE CHARACTERISTICS 

 

The content of this chapter includes the work published in [111]. 

3.1 Abstract 

This chapter presents an extensive study of the effect of surface characteristics on the 

bond behaviour of FRP bars in concrete. A wide range of commercially available FRP bars 

with different surface profiles (total of 13 different surface configurations) was involved. 

For comparison, ribbed steel bars were used. To investigate whether the effect of surface 

characteristics is in interaction with other factors, further parameters were included in 

the study such, as concrete compressive strength (35 and 66 MPa), bar diameter (6 to 12 

mm) and test type (pull-out [P-O] and direct tension [DT] pull-out). Interaction means 

that the effect of a factor is changing depending on the level of another factor [172], e.g., 

the effect of bar surface at a given level on concrete strength can be different than it is at 

another concrete strength level. Combination of the factors resulted in a total of 200 P-O 

and 38 DT tests. DT test method was developed by the PhD candidate based on a similar 

test setup from the literature [82,160]. The surface finish of the investigated FRP bars 

include sand coated (SC), helically wrapped (HW), helically wrapped and sand coated 

(HWSC), indented (In) and ribbed (Rb). Most of the applied bars are Glass FRP (GFRP), 

however, due to the similar physical and mechanical properties Basalt FRP (BFRP) bars 

were used as well. Concrete strength range was chosen wide enough to account for the 

variability in concrete strength typically used for structures. The lower boundary of the 

range of concrete compressive strength was determined according to the available 

literature (e.g., [54]) stating that bond failure always occurs in concrete if the strength is 

lower than approximately 30 MPa. The bond behaviour of the bars was evaluated by bond 

strength, bond stress-slip relationship, representative bond stresses and failure mode. It 

was found that the bond strength, as well as bond stress-slip behaviour and failure mode, 

vary considerably depending on surface characteristics. Furthermore, even within the same 
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surface category, the bond strength difference can be significant (e.g., SC surface with 

different sand fineness). The concrete strength influences the bond strength even if it is 

higher than the limit stated in the literature. Furthermore, the bond strength results of all 

FRP bars in this thesis were consistently higher than those of steel bars. The highest slip 

value to reach the bond strength was observed for HW FRP bars, while the lowest for SC 

bars. Some results reported in this chapter considerably differ from those previously 

reported in literature based on testing similar bars. The difference, in terms of bond 

strength, can be explained by the alteration of surface configuration, the improvements in 

material properties and fabrication processes. Finally, the test setup was found to affect 

the measurable bond strength. 

Analytical expressions of constitutive bond stress-slip laws, describing the bond 

behaviour, can be applied to define characteristics such as the development length. 

Available models (e.g., mBPE and CMR) involve parameters to be defined by calibrating 

to the experimental results. The data from the pull-out tests are used to calibrate the 

parameters of those models. 

Next, a comprehensive statistical analysis methodology has been developed to study the 

statistical significance of the influence of included factors on the experimental bond 

characteristics (bond strength and corresponding slips) and analytical parameters (α, β, sr). 

The statistical methodology was applied to the bond strength results and the parameters 

of the ascending branch of the mBPE model corresponding to the free end slip (i.e., αfe). 

Statistically significant difference was observed in the bond strength not just in case of 

bars having different surface profiles but within the same surface category as well. 

Furthermore, the interaction between the influence of bar surface and diameter as well as 

between the bar surface and concrete strength was found statistically significant. Based 

on the statistical model coefficients, to account for the influence of involved factors, are 

provided. Analytical parameters were defined dependant on surface category.  

3.2 Material characteristics and test details  

3.2.1 Concrete 

Concrete was prepared in the laboratory (Department of Construction Materials and 

Technologies) using two different concrete mix designs (Table 5). The concrete was mixed 

in an 80 ℓ net capacity pan type mixer (with activator). The coarse aggregate size was 

limited to 16 mm. The desired concrete consistency, F4 flow class [174], was set by BASF 
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Glenium C330 superplasticizer admixture. After casting, the specimens were left in the 

moulds under laboratory conditions for one day, then demoulded and placed underwater 

for 6 days. Afterwards, the specimens were kept at laboratory environment until the day of 

testing at the age of 28 days. The concrete compressive tests were carried out on three cubic 

specimens (side length of 150 mm) for each individual mixture [175], while the tensile 

splitting tests were carried out on cylinders (150 mm in diameter and 300 mm in height) 

[176]. The concretes’ mechanical properties are summarized in Table 6.  

Table 5 Proportion of constituents in the concrete mixes (kg/m3) 
Symbol Cement  Water Aggregates 

(0-4 mm) (4-8 mm) (8-16 mm) 
C1 300 195 824 366 641 
C2 400 160 824 366 641 

   Note: cement = CEM II/B-S 42.5 N 

Table 6 Mechanical properties of concrete (SD = standard deviation) 
Symbol Concrete strength (MPa) 

Compressive  Tensile splitting  
 Average SD Average SD 

C1 35.33 2.38 2.85 0.15 
C2 66.10 0.83 - - 

3.2.2 FRP bars 

Various types of FRP bars were used (Figure 10) to study the effect of surface characteristics 

on the bond behaviour in concrete. Several bond tests were performed on steel bars (R14) 

for comparison. The most relevant properties of the applied bars are reported in Table 7. 

Table 7 Main physical and mechanical properties of FRP bars (NA: No information) 
Bar 
symbol 

Surface type Fibre Resin Tensile strength 
(MPa) 

Mod. of elasticity 
(GPa) 

R1 Sand coated (SC)  Basalt polyamine 1416 - 1565 51.8 - 58.2 
R2 SC Glass polyamine 1308 - 1415 54.5 - 59.9 
R3 SC Basalt polyamine 1416 - 1565 51.8 - 58.2 
R4 SC Glass polyamine 1308 - 1415 54.5 - 59.9 
R5 SC ECR Glass vinyl ester 990 - 1130 50.0 - 55.0 
R6 Helically wrapped (HW) Glass NA 1117 - 1288 45.9 - 46.8 
R7 HW and SC (HWSC) ECR Glass vinyl ester 827 - 896 46.0 
R8 HWSC ECR Glass epoxy > 1100 > 45.0 
R9 HWSC ECR Glass epoxy > 1100 > 50.0 
R10 Indented (In) ECR Glass vinyl ester 1500 60.0 
R11 Ribbed (Rb) Basalt vinyl ester 1736 66.0 
R12 Rb ECR Glass vinyl ester > 1000 42.5 
R13 Rb ECR Glass vinyl ester > 1000 42.5 
R14 Deformed steel bar - - > 500 210.0 
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Figure 10 FRP bars applied in the study (Note: not each diameter is represented) 

3.2.3 Test specimens 

All specimens were cast of concrete mixed in the laboratory. After casting, the specimens 

were left in the moulds under laboratory conditions for one day, demoulded, marked and 

placed underwater for 6 days. After this period, the concrete specimens were taken out of 

the water and kept in laboratory conditions until testing (mixed curing was applied). 

Concrete was poured in two (P-O, DT and concrete compressive test specimens) or three 

layers (cylindrical specimens), and each layer was compacted using a vibrating table. 

Pull-out (P-O) test specimens 

The specimens were designed by taking into consideration the recommendations of ACI, 

CSA and RILEM for pull-out tests [15,152,153]. 

150 mm cubic moulds were used to prepare the pull-out specimens. Each specimen 

consisted of a concrete cube with a single bar embedded vertically in the centre of the 

cube. The bonded length of the bar was set to 5∙Ø, which was achieved by wrapping a part 

of the FRP bars with soft insulating material to prevent bonding between the bar and the 

concrete. Schematic representation of the test specimen is shown in Figure 11. 

Direct tension pull-out (DT) test specimens 

Each specimen consisted of a concrete prism (cross-section of 100x100 mm and length of 

200 mm) with two bars embedded in the centre of the prism and protruding from 

opposite sides. One of those bars is an FRP bar with an embedded length equal to 100 mm, 

5∙Ø of which was the bonded length. A schematic representation of the specimen is visible 

in Figure 12. 

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13
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Figure 11 Schematic representation of pull-out (P-O) test specimen (dimensions are in mm) 

  
Figure 12 Schematic representation of direct tension pull-out (DT) test specimen (dimensions are in mm) 

3.2.4 Measurement setup and procedure 

P-O test 

This test is generally accepted to be a powerful tool to study the effect of different 

parameters on bond behaviour, owing to its simplicity and ease of application. It is the 

most frequently chosen method to compare the bond behaviour of different FRP 

reinforcing bars in various concrete compositions. One part of the current experimental 

work is based on P-O tests. The experimental test setup is shown in Figure 13. The P-O 

tests were performed by using a servo-hydraulic testing machine with a capacity of 

600 kN (Instron 5989). Displacement control (1 mm/min) was selected to capture the 

post-peak bond behaviour. The pull-out specimens were placed into a metal frame and 

the FRP bars were gripped by the test machine. This gripped part of the FRP bar is 

considered as the loaded end (LE) of the test specimen. The relative displacement 
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between the FRP bar and concrete was measured with three Linear Variable Differential 

Transducers (LVDT). At the other end, usually referred to as the free end (FE), the slip 

was measured by one LVDT. An automatic data acquisition system was used to record the 

data transmitted by the LVDTs and the load cell. Four nominally identical specimens were 

tested for each configuration. 

DT test 

Researchers agree [82,96,177] that the stress conditions developed in concrete during 

P-O tests can substantially differ from those developed in RC members. In general, bond 

strength is expected to be higher in the case of P-O tests than in RC members under the 

most practical conditions. However, due to numerous advantageous properties of P-O 

tests, they remained the most common method. Based on similar test methods from the 

literature [82,177], PhD candidate developed the DT test setup (Figure 14). The test 

procedure and instrumentation were similar to those presented in the case of P-O test. 

The main differences include that the concrete is in tension during the test as there is no 

reaction plate and the measurement of the free end slip is no longer possible. It is 

anticipated that this test setup will yield lower bond strength values, which are closer to 

what appear during practical cases. Hence, this test setup possesses both the 

advantageous properties of traditional pull-out (e.g., simplicity, ease of application) and 

the beam pull-out [151,153] (more accurate stress state in concrete) tests. Two nominally 

identical specimens were tested for different configurations. 

  
Figure 13 Pull-out (P-O) test setup Figure 14 Direct tension pull-out (DT) test setup 
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3.2.5 Nomenclature of test specimens and experimental matrix 

Due to the complexity of the combinations of involved parameters an overview of the 

performed tests is presented in Table 8, furthermore, a nomenclature is introduced to 

identify each specimen (Figure 15). 

Bars R5 and R7 have diameters according to the imperial unit system. For the sake of 

clarity, both in the symbol of the specimens and in Table 8, values are rounded to the 

closest nominal metric diameter. However, for the calculation of specific properties (e.g., 

bond strength, bonded length) the nominal values in the imperial unit were considered. 

Table 8 Test matrix: an overview of the performed tests. Four nominally identical specimens were tested 
for P-O, while two for DT tests 

   C1 concrete mix   C2 concrete mix  
Bar  P-O test   DT test   P-O test   DT test  
symbol  Ø6 Ø8 Ø10 Ø12  Ø6 Ø8 Ø10  Ø6 Ø8 Ø12  Ø6 Ø8 
R1  ✓ ✓ ✓ ✓      ✓  ✓ ✓ ✓  ✓   
R2  ✓   ✓    ✓                 
R3  ✓ ✓ ✓ ✓  ✓   ✓    ✓ ✓      
R4  ✓        ✓                 
R5  ✓   ✓ ✓  ✓          ✓      
R6  ✓ ✓      ✓      ✓ ✓    ✓   
R7  ✓ ✓ ✓ ✓  ✓      ✓   ✓  ✓   
R8  ✓ ✓      ✓        ✓        
R9  ✓ ✓ ✓    ✓   ✓    ✓        
R10    ✓   ✓    ✓      ✓ ✓    ✓ 
R11    ✓        ✓               
R12        ✓             ✓      
R13        ✓             ✓      
R14  ✓ ✓      ✓      ✓ ✓    ✓   

 

 
Figure 15 Specimen symbol description 

R1-SC-6-B-P1-C1_1
Test N°
Concrete C1

C2

Surface type

Producer

Fibre type

Nominal diameter (mm)

Reinforcement identification symbol

SC=Sand Coated (f=fine, r=coarse)
HW=Helically Wrapped
HWSC=HW and SC
In=Indented
Rb=Ribbed

G=Glass
B=Basalt

P1
…
P6

6
…
12

R1
…
R14
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3.3 Experimental results and discussion 

3.3.1 Surface characteristics of FRP bars 

FRP bars are produced with different surface deformation to enhance their interaction 

with concrete. FRP bars used in this study can be categorised into 2 groups: deformed 

(HW, HWSC, In and Rb) and non-deformed (SC) bars. Within some surface types (e.g., SC, 

HWSC, In and Rb) there are various geometries of the ribs or sand grain sizes, 

respectively, thus in the following the surface characteristics of the studied bars are 

investigated to assist the interpretation of the results.  

Deformed bars 

As summarized previously, to account for the influence of bar geometries on the bond 

behaviour of deformed bars, three geometrical ratios have been proposed for FRP bars in 

the literature: as (Eq. 5), Rr (Eq. 6) and CLR (Eq. 7) [12,54,76]. 

as = Ar
r𝑠𝑠

       (5)  

Rr = Ar
𝑃𝑃 × r𝑠𝑠

       (6)  

CLR = wc
wc+wf

       (7)  

where as - area to space ratio (mm); Ar - projected rib area (mm2); rs – rib spacing (mm); 

Rr - relative rib area (-); P – nominal bar perimeter (mm); CLR - concrete lug ratio (-); 

wc - concrete lug width (mm); wf - FRP bar lug width (mm). 

 
Figure 16 Schematic representation of different deformed bars: (a) R6, (b) R7, (c) R10 and (d) R11 to R13 
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Schematic representation of studied bars is presented in Figure 16 while the computed 

geometrical ratios are presented in Table 9 and Table 10 as well as in Figure 17. 

Analysing the definitions and the formulae of as (Eq. 5) and Rr (Eq. 6) one can notice that 

there is a clear relationship between them, which is the perimeter (P). The ratio between 

as and Rr is P. In most of the cases values of as show the same tendency as the ones of Rr 

(except R9 bar, Table 9). It was chosen to use as rather than Rr which is more relevant for 

the scope of this thesis (bond performance of the bar is studied, rather than the 

performance of a unit length of the deformation). 

Table 9 Geometrical characteristics of deformed bars (R6 to R9) 
Specimen symbol rs (mm) rh (mm) Ar (mm2) as (mm) Rr (-) 
R6-HW-6-G-P1 18.32 0.71 14.95 0.816 0.043 
R6-HW-8-G-P1 20.96 0.88 24.59 1.173 0.047 
R7-HWSC-6-G-P3 24.23 0.47 9.53 0.393 0.021 
R7-HWSC-10-G-P3 24.62 0.36 11.58 0.470 0.015 
R7-HWSC-12-G-P3 23.10 0.53 20.85 0.903 0.024 
R8-HWSC-6-G-P4 6.09 0.30 5.88 0.967 0.051 
R9-HWSC-6-G-P4 5.23 0.30 5.85 1.119 0.059 
R9-HWSC-8-G-P4 6.09 0.25 6.54 1.074 0.043 
R9-HWSC-10-G-P4 7.13 0.25 7.88 1.105 0.035 

Table 10 Geometrical characteristics of deformed bars (R10 to R13) 
Specimen symbol rs (mm) rh (mm) Ar (mm2) as (mm) Rr (-) wc (mm) wf (mm) CLR (-) 
R10-In-8-G-P5 8.31 0.43 11.43 1.375 0.055 2.27 6.05 0.273 
R10-In-12-G-P5 8.74 0.74 29.60 3.389 0.090 3.67 5.06 0.421 
R11-Rb-8-B-P6 4.56 0.66 17.83 3.912 0.156 1.75 2.81 0.384 
R12-Rb-12-G-P6 5.90 0.46 18.16 3.080 0.082 1.78 4.12 0.301 
R13-Rb-12-G-P6 7.33 0.52 20.44 2.790 0.074 1.25 6.08 0.171 

 

 
Figure 17 Geometrical ratios of the deformed bars 

The influence of geometrical ratios has to be considered when analysing the results of 

bars from different producers or for the same type of bars having different diameters.  
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It is worth highlighting that there are considerable differences in the CLR and as values of 

8 and 12 mm-diameter R10 bars as well as among R11, R12 and R13 bars.  

In addition to the geometrical ratios, the differences in bond failure modes should be 

taken into consideration as well. As reported in previous studies [77,119,178] based on 

the geometry of the ribs bars fail in different manners. Bars with Figure 16 (a) type 

geometry mostly fail trough sharing off of the FRP ribs, whilst in case of Figure 16 (b) type 

bars ribs suffer only limited damage, while the concrete lug fails. Thus, a higher geometric 

ratio of Figure 16 (a) type bars does not necessarily provide higher bond strength results. 

When the bearing forces on the projected deformation are the same (i.e. same rib height), 

the arisen shear stresses in the ribs of Figure 16 (b) bars are lower, that is, the rib is more 

difficult to be sheared off.  

Finally, to observe the surface finishes of deformed bars (R10 to R13), close up pictures 

are presented in Figure 18 and Figure 19. Surface finish can directly influence the 

adhesion component of the bond [60]. 

     
Figure 18 Details of deformed FRP bar surfaces (R10-12 and R11-8)  

     
Figure 19 Details of deformed FRP bar surfaces (R12-12 and R13-12)  
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Bars with a sand coated surface 

Five types of sand coated bars (R1 to R5) from two different manufacturers were used in 

this study. Furthermore, some of the deformed bars (R7 to R9) possess a sand layer in 

addition to the surface deformations. 

    
Figure 20 Details of non-deformed FRP bar surfaces (R1-8 and R3-8)  

     
Figure 21 Details of non-deformed FRP bar surfaces (R2-12, R4-12 and R5-12) 

   
Figure 22 Details of deformed FRP bar surfaces (R7-6 and R9-6) 

According to information reported by the producer the sanding procedure and grain size 

of the applied sand are the same for R1 and R2 (0.4 - 0.8 mm lake sand) as well as for R3 

and R4 (0.5 - 1.2 mm crushed silica sand) bars. In this chapter the sanded surface of R1 

and R2 bars are referred to as fine (SCf), while R3 and R4 as coarse (SCr) sand (Figure 20 and 

Figure 21). R7 bars surface was coated with lake sand of 0.4 - 0.7 mm grain sizes (Figure 

22), while the surfaces of R8 and R9 bars were coated by crushed sand of 0.5 - 1.0 mm grain 
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sizes (Figure 22) in addition to the helical wrapping. R9 is an improved version of R8 

(Figure 10) with slightly higher mechanical properties. 

Since there is no generally accepted quantitative method to take into account the surface 

differences of various non-deformed FRP bars, surfaces are investigated qualitatively by 

digital and scanning electron microscope (SEM). Levenhuk DTX 90 device was used as a 

digital microscope, while Phenom XL as SEM. The purpose of microscopic observations is 

to qualitatively analyse the size and shape of the sand particles of the surface coating, the 

distribution of the sand particles and to discover possible manufacturing imperfections 

that might affect the bond behaviour of the bars.  

The pictures (Figure 20, Figure 21 and Figure 23) confirm the reported data for R1 to R4 

bars. The sand on the surface of R1 and R2 bars are finer than the ones used for R3 and 

R4. The surface and the edges of the sand particles confirm the usage of the lake and 

crushed sand. Furthermore, it can be noticed that in the case of fine sand, the whole 

surface of the bar is covered, making it more difficult for cement paste to enter between 

the sand particles. For crushed sand, there are voids among particles. Additional to the 

sand particles spiral wrapping can be observed below the sand coated layer in case of R1 

to R4 bars (Figure 21 and Figure 23). 

The surface of R5 bar gives the impression that the sand used is not crushed but lake 

origin, the grain size of the sand (approximately 0.6 – 1.0 mm) is larger than for R1/R2 

bars, with larger voids among the particles (Figure 21 and Figure 23). 

According to Figure 22, the surface of R7 bar appears to be similar to R5, however, the 

amount on the sand can show large scattering along the bar. 

The surface of R8 and R9 is covered by crushed sand. It is reported by the producer to be 

between 0.5 and 1.0 mm. The sand layer does not cover entirely the bar surface, moreover 

part of the fibres tend to be visible at the images taken by the digital microscope (Figure 

23). The visibility of naked fibres on the surface of the R9 bars was confirmed by SEM 

images (Figure 24). Fibres outside of the cross-section can have a detrimental effect on 

the mechanical properties of the FRP bar. However, their effect on bond strength is not 

straightforward. Naked fibres might increase the roughness of the surface, thus increasing 

the adhesion component of the bond.  

In Figure 24, in addition to the naked fibres at different magnifications, several 

representative dimensions are shown as well. 
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Figure 23 Typical enlarged details of sand coated surfaces 

  
Figure 24 SEM images of the R8 bar surface at different magnification (160x and 340x)  

3.3.2 Processing of experimental data 

Bond strength 

The bond strength (τb,max) is defined by considering uniform bond stress distribution 

along the embedded length. It is calculated by dividing the load by the shear surface (Eq. 8). 

τb,max = Fult
π∙∅∙lb

      (8)  

where Fult is the maximum load (N); Ø is the nominal diameter of the FRP bar (mm), and 

lb is the bond length (equal to 5∙Ø). 

Bond stress-slip relationships 

When analysing the bond behaviour between reinforcement and concrete, bond 

stress-slip relationships provide valuable information. The curves were prepared by using 

the data registered during the pull-out tests. Bond stress is calculated by the slightly 

adjusted Eq. 8: the ultimate load is replaced by the continuously changing load. LE slip is 

calculated by subtracting the elastic elongation of the relevant portion of the bar (the 

length of the bar between gripping of the LVDTs and beginning of bonded zone) from the 

average of the measurements of the three LVDTs placed at the loaded end of the FRP bar. 

FE slip is defined as the registered LVDT measurement connected to the free end of the bar. 

R1 R2 R3 R4 R5 R9

0.924 mm
1.
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m
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Representative bond stresses 

Although, the bond strength is an important characteristic, yet to have a broad 

understanding of the bond behaviour of the studied bars representative bond stresses are 

introduced. 

In literature, there is an agreement that the bond of FRP bars is build up from different 

components of the bond [17,60,69,77], adhesion, mechanical interlock (bearing) and 

friction. The magnitude of these components can vary considerably among different types 

of FRP bars, e.g. the contribution of the mechanical interlocking component is limited for 

non-deformed bars [60,77]. The adhesion component was defined as the bond stress 

when the free end of the bar starts to move (e.g., [11,17,60,69]). In this chapter, the bond 

stress belonging to 0.002 mm free end slip is considered as the adhesion component of 

the bond (τb,fe,0.002). The value of 0.002 mm was chosen to avoid fictitious readings of the 

LVDT, which has a sensitivity of 0.001 mm. 

Loaded end slip is associated with crack widths [105]. When the crack opens the 

reinforcement moves relative to the concrete (slips) at both sides of the crack [83]. Bond 

stresses corresponding to 0.05 and 0.15 mm loaded end slips are defined and denoted 

with τb,le,0.05 and τb,le,0.15, corresponding to 0.1 and 0.3 mm crack widths, respectively. 

3.3.3 Failure modes 

All specimens failed by pulling the bar out from the concrete cube, no concrete splitting, 

nor bar rupture was observed, hence such information was not included in the tables with 

results. This is consistent with the failure mode that the specimens were designed for. 

Samples after failure were cut into two to observe the failed surfaces and the conditions 

of the FRP bar and concrete. Figure 48 to Figure 51 (Appendix A.1) present typical 

conditions of the FRP bars in C1 concrete for each surface types applied in this study. 

While in Figure 52 to Figure 54 (Appendix A.1) similar pictures of C2 concrete specimens 

are shown for several surface types. Furthermore, close-up pictures of typical surfaces of 

failed bars (C1 concrete) are presented in Figure 55 (Appendix A.1). 

The visual examination revealed that the surface layers of the studied bars suffered 

deterioration of different magnitudes. In general, the sand coated layers were sheared off 

partially or totally (except bars with SC fine surface in C1 concrete, Figure 48), depending 

on the surface type and concrete strength. Limited deteriorations were observed for 

deformed bars without sand coating. 
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Failure surfaces of C1 concrete specimens 

Bars with different SC surfaces are shown in Figure 48 to Figure 51. It can be noticed that, 

while the bar R3 with coarse SC surface show partial interlaminar delamination of the 

surface, bar R1 with fine sand surface failed by shear failure of the concrete (Figure 48). 

According to Arias et al. [13], this suggests that higher force transfer can develop between 

the bar and concrete in case of FRP bars with coarse sand coating than for FRP bars having 

a fine sand coating. A possible reason is that coarse sand can develop higher bond strength 

due to higher contributions of friction and bearing stresses. In case of SC R5 bars, as well 

as of HWSC R7 the sand was sheared off partially (Figure 48 and Figure 49). The 

delamination of the sand is more accentuated at the free end of the bars. The deformation 

created by the helical wrapping could still be observed. HW R6 bars failed by tearing off 

the ribs (helical wrapping), however, no other deterioration was visible on the bar 

surface, the resin protected well the fibres. The surface of these bars is smooth (resin 

rich), thus, due to the lower adhesion, fewer scratches were found on bars surfaces 

(Figure 49). For sand coated and helically wrapped bars (R8 and R9) the surface of the 

bars was severely rubbed and the resin was scratched, furthermore, the helical wrapping 

failed as well (Figure 49 and Figure 50). In case of deformed bars (R10 to R13) without 

sand coating layer the bond failure happened by shearing of the concrete lug, no 

considerable damage was found at the surface of the bar (Figure 50 and Figure 51). 

Failure surfaces of C2 concrete specimens 

In the case of C2 concrete, both fine (R1) and coarse (R3) SC bar failed by partial 

interlaminar shear of the surface. Furthermore, the continuity of the SC surface 

completely failed between the bonded and unbonded part of the tested bars (Figure 52). 

In the case of R5 bars, the SC surface was totally sheared off (Figure 52). The failure mode 

of R6 bars was like the failure in C1 concrete, by tearing off the helical wrapping (Figure 

53). For R7 bars C2 concrete induced more severe interlaminar delamination of the 

surface the sand coating with most of the surface deformations were sheared off (Figure 

53). R8 to R10 bars show similarly failed surfaces to those of C1 concrete, with slightly 

more damages on the bar surface (Figure 53 and Figure 54). 

Finally, it can be concluded that an increase of concrete strength increases the damage of 

FRP surface during bond failure. Bars with SC layer show a higher ratio of delaminated 

surface, while deformed bars without sand coating show more damages, deeper scratches 

and in some cases even partially shearing off of the bar deformation. In case of HWSC bars 
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the increased concrete strength affects only slightly the failed surface. Results show that 

in contrary to the literature [62] the bond failure does not always happen due to the bar 

surface when the concrete compressive strength is higher than 30 MPa. The reason might 

be that the properties and fabrication processes of FRP bars were improved. 

3.3.4 Test results 

Experimental results are presented in Table 25 to Table 31 (Appendix A.2) including the 

bond strength (τb,max, Eq. 8) as well as the slip at loaded (sm,le) and free ends (sm,fe) 

corresponding to the bond strength. Representative bond stresses are reported also, 

namely: bond stress corresponding to 0.05 mm (τb,le,0.05) and 0.15 mm (τb,le,0.15) loaded end 

slips, as well as the adhesion component of the bond (τb,fe,0.002). Furthermore, the mean 

values (a) of these characteristics for the nominally identical specimens are shown to ease 

the comparison. Finally, the ratio between the adhesion component and the bond strength 

is given. 

To aid the interpretation of the results graphical illustrations are prepared for each 

diameter size for both C1 and C2 concrete mixes. Pull-out test results of 6 mm diameter 

bars in C1 concrete are presented in Figure 25, while the others in. Figure 56 to Figure 61 

(Appendix A.2). Detailed information about the test matrix is shown in Table 8, the 

nomenclature of the test specimens is given in Figure 15.  

 

  
Figure 25 Pull-out test results of 6 mm bars in C1 concrete mix (For symbols see Figure 15) 
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3.3.5 Effect of surface characteristics on bond behaviour 

Bond strength 

Analysing the results (Table 25 to Table 31 and Figure 25 to Figure 61) it can be observed 

that, SC bars show in general higher bond strength values, compared to other types of 

surfaces, the highest being approximately 33 MPa (R1-8 bar, C2 concrete mix, Figure 60). 

The bond strength results of SC bars (R1 to R5) vary within wide limits. Particularly, bond 

strength can range from 10.15 to 24.59 MPa for C1 and from 22.11 to 33.52 MPa for C2 

concrete mixes, respectively. Only one type of HW bar (R6) was used, thus the variability 

of those results is lower. Same is valid for indented bars (R10). Three different types of HWSC 

bars (R7 to R9) were applied. Bond strength values vary between 11.36 and 22.71 MPa 

for C1 and 17.12 and 26.62 MPa for C2 concrete, respectively. Three different types of Rb 

bars (R11 to R13) were studied. Bond strength ranges from 13.28 to 25.03 MPa for C1 and 

16.98 to 30.95 MPa for C2 concrete mixes, respectively. The variability of the results 

within the same surface category can be assigned to the variation of the granulometry, 

type and quantity of sand, as well as to the quality of the fabrication process and to the 

adhesive (resin) used to fix the sand to the surface. Furthermore, the geometry of the 

surface deformation and the bond failure modes affect the bond strength as well. 

Comparing the results of FRP bars with fine (SCf: R1 and R2) and coarse (SCr: R3 and R4) 

sand coating, coarse sand shows superior bond strength properties in all cases except for 

8 mm bars in C2 concrete (Figure 60). 

Even though bars R5 possess a sand coated surface with smaller grain size and less sharp 

edges than R3/R4 bars, the bond strength of R5 bars is the highest among all the SC bars 

in C1 concrete. Yet, in C2 concrete it becomes the lowest. This can be explained by the 

different failure modes of SC bars. In case of R5 bars, the whole surface is sheared off in 

C2 concrete, while surfaces of R1 and R3 bars are sheared off partially. 

There are contradictory results reported in the literature about the effect of the sand grain 

size of SC surface. Some conclude that the coarse sand provides higher bond strength than 

the fine (e.g., [13,76]) and that can be attributed to the higher contributions of bearing 

and friction component of the bond, some other disclose that the bond strength is not 

affected by the grain size of the sand (e.g., [11]). 

HW (R6) bars possess high bond strength results, however, the corresponding slip values 

are large as well, and that makes infeasible to take full advantage of the bond performance. 
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Application of this type of bars might lead to excessive crack formation. The geometry of 

the ribs (i.e., rib height, rib spacing), as well as the fabrication process and mechanical 

properties of the ribs, can have a significant effect on the bond strength and behaviour. 

The HW bar used in this study, have a rather large rib height and spacing, making the ribs 

more susceptible to be sheared off. 

HWSC (R7 to R9) bars have a surface formed by the combination of the above two 

categories (SC and HW). Just as in the case of the previous bars, the geometry of the 

surface characteristics can affect considerably the bond behaviour of the given bar. In this 

study, HWSC bars were provided by a thin diameter helical wrapping (particularly for 

bars R8 and R9) with moderate sanding. The geometrical ratios are rather low (Figure 

17) however, due to the sand coating, HWSC bars show adequate bond behaviour. 

Previous research [11] disclosed that the spirally wound CFRP bars had almost four times 

the bond strength of similar SC bars, while spiral wound and ribbed GFRP bars showed 

about three times higher bond strength than of their SC counterparts. Whereas, in another 

study [54] it was found that among SC, In, HW and HWSC bars the HW surface performs 

the best in terms of bond strength. A possible explanation for the different results 

reported in this chapter could be a likely improvement in material qualities (e.g., resin) 

and fabrication processes (e.g. less scatter in the physical properties of the surface). By 

looking carefully at close-up pictures of the sand coated bars (R1 to R4) one can notice 

that below the sand coated surface layer spiral wrapping is visible with relatively low 

pitch (e.g., Figure 23 and Figure 52), that might partially explain the considerable bond 

strength increase, compared to other results reported for SC bars. 

Rb (R11 to R13) bars perform well when bond strength is considered, however, due to 

the different rib geometries there can be considerable discrepancies among the results. 

Contrarily, indented (R10) bars show low bond strength values. Bearing is the most 

important bond component for both surface types. The alteration in the bond strength values 

can be explained by the previously discussed geometrical ratios (Figure 17). R11-8 bar 

has the highest as and Rr values that explains the highest bond strength values among the 

deformed bars. The CLR ratio is slightly larger for R10-12 bar, yet the bond strength is 

much lower. 

In the case of R12 and R13, only 12 mm diameter bars were tested. All three geometrical 

ratios are larger for R12 compared to R13 bars (i.e., CLR of 0.30 vs. 0.17). The larger 
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geometrical ratios resulted in higher bond strength values in C2, while it was 

approximately the same in C1 concrete. 

In the case of R10 bars 8 and 12 mm diameters were tested, all three geometrical ratios 

are considerably larger for Ø12 bars (e.g., CLR of 0.27 vs. 0.42). Due to the increase in the 

CLR value, the tendency of larger diameter bars developing lower bond strengths is not 

followed by the R10 bars. This leads to interaction between the effect of bar surface and 

diameter.  

Geometrical ratios of R6-8 are slightly lower than of R10-8 bars (i.e., as of 1.17 vs. 1.38), 

yet R6 bars show higher bond strength values for both C1 and C2 concrete, emphasising 

the importance of bond failure mode on the bond strength. 

Baena et al. [54] reported different relations between the bond strength results of similar  

8 and 12 mm diameter indented bars, however, it is not in contradiction with the results 

of this chapter, since the reported CLR values differ as well.  

Al-Mahmoud et al. [76] performed an analysis, based on experimental results, to define 

the CLR for balanced failure. For the given test conditions, it was found to be 0.78. For the 

bars applied in this thesis, the highest CLR value was 0.42, and the observed failure mode 

was through shearing off of the concrete lug. Due to the relatively low CLR values, bond failure 

mode remains unchanged by increasing the concrete compressive strength from C1 to C2. 

Overall FRP bars – studied in this chapter – showed higher bond strength results than that 

of steel (R14). 

The discovered interaction between the effect of surface profile and the diameter, as well 

as the presented variability of bond strength within the same surface category, suggest 

that taking into account the effect of surface on the bond strength based solely on the 

surface type (e.g., k5 in CSA S806-12 [15]) might not always lead to appropriate values. 

Depending on the type, quality and quantity of sand the bond strength of SC bars can be 

doubled (e.g. R1 and R5, Table 25). Similarly, modifying the rib geometry (increasing the 

CLR value from 0.17 to 0.30) the bond strength of the R12 bar compared to R13 was 

approximately doubled as well (Table 31). Furthermore, it was found that the bond 

strength increases by increasing the concrete strength irrespective of the surface type, 

contradicting the previously reported findings that above a concrete compressive 

strength of approximately 30 MPa the bond failure happens in bar surface, thus an 

increase in concrete strength does not result is bond strength increase (e.g., [62]). 
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The approach of the CSA S6-06 [14], to consider the effect of surface characteristics, 

appears to be more appropriate, however, limiting it to the bond strength of steel bars 

with the similar cross-sectional area, might be too strict, based on the results of this thesis. 

Representative bond stresses 

Adhesion is defined as the bond stress corresponding to 0.002 mm free end slip (τb,fe,0.002). 

In Figure 26 and Figure 27 the adhesion component of the bond is shown for 6 and 12 mm 

diameter bars. The bond mechanisms of non-deformed and deformed bars are different. 

While the adhesion component is the most important for non-deformed bars, it is the 

bearing for the deformed ones. Bars with relatively smooth surfaces, expected to show 

lower adhesion. Indented (R10) and HW (R6) bars have smooth finishing of the surface, 

hence they present the lowest chemical adhesion. SC bars have the highest adhesion; 

however, it is not consistent which sand coated type has the highest. In literature, it is 

reported (e.g., [13]) that the sand with smaller grain size show higher adhesion because 

of the higher specific area of the sand. However, Soong et al. [60] pointed out that the 

bearing resistance might increase the adhesion since adhesion corresponds to completion 

of debonding rather than the onset. Moreover, static friction can increase adhesion as well. 

Both the bearing and the static friction are expected to be higher for coarse sand. 

The positive effect of the higher specific surface of the fine sand coating is balanced by the 

less dense arrangement of coarse sanding and thus higher contributions of bearing and 

friction bond components. 

Rb (R12 and R13) bars show small adhesion component. Being higher for R12 both for C1 

and C2 concrete. This confirms the assumption that bearing can increase the adhesion 

component of the bond [60]. 

The geometrical ratios of R10 bars are higher than those of R12 and R13 bars, yet the 

adhesion component of the bond is lower for R10. This can be explained by the difference 

in surface finishing, being smoother for R10 (Figure 18 and Figure 19). 

Adhesion values reported in this chapter are considerably higher than some others 

reported previously (i.e., 2 to 4 MPa [11]). As previously assumed one of the reasons can 

be that those experiments were performed almost two decades ago, and the properties 

and fabrication processes of bars might have improved over this period. 

Bond stresses corresponding to 0.05 and 0.15 mm loaded end slips are reported as well 

(Table 25 to Table 31). As adhesion is the most important component of bond at relatively 
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low slip values, results found for τb,le,0.05 and τb,le,0.15 are similar to those of adhesion 

(τb,fe,0.002). R6 and R10 bars with smooth surfaces have low bond stress values 

corresponding to the aforementioned loaded end slips. The highest τb,le,0.05 and τb,le,0.15 

values are observed for SC bars, however, in C2 concrete R10 bars show higher values 

than those of SC due to the increase of concrete strength (Figure 60 and Figure 61). 

  
Figure 26 Adhesion component of the bond 

(τb,fe,0.002), Ø6 bars, C1 concrete 
Figure 27 Adhesion component of the bond 

(τb,fe,0.002), Ø12 bars 

Bond stress-slip relationships 

Bond stress-slip curves are shown in Figure 62 to Figure 65 in Appendix A.3. 

SC bars showed the highest stiffness of the bond stress-slip curves, which can be beneficial 

in SLS design (the same bond stress level for SC bars implies less slip — thus crack 

width — than other bars). However, SC is the only surface category which can undergo 

brittle failure mode (no descending part of the diagram is present for some of the bars) at 

relatively low slip values (Figure 62 and Figure 65). As the grain size of the applied sand 

increases, the bond strength increases as well, however higher bond strength value was 

accommodated by brittle failure mode in case of P-O tests (e.g., Figure 65). 

HW bars possess high bond strength values, however, the corresponding slip values are 

high as well, hence the stiffness of the bond stress-slip curve is low; thus, it is difficult to 

take full advantage of the relatively high bond strength values. This surface category 

shows the most ductile bond failure mode after the ribs are sheared off (local maximum 

point in the bond stress-slip curve). Bond stress can further increase due to the geometry 

of the bar (the diameter of the core bar is lower under the ribs than in-between the ribs, 

this is due to fabrication process). Application of these types of bars might lead to 

excessive crack width formation making it less appropriate for SLS design. 
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Results show that the bond behaviour of HWSC bars is a combination of HW and SC. The 

stiffness of the bond stress-slip diagram is similar to that of SC, however, the post-peak 

behaviour is ductile and similar to the behaviour of HW bars.  

Bond stress-slip curves of the Rb bars (Figure 64) show high bond stiffness, high bond 

strength values and ductile post-peak behaviour, all these appoints that the bond 

behaviour of ribbed bars is the one with the most advantages. 

Finally, indented bars show similar bond stress-slip behaviour to Rb bars, however, bond 

strength of indented bars are lower. 

3.3.6 Effect of test type 

A new test method was developed by the PhD candidate, called the direct tension pull-out 

(DT) test. It holds the advantages of both aforementioned tests (Ch. 2.3) simplicity and a 

more realistic stress state of the concrete block. In this subchapter, the effect of test type 

is investigated. The main goals are to clarify if the bond strength varies depending on the 

test type and whether the test type can change the effect surface characteristic on the 

bond behaviour. During DT test, due to the altered stress state in the concrete, different 

bond mechanisms can be activated. It is expected that the concrete has no compressed 

zone around the bonded length, thus the confinement is lower. 

Results show that the bond strength values of DT tests are lower than those of P-O, 

regardless of the surface type of the bar and the concrete strength (Figure 28 and Figure 

29). In general, the higher the compressive strength of concrete is, the lower is the 

difference between P-O and DT results. In C2 concrete the non-deformed bars show low 

bond strength decrease (Figure 29). The difference between the result of the two different 

test types are higher for deformed (i.e., In, Rb) bars than for those having a sand coated 

layer. This is due to the predominant bond mechanisms: bond strength of deformed bars 

is more dependent on the concrete properties, thus the confinement of P-O test setup is 

beneficial for bond strength increase. 

Beam tests were performed as well during the PhD research, albeit not included in the 

PhD thesis [178]. Overall, beam test provides higher bond strength values than that of DT, 

however, lower than P-O test. The relatively low modulus of elasticity of FRP bars makes 

the beam test results susceptible to the global behaviour of the specimen [83]. 

Consequently, the DT test presents the most conservative bond strength results.  
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Figure 28 Bond strength results of different  
test types, C1 concrete mix; Ø6 bars 

Figure 29 Bond strength results of different  
test types, C2 concrete mix; Ø6 bars 

3.4 Analytical and statistical modelling 

Bond characteristics of reinforcement are analytically described by a local relationship 

τb = τb(s), where τb (bond stress) is the shear stress acting on the contact surface between 

bar and concrete, while s is the slip (relative displacement between bar and concrete). 

Once the constitutive relationship is defined using differential equilibrium equation 

characteristics such as determination of anchorage length, transfer and development 

length as well as crack width and spacing can also be defined [56,179,180]. This highlights 

the need for an appropriate, well-defined bond stress-slip constitutive model.  

Analytical models for the bond stress-slip behaviour were defined for all tests specimens 

by calibrating the parameters of mBPE and CMR models.  

Furthermore, a statistical methodology is presented to study the significance of the 

influence of involved factors (i.e., bars surface characteristics, diameter and concrete 

strength) on different bond characteristics (e.g., bond strength) and parameters of the 

analytical models by statistical null hypothesis analysis. ANOVA tests were applied. 

Moreover, statistical analysis allows observing whether there are interactions among the 

involved factors. An interaction exists when the effect of a factor depends on the level of 

another factor involved in the study, that is the factors are in synergy [171].  

Related work is published in [181] and presented in Appendix A (Ch. A.4). 

0

5

10

15

20

25

30

35

R2 R3 R4 R5 R6 R7 R8 R9 R14

τ b
,m

ax
(M

Pa
)

FRP bar symbolØ6 | C1

P-O DT

0

5

10

15

20

25

30

35

R1 R6 R7 R14

τ b
,m

ax
(M

Pa
)

FRP bar symbolØ6 | C2

P-O DT



 

53 

3.5 Conclusions 

The presented study aimed to demonstrate the effect of surface characteristics on the 

bond behaviour of FRP bars embedded in concrete. The experimental program included 

200 conventional pull-out (P-O) and 38 direct tension (DT) pull-out tests (developed by 

the PhD candidate). The bond behaviour of FRP bars with different surface profiles, 

diameters and concrete strengths was assessed through bond strength, bond stress-slip 

relationship, representative bond stresses and failure mode. 

All the studied characteristics (bond strength, bond stress-slip behaviour, representative 

bond stresses and failure mode) vary considerably depending on the surface characteristics.  

• Bond strength can vary within large limits for a given surface category (e.g., sand 

coated (SC), ribbed (Rb)). Depending on the type, quality and quantity of the sand 

coating the bond strength of SC bars can even be doubled (e.g. R1 and R5). Similarly, 

modifying the rib geometry (increasing the CLR value from 0.17 to 0.30) the bond 

strength of the R12 bar compared to R13 approximately doubled as well. 

• An interaction between the effect of the bar surface and the effect of bar diameter was 

found. Bond strength of 12 mm diameter R10 bars were consistently higher than 

those of 8 mm R10 bars in both concrete mixes. This can be explained by the larger 

geometrical ratios of Ø12 bars (e.g., CLR of 0.27 vs. 0.42). 

• Providing values to surface factor (e.g., k5 in CSA S806 12 [15]) based solely on surface 

category is not supported by the presented test results, as suggested by the 

discovered interaction and the large variability of bond strength results within a 

surface category. 

• The approach of the CSA S6-06 [28], to consider the effect of surface characteristics, 

appears more appropriate, however, limiting it to the bond strength of steel bars with 

the similar cross-sectional area might be too strict based on the results of this paper. 

• Contrary to the literature, the concrete compressive strength increase has a beneficial 

effect on the bond strength, even above the limit previously set (approximately 

30 MPa). An increase of the bond strength from C1 (35 MPa) to C2 (66 MPa) concrete 

mix, was observed for all bars. The properties and fabrication processes of FRP bars 

have improved by time. Thus the bond failure does not necessarily happen due to the 

bar surface when the concretes’ compressive strength is higher than 30 MPa.  
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• Literature reports that the bond strength is inversely proportional to the diameter. 

Results of this chapter show that this trend is not always valid. The inverse applies to 

the indented GFRP bars used in this study. This is due to the rib geometries. 

• The highest bond strength values were achieved by SC bars, while the lowest by 

indented (In) ones. The highest slip value, corresponding to the bond strength, was 

observed for helically wrapped (HW) FRP bars, while the lowest for SC bars. Bond 

stress-slip curves of the Rb bars show high bond stiffness, high bond strength values 

and ductile post-peak behaviour, all these appoints that the bond behaviour of Rb 

bars is the one having the most advantages. 

• Adhesion component of the bond was defined as the bond stress corresponding to 

0.002 mm free end slip (τb,fe,0.002). Bars with relatively smooth surfaces – In (R10) and 

HW (R6) bars – present the lowest adhesion, whilst SC bars show the highest.  

• Bearing and static friction can increase the adhesion component of the bond. 

• Results of the present study show much higher bond strength and adhesion values 

for SC bars than those reported in the literature. It is assumed, that the properties and 

fabrication processes of bars have been improved. 

• Similar to adhesion the bond stresses corresponding to 0.05 and 0.15 mm loaded end 

slips are the lowest for R6 (HW) and R10 (In) bars and highest for those of SC. 

However, in C2 concrete the R10 bar show higher results than those of SC due to the 

increase of concrete strength. 

• The developed DT test method proved to be appropriate for testing the bond 

behaviour. The measurable bond strength by the DT tests are lower than those of 

P-O, regardless of the surface type of the bar and the concrete strength, confirming 

that the stress state in concrete during DT testing is more representative for real 

structural elements. DT is much easier to perform than the other common test types 

(beam bond tests). The bond stress decrease, caused by the test type, is much lower 

in C2 concrete composition. The difference between the bond strength result of two 

different test types was higher for deformed (i.e., In, Rb) bars than for SC ones. 

• Finally, most of the FRP bars showed higher bond strength than those of steel bars.  
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4. BOND BEHAVIOUR OF FRP BARS IN 

AIR-ENTRAINED CONCRETE 

 

The content of this chapter includes parts of the work published in [182,183]. 

4.1 Abstract 

The combined use of FRP bars and Air-Entrained Concrete (AEC) can be an alternative to 

traditional steel-reinforced concrete as this system is not affected by the corrosion of the 

reinforcement and the by the freeze-thaw cycles induced concrete degradation. However, 

the viability of this system hinges on the bond performance of the reinforcing bars. A total 

of 232 pull-out specimens were prepared and tested to study the effect of air-entraining 

admixtures (AEA) on the bond behaviour of FRP bars to concrete with varying compressive 

strengths. Failure modes and bond stress-slip curves were reported and discussed. 

Besides, the statistical significance of the effect of AEA on bond characteristics was 

determined, yielding reduction factors to account for the effect of AEA on bond strength. 

The test results show that the bond strength of FRP bars in AEC was lower than in normal 

concrete. However, the decrease is sufficiently small that could be accounted for, during 

the design stage, by simply increasing the reinforcement development length. 

The bond behaviour of reinforcement is best characterized by the bond stress-slip 

relationship that can be analytically described by constitutive laws. The analytical 

expression of the bond stress-slip relationship can be introduced in the solution of 

problems such as the calculation of the development, anchorage and transfer length as 

well as to estimate crack width and spacing. Though several models are presented in the 

literature (e.g. [74,162–164,166,184]) eventually none of them was adjusted to consider 

the possible effect of AEC. Hence, the parameters of the two most widely used analytical 

bond stress-slip models [162,164] are defined based on the experimental results. 

Statistical null hypothesis testing (e.g., independent t-test and ANOVA) allows analysing 

whether the effect of a given factor (e.g., AEA) is statistically significant. Furthermore, it 
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permits to decide that the result is due to random errors or it is likely that the difference 

exists in the population as well, not just in the sample. Moreover, statistical analysis allows 

observing if there are interactions among the involved factors. An interaction exists when 

the effect of a factor is depending on the level of another factor, that is the factors are in 

synergy [171]. 

There is very limited data on the statistical analysis of the bond strength [21,22] and 

hardly any on the analytical parameters nor AEC. Thus, a statistical hypothesis test was 

performed to infer the influence of AEA on bond characteristics and consequently 

estimate an appropriate reduction factor. Furthermore, a comprehensive statistical model 

was built to study the combined effect of involved parameters on the bond strength. 

4.2 Experimental details 

In this chapter details of the experimental setup and the applied materials are given. A 

total of 232 pull-out tests were carried out to study the effect of AEA on the bond 

behaviour between FRP bars and different concrete compositions.  

4.2.1 Materials 

FRP bars 

Figure 30 shows the different types of FRP bars used in this study. In particular, these bars 

differ based on fibre type (basalt, carbon, glass and hybrid), diameter size (6 to 16 mm)  

 
Figure 30 FRP bars applied in the study (not each diameter is represented) 

B1 B2 B3 B4 B5 B6 B7 B8 B9
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and surface characteristics (sand coated (SC), helical wrapping and sand coating (HWSC), 

indented (In) and ribbed (Rb)). Hybrid fibre type represents a novel combination of two 

different fibre types (carbon and glass) to provide FRP bars with more ductile mechanical 

behaviour, than those of having only one type of fibre. In the cross-section, carbon is placed in 

the inner part, while glass in the outer one. The most relevant properties of the tested bars 

are reported in Table 11. For comparison, traditional deformed steel bars were also tested. 

Table 11 Main physical and mechanical properties of FRP bars 
Bar 
symbol 

Surface Fibre Resin Tensile  
strength (MPa) 

Modulus of  
elasticity (GPa) 

B1 Sand coated (SC) Carbon vinyl ester 1596 - 1899 120 - 144 
B2 SC ECR Glass vinyl ester 990 - 1130 50 - 55 
B3 Helically wrapped and SC (HWSC) HS Carbon epoxy > 1700 > 94 
B4 HWSC ECR Glass epoxy > 1100 > 50 
B5 HWSC Hybrid (C+G) epoxy > 1100 > 75 
B6 Indented (In) ECR Glass vinyl ester 1500 60 
B7 Ribbed (Rb) Basalt vinyl ester 1736 66 
B8 Rb ECR Glass vinyl ester > 1000 42.5 
B9 Rb ECR Glass vinyl ester > 1000 42.5 
B10 Deformed steel bar - - > 500 210 

Concrete 

Four concrete mix designs (two AEC and two normal concrete (NC) working as 

benchmarks) were developed for this study (Table 12). Two different concrete 

compressive strength levels were considered. AEC and NC mixes were designed to have an 

approximately equal compressive strength to minimize the effect of concrete strength on 

bond behaviour. 

Table 12 Concrete mix designs for 1 m3 (quantities are in kg) 
Symbol Cement  

(CEM II/B-S 42.5 N) 
Water Sand  

(0-4 mm) 
Coarse aggregate Air-entraining 

admixture (4-8 mm) (8-16 mm) 
C1 300 195 824 366 641 - 
C1A 320 189 793 352 617 0.48 
C2 400 160 824 366 641 - 
C2A 420 155 789 351 614 0.67 

Table 13 Concrete compressive strength 
Symbol Average (MPa) SDa (MPa) CVb (%) 
C1 35.23 2.47 7.0 
C1A 36.56 3.33 9.1 
C2 76.77 8.48 11.1 
C2A 72.95 7.17 9.8 

                     a: Standard deviation; b: coefficient of variation 

The specimens were prepared in a laboratory environment. BASF MasterGlenium 300 

superplasticizer was used to set the consistency of concrete flow to class F4 [174], while 
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Sika Air-260 was employed as the AEA. The concrete compressive tests were carried out on 

three cubic specimens (150 mm) for each batch, according to EN 12390-3 [175] at the age 

of 28 days. The average properties of the concrete are summarized in Table 13. The 

relatively large coefficient of variation is justified by the fact that specimens were poured 

from different batches on different dates. 

The performance of AEC is characterized by a set of standard parameters, such as air 

content (A), specific surface (α), air voids content with diameter less than 0.3 mm (A300), 

air void diameters distribution and spacing factor (𝐿𝐿�) [125,185]. The latter is the 

maximum distance of any point in the cement paste from the periphery of an air void and 

it is generally regarded as the most significant indicator of the cement paste matrix 

resistance against the exposure to freeze-thaw cycles. Not all standards currently 

recommend a threshold value for the spacing factor. For example, the American standard 

[186] sets a limit of 0.2 mm for moderate exposure, while no specific limit is given by the 

European standards.  

Although with computational advancements new methods have been proposed to fasten 

the analysis of the air void distribution [128,129,187], in this paper, air void distribution 

was analysed using a modified point count process as described in EN 480-11 [185]. The 

calculation of the spacing factor parameter assumes that air voids are evenly distributed 

and of uniform size and that the model has the same total volume and surface area as for 

the real case. However, the standard acknowledges [185] that the model is an 

approximation and the value obtained is probably larger than the actual one. 

The specimens used for AEC characterization are prepared based on the descriptions 

given in EN 480-11 [185], however, to have a more significant representation of the AEC, 

pull-out specimens are cut after failure to obtain the samples for air void distribution 

determination. The dimensions of the prepared samples are 150 x 100 x 40 mm. To get 

meaningful results, adequate surface preparation is of paramount importance. Each 

specimen was ground at both sides to ensure flat, parallel surfaces. This process was 

followed by fine polishing (150 and 80 μm). Then specimens were oven-dried before 

coating with thinned lacquer for contrast enhancement of the surface. 

A close-up photo of the surface of a representative specimen (C2A concrete mix) prepared 

for the air void characteristics definition is shown in Figure 31. Parameters for the air void 

microstructure characterization are shown in Table 14, while the air void diameters 
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distribution is presented in Figure 32 for C1A and C2A concrete, respectively. The dosage 

of AEA was within the limits provided by the producer. The experimentally defined air void 

characteristics are in line with the literature [132] having in mind that the dosages applied 

in this paper belong to the lower segment of the recommended range.  

 
Figure 31 Representative specimen (C2A) prepared for the determination of air void characteristics 

Table 14 Air void distribution characteristics  

Symbol A (%) α (mm-1) L� (mm) 

C1A 3.11 24.96 0.248 
C2A 4.46 22.27 0.237 

 

 
Figure 32 Diameter distribution of the air void system 

4.2.2 Test specimens, setup and procedure 

The test setup is presented in Figure 33. Description of the P-O test specimen, setup and 

procedure from the previous chapter (Ch. 3.2.3 and 3.2.4) is applicable for this study as 

well. 

0
5

10
15
20
25
30
35
40

0.
01

0.
02

0.
03

0.
04

0.
05

0.
06

0.
08

0.
10

0.
12

0.
14

0.
16

0.
18

0.
20

0.
22

0.
24

0.
26

0.
28

0.
30

0.
35

0.
40

0.
45

0.
50

1.
00

1.
50

2.
00

2.
50

3.
00

3.
50

4.
00

N
um

be
r o

f a
ir 

vo
id

s

Diameter (mm)

C1A

0
5

10
15
20
25
30
35
40

0.
01

0.
02

0.
03

0.
04

0.
05

0.
06

0.
08

0.
10

0.
12

0.
14

0.
16

0.
18

0.
20

0.
22

0.
24

0.
26

0.
28

0.
30

0.
35

0.
40

0.
45

0.
50

1.
00

1.
50

2.
00

2.
50

3.
00

3.
50

4.
00

N
um

be
r o

f a
ir 

vo
id

s

Diameter (mm)

C2A



 

60 

 
Figure 33 Schematic representation of pull-out (P-O) test setup 

4.2.3 Nomenclature of tested specimens and an overview of the experimental matrix 

A nomenclature is introduced to unequivocally identify each specimen (Figure 34). In 

addition, an overview of the performed experiments is presented in Table 15. Due to the 

commercial availability (some bars are available only in few diameter sizes) and time 

constraints not all possible combinations of the considered factors were tested.  

Table 15 Test matrix: an overview of the performed tests (✓ represents four nominally identical specimens) 
 C1 and C1A concrete mixes   C2 and C2A concrete mixes 

Bar symbol Ø6 Ø8 Ø10 Ø12 Ø14 Ø16   Ø6 Ø8 Ø10 Ø12 Ø14 Ø16 

B1     ✓ ✓             ✓     

B2 ✓   ✓ ✓             ✓     

B3 ✓   ✓                     

B4 ✓ ✓ ✓   ✓       ✓     ✓   

B5         ✓             ✓   

B6   ✓   ✓         ✓   ✓     

B7   ✓                       

B8       ✓   ✓         ✓     

B9       ✓   ✓         ✓     

B10 ✓                        

It should also be noted that, for clarity, the values of the nominal diameters of bars B1 and 

B2, provided by the manufacturer in the imperial unit system, are rounded to the closest 

nominal metric diameter in the nomenclature. However, for the calculation of specific 

properties (e.g., bond strength, bonded length) the provided nominal values were taken 

into consideration.  

Concrete
cube

Hinges

Reaction
frame

LVDT

LVDTs

Softwood

FRP
bar
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Figure 34 Specimen symbol description 

4.3 Test results and discussion 

4.3.1 Summary of results – Bond strength and corresponding slip 

Bond strength (τb,max) was calculated by dividing the load recorded with the load cell of 

the testing machine by the shear surface (Eq. 8). Uniform bond stress distribution was 

assumed along the bond length. 

Measurements (s) by the LVDTs attached to the loaded end of the specimen include the 

elastic elongation (Δl) of the portion of the bar (L) between the embedded segment and 

gripping of the LVDTs, thus the loaded-end slip (sle) was computed according to Eq. 9 and 

Eq. 10. 

𝑠𝑠𝑙𝑙𝑙𝑙 = 𝑠𝑠 − Δ𝑙𝑙   (9)  

Δ𝑙𝑙 = 𝐹𝐹∙𝐿𝐿
𝐸𝐸∙𝐴𝐴𝑏𝑏

   (10) 

Where F is the recorded load, E is the modulus of elasticity of the FRP bar and Ab is its 

nominal cross-sectional area. 

Measurements recorded with the LVDT attached to the free end of the specimen were 

directly used as the free end slip values (sfe). 

Experimental results are presented in Appendix B.1 (Table 48 and Table 49) including the 

bond strength (τb,max) and the slip at loaded (sm,le) and free ends (sm,fe) corresponding to 

the bond strength, alongside with their average values (a) of nominally identical 

Test N°

Concrete

C1
C1A
C2
C2A

Surface type

Producer

Fibre type

Nominal diameter (mm)

Reinforcement identification symbol

SC=Sand Coated 
HWSC= Helically Wrapped and SC
In=Indented
Rb=Ribbed

C=Carbon
B=Basalt
G=Glass
H=Hybrid (C+G)

P1
…
P4

6
…
16

B1
…
B10

B1-SC-10-C-P1-C1_1



 

62 

specimens. To aid the interpretation of the results graphical illustrations are prepared in 

Figure 35 and Figure 36.  

 

 

 
Figure 35 Effect of AEA on bond strength in lower (top) and higher (bottom) strength concrete mixes 

Figure 35 shows the effect of AEA on bond strength in lower (top) and higher (bottom) 

strength concrete mixes. Each column represents the average value of nominally identical 

specimens, while the error bars (i.e., whiskers) show the range of the results. Adjacent 

columns represent specimens that differ only for the concrete type with NC plotted light 

and AEC dark. While the average bond strength for the AEC specimens tends to be lower 

than their NC counterparts, in most cases the results are compatible (i.e., the range of the 

results partially overlap). As a consequence, it is not possible to graphically infer a 

difference in the bond strength due to the AEA.  

Similarly, the effect of AEA on LE and FE slips are presented in Figure 36. The results for 

NC and AEC for lower strength concrete are consistently compatible, while, for higher 

strength concrete, a couple of sample types show a significant effect of AEC, namely B4-8 

and B8-12. The difference in the former is attributed to the different bond stress-slip 

behaviour between NC and AEC samples. For the latter is assigned to the different bond 

stress-slip behaviour and higher concrete strength of NC specimens. 
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Figure 36 Effect of AEA on LE and FE slips 

Because of the graphical compatibility of the experimental results, a statistical analysis 

will be necessary to determine whether the difference between NC and AEC samples (i.e., 

average bond strength) or lack thereof (i.e., average LE and FE slip) is significant or it is 

due to the inherent variability of the experimental data. 

4.3.2 Analysis of bond failure modes 

To build a coherent dataset for the statistical analysis, the failure modes of the samples 

are analysed and discussed. All specimens failed by either pulling out of the bar from the 

concrete cube or by concrete splitting, while bar rupture and gripping failure were not 

observed. In particular, regardless of the concrete used, in case of larger diameter bars 
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(Ø16), the concrete did not provide enough confinement to avoid splitting of the cube 

since the embedded length of the bar reached up to 80 mm (5∙Ø). A similar failure mode 

was also recorded for about half of the specimens with 14-mm-diameter bar, conversely, 

all remaining samples failed by pulling out of the bar from the concrete cube. All steel bars 

failed by shearing off of the concrete ribs both in AEC and NC. After failure, specimens 

were split to closely observe the conditions of the bond failure surfaces, images of which 

are presented in Figure 76 (Appendix B.2) for representative AEC and NC samples. While 

it can be seen that, in general, the failure mode appears to be consistent for AEC and NC 

specimens, a couple of discrepancies were also identified (B2-6-C1 and B4-8-C2, Figure 77, 

Appendix B.2). 

In the case of B2-6 bars, specimens with C1A mix failed due to concrete shearing, while in 

those with C1 mix the whole sand coated surface of the bar was sheared off. As the actual 

concrete compressive strengths are approximately equal (33 and 32 MPa, respectively for 

C1A and C1 mixes), the different bond failure modes could be explained by the fact that, 

due to entrained air, the tensile and shear resistance of concrete might be lower, thus in 

C1A the concrete failed before the shear capacity of the FRP surface was reached.  

In the case of B4-8 bars, both for C2A and C2 concrete, the bond failure mode consisted of 

shearing off of the helically wrapped surface deformations and peeling off of the sand 

coating layer of the FRP bars. However, in the C2 mix, the FRP bar surface was more 

severely damaged than in C2A (Figure 77). The lower concrete compressive strength of C2A 

(approximately 14%) could explain the more damaged bar surface in the case of C2 

specimens. 

Additional observations can be made for specific bar types. In particular, B1 and B2 bars 

failed differently (Figure 76). The whole surface of B1 bars was always sheared off, while 

B2 bars failed partially within the concrete, when lower strength concrete was used, or 

by shearing off of the FRP surface, in higher strength concrete. It can also be observed that 

the extension of the delamination for the two bars appears to be different. In the case of 

B1 bars, the failed surface is clean as it does not contain any concrete or sand coating 

debris suggesting that the delamination occurred within the bar cross-section. However, 

in the case of B2 bars, the failed bar surface presents concrete and sand coating remains, 

furthermore the resin layer covering the fibres appears to be intact. The mechanical 

phenomenon leading to different delaminations is not yet understood since these bars 

possess the same surface characteristics, resin and fabrication process, furthermore, they 
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are produced by the same manufacturer. This could be explained if B1 bars had higher 

resin content, thus making the bars more prone to interlaminar delamination; however, 

no analysis was carried out to support this hypostasis. This difference in the bond failure 

seems to have a repercussion also on the bond strength, with B1 (CFRP) bars returning 

values considerably lower than B2 (GFRP) bars, thus contrasting with what is reported in 

the literature (i.e., bond strength of CFRP equal or higher than GFRP [15,188]). 

4.3.3 Effect of AEA on bond characteristics 

As previously discussed, most of the experimental results describing the bond 

characteristic of AEC and NC specimens show partial overlapping. The compatibility of 

the results makes it impossible to infer a clear influence of AEC on the bond parameters 

even when, like in the case of the bond strength, the average values seem to suggest it 

exists. Hence, to demonstrate whether the influence of AEA is statistically significant on 

bond characteristics, a statistical analysis was performed.  

Database  

To create a coherent database for the statistical analysis, only those sample groups which 

consistently failed with the bar pulling out from the concrete were included, thus 

excluding all samples with 16 mm (concrete splitting failure) and 14 mm diameter bars 

(mixed failure mode). In addition, CFRP bars were excluded from the database as well, 

because of the aforementioned differences in failure modes. Hence, the database prepared 

for statistical analysis consists of the experimental results of GFRP and BFRP bars, for a 

total of 136 specimens. It should be noted that the database is symmetric on AEA, each 

experimental combination in AEC has a counterpart in NC. Owing to this symmetry, the 

statistical analysis can study the influence of AEA independently of the effects of the other 

factors (e.g., concrete strength, bar surface and diameter). 

Statistical test details 

An independent-samples t-test can be used to ascertain if there is a difference between 

the sample means of two independent populations (i.e., AEC and NC). In particular, in this 

study, to estimate the likelihood of the means of the two independent populations being 

equal (null hypothesis), the Welch t-test [189] was run. This was selected instead of a 

normal independent-samples t-test as it is robust – to a given extent – against a possible 

violation of the assumption of unequal variances and mathematically more correct (the 

homogeneity of variances were not checked on the same database used to define the 
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means). The significance level, indicating the probability of a false rejection of the null 

hypothesis in the statistical test, was chosen equal to 0.05. A p-value lower than the 

significance level results in the rejection of the null hypothesis and, in particular, the 

smaller the p-value the stronger the rejection. The statistical analysis was carried out 

using the IBM SPSS Statistics software v.26 [190]. 

To identify possible outliers, box plots were used (Figure 37). In particular, the body of 

the box (i.e., box length) represents the interquartile range (IQR), equal to the difference 

between 25th and 75th percentiles. Within the box, the horizontal line and the cross 

symbol indicate the median and the mean values, respectively, while outside the upper 

and lower whiskers represent the maximum and minimum experimental values, 

respectively and the circle symbols the outliers. The software distinguishes two different 

types of extremities. Data points that are more than 1.5 box lengths from the edge of the 

box are classified as outliers, whilst those that are more than 3 box lengths away are 

categorized as extreme outliers [169]. The box plot diagram presents four outliers (two 

are overlapping) for the bond strength. It should be noticed that these four points are only 

marginally over the edge of the IQR box, thus they might have been labelled as outliers 

simply because of the intrinsic variability of experimental data. For this reason, it was 

decided not to remove them from the analysis. No extreme outlier was observed. 

 
Figure 37 Box plot diagrams for bond strength (transformed database) 

The distribution of the dependent variable (e.g. bond strength) in each group of the 

independent variable (i.e., AEC and NC) was evaluated. While a deviation from normality 

was observed, the groups are similarly skewed and the sample size is sufficiently large. 

Under such conditions, the t-test is known to be fairly robust to deviations from normality 

thus not affecting the Type I error rate substantially [168,169].  
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The statistical test results will not only provide evidence if the means of the independent 

variable are equal, but it can also provide “how far” they are to each other. In engineering, 

the magnitude of such distance is not as useful as the ratio between the two means, as the 

latter is better suited to generalize the results (e.g., most of the available formulae for 

bond strength definition (e.g., [14,15,98]) takes into account the effect of different 

parameters as a multiplicative factor). To overcome this inconvenience, it is common to 

mathematically manipulate the database. In particular, a transformation by natural 

logarithm [191], because of its algebraic properties, allows converting the difference 

between the means of the two samples and the relative confidence interval, into a 

multiplicative factor. 

Statistical results for the bond strength 

Table 16 shows the Welch t-test results for the transformed database of bond strength. In 

particular, t indicates the value of the test statistic, df specifies the degrees of freedom, p 

represents the statistical significance (p-value), MD denotes the mean difference that is 

the difference between the means of individual groups (i.e., AEC and NC). SED indicates the 

standard error of MD, which is the likelihood that the sample mean is accurate compared to 

the population mean. The smaller SED, the more likely the sample mean is close to the 

population mean. Finally, 95% CI is the confidence interval of MD, which is the range of 

values that are believed to contain, with 95% probability, the true value of the population 

mean. 

The p-value (0.012) lower than the set significance level allows rejecting the null 

hypothesis thus inferring a statistically significant difference between the mean bond 

strength of NC and AEC specimens (Table 16). Mean results are 2.927 and 2.817 for NC 

and AEC respectively, while the mean difference is 0.110 (95% CI of 0.025 to 0.194). Since 

the analysis was done on the transformed database, to obtain the statistical results for the 

original bond strength dataset, data were converted using the natural exponential 

function, resulting in a mean for the bond strength of 18.67 and 16.73 MPa, for NC and 

AEC respectively, and in a ratio between the mean bond strengths of AEC and NC of 0.896 

(95% CI of 0.824 to 0.976). 

Hence, based on the statistical analysis on average approximately 10% of the bond 

strength is lost due to AEA. This can be considered as a moderate reduction of the bond 

strength that can be easily overcome by varying other factors (e.g., increasing the 

anchorage length, applying bars with different surface characteristics etc.). Furthermore, 
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based on the lower bound of the confidence interval, a conservative safety factor equal to 

0.82 can be proposed to account for the bond strength loss of FRP bars due to AEA. 

Table 16 Results of the Welch t-test for equality of means using the transformed database: Effect of AEA 
on the bond strength 

t df p MD SED 95% CI  
2.560 132.516 0.012 0.110 0.043 0.025 0.194 

Influence of diameter, surface and concrete strength 

After quantifying the overall decrease of bond strength due to AEA, the contribution of 

individual parameters (i.e., diameter, surface and concrete strength) is graphically 

studied in Figure 38. The ordinate axis shows the bond strength change due to AEA 

calculated by dividing the difference between the bond strength of AEC and NC (e.g., 

τb,max,C1A - τb,max,C1) by the bond strength of NC (e.g., τb,max,C1). Negative values represent a 

decrease in bond strength, while positive values denote an increase. Increasing diameters 

are plotted on the abscissa axis. Each surface type is indicated with a different symbol, SC 

with a triangle, HWSC with a circle, In with a diamond and Rb with a square. Hollow 

symbols represent the lower strength concrete (C1, C1A), whereas symbols for higher 

strength concrete (C2, C2A) are solid. 

 
Figure 38 Effect of air-entrainment on bond strength of different FRP bars  

The results show a consistent trend, the effect of AEA on the bond strength becoming less 

detrimental with larger diameter bars. Only B8-12-C2 does not comply with this 

behaviour, possibly because of the difference in concrete compressive strength, which, 

due to different batches of concrete, was about 25% higher for C2 than C2A. In addition, 
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while with some variability, all surface types seem to align with this trend suggesting that 

the effect of AEA on the bond strength is independent of the surface type. Finally, as 

expected by the larger variance among the strength of the individual concrete batches 

(Table 13), the results for higher concrete strengths are more scattered. 

4.4 Effect of concrete strength on bond strength 

To observe whether the concrete strength affects differently AEC and NC, another 

statistical analysis based on the null hypothesis test is performed. 

4.4.1 Statistical analysis 

To perform the statistical analysis, the transformed database used in the previous chapter 

was divided into two groups AEC and NC. To analyse if the effect of the concrete strength 

is statistically significant, the Welch t-test was run for both groups to determine whether 

the mean bond strength in lower and higher strength concrete mixes are different. 

Furthermore, the magnitude of the difference is estimated to compare the influence of the 

concrete strength on the bond strength of AEC and NC. 

Finally, it should be noted that, since previously the effect of AEA was not found 

statistically significant for the LE and FE slips, only the bond strength is considered as a 

dependent variable in this analysis. 

4.4.2 Statistical results 

Table 17 shows the Welch t-test results for the transformed database. As the p-values 

(0.004 for both groups) are lower than the set significance level the null hypothesis is 

rejected. Consequently, the influence of the concrete strength on the bond strength was 

found statistically significant for both AEC and NC specimens. The mean differences (MD) 

valid for the transformed database are 0.178 and 0.163 for NC and AEC respectively. Thus, 

the ratios between the mean bond strengths of higher and lower concrete mixes for the 

original dataset are 1.195 (95% CI from 1.063 to 1.344) and 1.177 (95% CI from 1.057 to 

1.311) for NC and AEC, respectively. Hence, the influence of concrete strength on the bond 

strength in AEC appears to be similar to that of NC, with a negligible difference of less than 2%. 

Table 17 Results of the Welch t-test for equality of means using the transformed database: Effect of 
concrete strength in AEC and in NC 

 t df p MD SED 95% CI 
AEC 3.021 59.898 0.004 0.163 0.054 0.055 0.271 
NC 3.038 54.396 0.004 0.178 0.059 0.061 0.296 
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4.4.3 Influence of diameter and surface type 

After quantifying the overall increase of bond strength due to concrete strength in AEC 

and NC, the contribution of individual parameters (i.e., bar diameter and surface) is 

graphically studied in Figure 39.  

The abscissa axis shows increasing values of diameters, whereas on the ordinate axis 

there is the bond strength increase — in percentage — due to the concrete strength. This 

is defined by dividing the bond strength in higher strength concrete (τb,max,C2) by the bond 

strength in lower strength concrete (τb,max,C1). Each surface type is indicated with a 

different symbol, SC with a triangle, HWSC with a circle, In with a diamond and Rb with a 

square. Solid symbols represent the AEC while hollow ones represent the NC. 

 
Figure 39 Effect of concrete strength increase on bond strength 

Figure 39 shows that the beneficial effect of concrete strength on the bond strength tends 

to decrease with the increase of the diameter. This trend is more evident for AEC. The 

main outlier of this general trend is the group of B8-12 bars in NC that show the largest 

increase. This can be explained by the fact that the concrete compressive strength of the 

batch used for this group of bars was the highest among all the C2 batches. Furthermore, 

the surface deformation of this bar has one of the highest geometric ratios among the 

studied deformed bars [111] that provides this bar excellent bond capacity, thus the 

concrete strength increase has a more beneficial effect for this bar type. 
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4.5 Bond stress-slip relationships 

Figure 78 (Appendix B.3) plots the bond stress (Eq. 8) over the LE slip (Eq. 9). Typical 

curves representative of AEC (left) and NC (right) behaviour are presented. In general, 

AEA does not seem to affect the bond stress-slip relationship as the curves show similar 

shapes both for pre- and post-peak branches. Consequently, as different parts of the bond 

stress-slip curves can be associate with a different bond governing mechanisms (i.e., 

adhesion, mechanical interlock and friction) it can be concluded that AEA does not seem 

to affect such mechanisms. It can also be noted that, in the case of In and Rb deformed 

bars, the residual bond strength is marginally higher for NC specimens. 

After careful examination of all the experimental bond stress-slip curves, only three pairs 

of diagrams were identified which differ between AEC and NC, namely B2-6-C1, B4-8-C2 

and B8-12-C2 (Figure 79, Appendix B.3). As it was previously presented specimens with 

B2-6 bars fail due to concrete shearing in C1A concrete, while due to shearing off the sand 

coated layer in C1 concrete mix (Figure 76, Appendix B.3). Failure in C1A mix is ductile due 

to the gradual concrete shearing, whereas the sand coating layer of the bars are sheared off 

suddenly that is translated to a bond stress-slip curve which has only an ascending branch 

(Figure 79). For B4-8 bars the failure mode was similar in C2A and C2 concrete mixes, 

however, FRP bar surface was more severely damaged in C2 that made the bond behaviour 

more ductile. Finally, as the bond failure mode for B8-12 bars was shearing off of the 

concrete ribs both in C2A and C2 mixes, the reason for the brittle failure of C2 may be 

connected to the considerably higher concrete compressive strength of C2 mix than that of 

C2A (about 25%) that allowed the development of larger bond strength. 

4.6 Analytical and statistical modelling 

Appendix B (Ch. B.4) contains a study performed to determine the parameters of the 

mBPE and CMR analytical bond stress-slip models. Parameters were defined by fitting the 

models to the experimental curves. Furthermore, a statistical methodology that allows 

studying the combined influence of involved factors (AEA, concrete strength, bar surface 

and diameter) and their interaction on the experimental data as well as on the analytical 

parameters is presented. Finally, the presented methodology was applied for the bond 

strength results to analyse the influence of each factor and to build a statistical model for 

the estimation of the bond strength. 
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4.7 Conclusions 

This chapter presents the study on the effect of air-entraining admixtures (AEA) on the 

bond behaviour of FRP bars to concrete. A total of 232 pull-out specimens comprising 

different concrete strengths (range of compressive strength: 35 to 77 MPa), FRP bar 

surfaces (sand coated, sand coated with helically wrapping, indented and ribbed) and 

diameters (6 to 16 mm) as well as fibre types (glass, carbon and hybrid) were tested. 

Results were presented in terms of bond strength and corresponding loaded and free end 

slip (LE and FE). Bond failure modes, as well as bond stress-slip relationships, were 

analysed.  

Due to the inherent variance of the experimental results, graphical observation of the 

experimental results was assisted by mathematical statistics methods. Statistical 

hypothesis tests (Welch t-test) were run to determine if the differences in bond 

characteristics of AEC and NC specimens are statistically significant. Because of 

inconsistent failure modes, bars with 14 and 16 mm diameter as well as those made with 

carbon fibres were excluded from the database. 

Experimental results and statistical analysis lead to the following conclusions. 

• AEC specimens exhibited bond failure mode and bond stress-slip behaviour similar 

to their NC counterparts. The few cases that differ were disclosed and discussed. 

• The difference between the means of bond strength of NC and AEC is statistically 

significant (p-value of 0.012).  

• The statistical analysis yielded a ratio of the average bond strength between AEC 

and NC equal to 0.896 (95% CI of 0.824 to 0.976). That is, the mean bond strength 

decreases in average by approximately 10% due to the presence of AEA. 

• Based on the lower bound of the confidence interval a preliminary conservative 

safety factor of 0.82 can be proposed to account for the bond strength loss due to 

AEA.  

• A consistent trend is noticeable between bond strength and the bar diameter: the 

effect of AEA on the bond strength is higher for lower diameter bars.  

• The influence of concrete strength was statistically analysed for AEC and NC 

specimens and it was found to be significant for both groups. In particular, the ratio 

between the bond strength of higher and lower strength concrete mixes was 1.195 

(95% CI of 1.063 to 1.344) and 1.177 (95% CI of 1.057 to 1.311) for NC and AEC, 
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respectively. Hence, the influence of concrete strength on the bond strength in AEC 

appears to be similar to that of NC.  

• The negative influence of the AEA on the bond strength — due to entrained air — 

is of relatively low magnitude suggesting that FRP bars can be used in combination 

with AEC providing that necessary amendments are performed (e.g., considering 

larger development lengths). 

• The bond stress-slip relationship, in general, is not affected by AEA as AEC curves 

show similar shapes compared to their NC counterparts. The three main bond 

governing mechanisms are not affected by the presence of AEA.   
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5. EFFECT OF TEMPERATURE ON THE 

BOND BEHAVIOUR OF GFRP BARS 

 

The content of this chapter includes the work published in [192]. 

5.1 Abstract  

The bond performance at high temperature is expected to be reduced due to the physical 

and mechanical changes that the matrix undergoes at temperatures approaching the Tg. 

Up to date, this phenomenon has only been marginally investigated and most of the 

available bond tests are performed at ambient temperatures after cooling of the heated 

specimens. 

This chapter presents the results of an experimental investigation on the bond behaviour 

of GFRP bars in concrete exposed to temperature levels ranging from 20 °C to 300 °C. The 

test specimens, consisting of an indented GFRP bar embedded in a cylindrical concrete 

block, were heated in an electric furnace. The pull-out tests were carried out at hot state 

within the furnace only after the temperature level – measured with thermocouples at the 

interface of GFRP and concrete – stabilized to the desired value. 

This chapter discusses the effect of temperature on bond behaviour in terms of bond 

strength, bond stress-slip relationships and failure modes. A contactless technique 

measuring the free end slip during pull-out tests at high temperatures was developed and 

its effectiveness demonstrated. Finally, the experimental results were used to calibrate 

the parameters of the two most widely used analytical models: mBPE and CMR.  

The objective of this research is to develop a robust framework to study the bond behaviour 

of GFRP bars at high temperatures. To achieve this goal, a bespoke non-contact 

measurement system has been developed and integrated within a well-established pull-out 

test methodology to reliably monitor the behaviour of specimens exposed to simultaneous 

mechanical and thermal loading. Furthermore, the experimental results will become part 

of a data set augmented over time and used for the calibration of analytical models (i.e., 
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mBPE and CMR) to predict the bond stress-slip relationship. The calibrated parameters can 

be adopted by researchers and engineers to account for the effect of temperature on the 

bond behaviour of GFRP bars embedded in concrete [87,95]. 

5.2 Experimental study 

Pull-out test specimens were chosen to investigate the bond behaviour of GFRP bars at 

high temperature. A schematic representation of the specimens is shown in Figure 40. The 

cylindrical shape of the concrete block was chosen to provide a uniform concrete cover 

and consequently a uniform temperature distribution around the bar. A GFRP bar with a 

diameter of 8 mm was selected, resulting in a concrete cover of approximately 49 mm. 

Such cover, while representative of typical RC members, it is also larger than 3.5 times the 

bar diameter, thus preventing the splitting of the concrete block and promoting the 

desired pull-out failure [10]. Based on tests recommendations in different international 

guidelines and standards [152,153,193], the bonded length was chosen to be 5 times the 

bar diameter. The bonded length is sufficiently short to enable the development of a 

nearly-uniform bond stress distribution along the embedded portion of the bar, thus the 

test can yield critical information on local bond behaviour, yet it is long enough to 

adequately capture the effect of bar surface finish and geometry (i.e., different number of 

ribs/indentations). 

5.2.1 Concrete 

Concrete was prepared in the laboratory (The University of Sheffield) according to the 

mixture design presented in Table 18. Prior to casting, a bond breaker (i.e., bubble wrap) 

was wrapped around a portion of the GFRP bar, which was then coaxially inserted into a 

circular mould obtained from a plastic pipe and held in place by a bespoke wooden fixture. 

In addition, screws were introduced radially in the mould reaching the surface of the 

GFRP bar in order to create slots for the thermocouples (Figure 41 b). After casting (Figure 

41 c), all the samples were covered with a plastic sheet for one day to prevent moisture 

loss, demoulded (Figure 41 d), and conditioned at 100% relative humidity for the first 

week and stored under standard laboratory conditions (approximately 20 °C and 

RH=40%) thereafter [194]. 
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Figure 40. Schematic representation of pull-out test specimen (dimensions are in mm) 

 
Figure 41. Pull-out test specimens: GFRP bar (a), moulds (b), before (c) and after (d) demoulding. 

Table 18 Concrete mixture design 
  Aggregates   

w/c (%) ag (mm) Coarse (kg/m3) Fine (kg/m3) Cement (kg/m3) Water (l/m3) 
0.54 10 1041 777 350 190 

Note: w/c = water to cement ratio; ag = maximum aggregate size; cement = CEM II/B-S 42.5 N 

Table 19 Mechanical characteristics of the concrete mixture at ambient temperature 
fc fct 

Type s N° Average SD Type h d N° Average SD 
 (mm)  (MPa) (MPa)  (mm) (mm)  (MPa) (MPa) 

Cube 100 2 36.0 0.1 Cylinder 200 100 2 2.7 0.3 
Cube 150 3 38.7 0.4 Cylinder 300 150 3 3.6 - 
Note: s = side; N° = repetitions; h = height; d = diameter 

The concrete compressive strength (fc) and the tensile splitting strength (fct) at the day of 

testing were determined according to EN 12390-3:2009 [175] and EN 12390-6:2010 

[176], respectively. The average and the standard deviation (SD) of the mechanical 

properties at ambient temperature are presented in Table 19. In addition, as the bond 

strength depends on the concrete strength [15,17], which in turn changes with 

temperature [195,196], the concrete compressive and tensile splitting strengths were 

experimentally determined for the same temperature levels as the pull-out tests. The 

results, plotted in Figure 42, are in line with those available in the literature [94,195,197]. 
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Figure 42. Compressive and tensile splitting strength of concrete at different temperatures 

5.2.2 GFRP bars 

GFRP bars, made of continuous longitudinal E-glass fibres impregnated in a thermoset 

vinyl ester resin, were used in this study. The bars have an indented surface obtained by 

mechanically cutting grooves in the surface for enhanced bond performance (Figure 41a). 

Fergani et al. [198] designed and performed an experimental programme to study the 

properties of the same production batch of GFRP bars employed for this research. The 

outcomes are summarised in Table 20 in terms of average and standard deviation (SD) of 

the modulus of elasticity (E), ultimate strain (εu), ultimate strength (ffu), coefficient of 

thermal expansion (CTE) and glass transition temperature (Tg). In particular, Tg was 

estimated both as the extrapolated onset to the sigmoidal change in the storage modulus 

(Onset) and as the peak of the tan(δ) curve (Peak) using a Dynamic Mechanical Analysis 

(DMA) according to ASTM E1640 [199]. It should be noted that GFRP bars have a 

significantly larger CTE (in radial direction) than concrete (approximately 1.0x10-5 1/°C) 

causing additional stresses in the latter as the temperature increases, potentially leading 

to the splitting of the cover [200]. However, the higher CTE of the GFRP reinforcement can 

also improve the bond with concrete if sufficient cover to resist splitting is provided [17]. 

Table 20 Mechanical characteristics of GFRP bars 
E εu ffu CTE* Tg 

(GPa) (%) (MPa) (1/°C) Onset (°C) Peak (°C) 
Average SD Average SD Average SD Axial Radial Average SD Average SD 

56.1 1.5 2.8 0.9 1542 27.8 0.6x10-5 2.2x10-5 164.2 1.6 185.7 5.3 
*As provided by the manufacturer 

5.2.3 Setup and procedure 

The setup for the pull-out tests is represented in Figure 43. All tests were performed 

inside an electric furnace using a servo-hydraulic testing machine with a capacity of 
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1000 kN. A displacement controlled (1 mm/min) test method was selected to capture the 

post-peak bond behaviour. Before testing, the specimens were dried in an electric oven, 

at 60 °C for 24 hours, to minimize the possible detrimental effect of water evaporation on 

the bond strength, and then the insulating elements were assembled. In particular, a 

ceramic plate was mounted at each end of the cylindrical concrete block and a refractory 

ceramic fibre needle blanket was wrapped around the portion of GFRP bar within and in 

the proximity of the furnace. 

            

Figure 43. Photo and schematic representation of the pull-out test setup and specimen 

The tests were carried out at four temperature levels, namely: 80 °C, 165 °C, 190 °C and 

300 °C, in addition to the reference samples at ambient temperature. The lowest 

temperature level (i.e., 80 °C) was considered sufficiently low so that some residual water 

be still present in the concrete [53,56]. The next two temperature levels (i.e., 165 °C and 

190 °C) were chosen close to the two different Tg values obtained experimentally, namely 

164.2 °C for the onset of the storage modulus and 185.7 °C for the peak of the tan(δ) curve, 

respectively. Finally, the highest temperature level, 300 °C, was used to observe the bond 

behaviour of GFRP bar well above Tg. So as not to impose a too large thermal gradient on 

the concrete block, the target temperatures were reached gradually (in approximately 

2 hours), at which stage a 10 minutes period of temperature stabilization was allowed 

before beginning the test. Owing to the relatively long test setup and procedure, only two 

nominally identical specimens were tested for each temperature level. 
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5.2.4 Measurement setup 

While the bond calculation tends to be straightforward (Eq. 8), the estimation of the 

loaded and free end slips, especially at elevated temperatures, require more attention. To 

calculate the loaded end slip (sle), a potentiometer was rigidly connected to the portion of 

the GFRP bar outside the furnace and reacted against a steel plate bolted directly to the 

reaction frame inside the furnace. However, such measurement (s) also include the elastic 

elongation (Δl) of the portion of the bar (L) between the concrete block and the 

transducer. Hence, the slip was computed according to Eq. 9 and Eq. 10. 

As the slip of the free end of the GFRP bar takes place within the furnace, a non-contact 

optical measurement system was employed for its estimation. Steel brackets were rigidly 

connected to the top insulating ceramic plate (left and right) as well as to the GFRP bar 

(in the centre) (Figure 43). These brackets were coated with black, heat-resistant paint 

except for circular markers of approximately 20 mm in diameter to create a high contrast 

target, suitable for image analysis. The brackets on the two sides, acting as reference, had 

two markers, while the central one, moving rigidly with the bar, had one. The optical 

system consisted of tracking the centroid of each marker in consecutive images and 

measuring the free end slip as the average relative vertical displacement of the central 

marker with respect to the others. Images were acquired with a CMOS digital camera 

having a 4272×2848 pixel resolution (Canon EOS 1100D) and equipped with zoom lenses 

with F-number and focal length of 5.6 and 55 mm, respectively (Canon EF-S 18-55mm 

f/3.5-5.6 IS II). A light-emitting diode (LED) lamp was used to illuminate the measurement 

surface. During the test, the shutter was triggered remotely every 10 seconds by the data 

acquisition system. 

Finally, the temperature at the bond interface was measured by using thermocouples 

inserted in the slots prepared during casting. Three thermocouples were used in some of 

the samples to assess the temperature distribution along with the reinforcement. The 

variation of the recorded temperature at different locations within any of these specimens 

was sufficiently small (i.e., less than 10 °C discrepancy during the pull-out test at 300 °C) 

to consider that adequate insulation was provided. 

5.3 Experimental results 

The experimental results are reported in Table 21, including the maximum pull-out load 

(Fult) and the corresponding values of average bond strength (τb,max,), slip at loaded (sm,le,) 
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and free ends (sm,fe), the initial bond stiffness (Eτ) and the observed failure mode. Table 21 

also reports the average values of the bond strength and the corresponding slip values of 

two nominally identical specimens tested at the same temperature. The average bond 

strength values were used to calculate the retention coefficient (R), which is defined as 

the ratio between the average bond strength at the examined conditioning temperatures 

and that obtained at ambient temperature (~20 °C). The bond stiffness (Eτ) was calculated 

as the slope of the initial linear ascending branch of the bond stress-slip relationship when 

loaded end slip is considered. 

Table 21 Pull-out test results (P-O-C: concrete failure; P-O-B: failure of the bar ribs) 
Speci-
men 

T Fult τb,max  sm,le  sm,fe Eτ Failure  
  Average R   Average   Average  mode  

(°C) (kN) (MPa) (MPa) (%)  (mm) (mm)  (mm) (mm) (N/mm3)  
P1 20 13.3 13.2 13.3 100  0.45 0.45  0.43 0.46 29.5 P-O-C 
P3 13.4 13.3  -  0.48 P-O-C 
P4 80 8.9 8.9 8.9 67.4  0.63 0.63  0.48 0.52 14.3 P-O-C 
P5 9.0 9.0  0.62  0.57 P-O-C 
P6 165 7.2 7.1 7.1 53.7  0.50 0.51  0.42 0.41 13.8 P-O-B 
P8 7.2 7.1  0.53  0.40 P-O-B 
P9 190 4.0 4.0 4.1 31.3  0.25 0.31  0.15 0.21 13.5 P-O-B 
P10 4.3 4.3  0.36  0.28 P-O-B 
P11 300 1.0 1.0 1.1 7.2  0.24 0.22  0.02 0.02 5.3 P-O-B 
P12 1.3 1.3  0.19  0.02 P-O-B 
Note: R is the retention bond strength compared to the value at ambient temperature; 

sm,le for P3 is missing due to malfunctioning of the instrumentation. 

The stiffness of the bond-slip behaviour measured at the free end is considerably higher 

than that at the loaded end, but sufficient bond degradation along the embedded length 

seems to have developed already at around 8 MPa and mobilised the free end, which 

quickly reached slip values similar to those of the loaded end. 

5.3.1 Failure modes 

All specimens were split open after testing to closely observe the failure mechanism and 

the conditions of the GFRP bars (i.e., damage and discolouration). As expected, all samples 

failed by bar pull-out and no splitting cracks were visible, thus providing evidence that 

the adopted cover was sufficient to prevent splitting of the concrete block. Figure 44 

shows the surface of the extracted bars (top), as well as the surface of the concrete along 

the bonded length (bottom) of two representative samples tested at temperatures below 

(P4) and above (P11) Tg. 
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Figure 44. The surface of the conditioned GFRP bars (top) and concrete (bottom) after failure 

An important observation for temperatures below Tg, failure occurred due to shearing off 

of the concrete within the indentations of the GFRP bars, with very limited damage to the 

bar surface (P-O-C). In contrast, failure of specimens conditioned at temperatures higher 

than Tg occurred within the bar by shearing off of the ribs (P-O-B). Charring of the bars 

was observed only in specimens exposed to the highest test temperature (300 °C), which 

also caused some of the glass fibres to be exposed as a result of the vinyl ester resin 

decomposition. 

5.3.2 Bond strength 

Figure 45 shows the effect of temperature on bond strength, as well as concrete 

compressive strength (fc) and modulus of the FRP bar (E). All values are normalized with 

respect to their reference value at ambient temperature to ease the comparison. It can be 

observed that bond strength is highly dependent on both fc and E. In fact, the significant 

bond strength reduction at 80 °C coincides with the reduction in fc, while at higher 

temperatures the deteriorated properties of the GFRP bar (i.e., E) lead to a further 

reduction in bond strength. 

Figure 45 also clearly highlights the problem of not having a univocal definition of Tg, 

potentially leading to considerably different estimates of bond performance. In fact, the 

average pull-out bond strength retention can vary from 53% for specimens exposed to a 

temperature of 165 °C (corresponding to Tg Onset) to only 31% for specimens tested at 

190 °C (corresponding to Tg Peak).  
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Figure 45. Effect of temperature on bond strength, concrete compressive strength and FRP bar modulus 

5.3.3 Bond stress-slip relationships 

Bond stress-loaded end slip relationships are presented in Figure 46. An analysis of Figure 

45 and Table 21 shows that the initial bond stiffness decreases as temperature increases 

and that a non-negligible reduction can already be noticed at a temperature of 80 °C. As 

for post-peak behaviour, it can be noticed that, as temperature increases, the rate of bond 

deterioration decreases, as does the level of residual bond stress. This can be attributed 

to the fact that all main bond governing mechanisms (adhesion, mechanical interlock and 

friction) is affected by the stiffness of the resin matrix, which decreases with exposure to 

elevated temperatures. 

 
Figure 46. Bond stress-slip relationships at different temperatures  
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5.3.4 Comparison of loaded and free end slip values 

Bond stress-slip curves are plotted for all the tested temperature levels (Figure 87, 

Appendix C). It can be observed that in all cases the loaded end slips are higher than the 

free end ones (at same bond stress level) and this difference decreases as the bond stress 

reduces after the peak bond stress (i.e. debonding along the entire embedded length). 

These findings are in line with experimental data obtained at ambient temperature and 

available in the literature (i.e., [54,63,72]), thus confirming the reliability of the optical 

measurement technique implemented by the PhD candidate to measure the free end slip.  

5.4 Analytical study  

Given that most structural problems are to be dealt occurs before peak bond strength is 

reached and that the CMR model has only one branch, in this chapter only the parameters 

for the ascending branch are defined for the mBPE and CMR bond stress-slip models. 

The parameters required for the implementation of the CMR model (i.e., β and sr) and to 

describe the ascending branch of the mBPE model (i.e., α) are estimated and discussed. 

The calibration of these parameters was achieved by performing regression analyses of 

the experimental bond strength and corresponding slip values (Table 21) using the least-

square error method. The results obtained for different temperature levels and calibrated 

on the behaviour of the loaded or free end are presented in Table 22 and Table 23, 

respectively. In addition to the calibrated values, the average values obtained for 

nominally identical specimens (a), as well as the goodness of fit (R2), are reported. The 

calibration based on the free end results at 300 °C could not be properly carried out. 

Finally, a graphical comparison of the experimental and calibrated analytical bond 

stress-slip relationships is presented in Figure 88 (Appendix C). 

Both numerical and graphical results indicate that the CMR model is more accurate than 

the mBPE model. In fact, when considering the behaviour of the free end, the CMR model 

returns R2 values consistently above 0.95 and better approximates (dashed line) the 

experimental behaviour (solid line) throughout the initial stages of loading. When the 

behaviour of the loaded end is examined, a lower degree of accuracy is recorded in both 

models. Nonetheless, the CMR model remains marginally more accurate. 

The effect of temperature on the calibrated parameters (i.e., α, β and sr) is further analysed 

in Figure 47. It can be observed that, when considering the behaviour of the free end, β 

increases before Tg and decreases for temperature close to it (i.e., 165 °C and 190 °C). 
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Comparable trends, albeit with different magnitudes, are also observed for α and sr both 

in case of loaded and free end slip. Finally, at the highest test temperature (300 °C), both 

parameters of the CMR model (i.e., β and sr) remain unchanged while the parameter of the 

mBPE model (i.e., α) significantly increases. 

It is now evident that temperature plays a central role in bond performance. In fact, in the 

experiments, at different temperatures, different failure modes were observed (Figure 44). 

Similarly, in the models, to describe such failure modes, different values for the 

parameters α, β and sr were calibrated. While the limited number of testing samples might 

not allow for a broader generalization, it can be safely concluded the selection of the 

model parameters should be carefully made based on the expected temperature exposure 

and their specific failure mode. In other words, a single value cannot be attributed to the 

model parameters to robustly describe the bond behaviour. 

Table 22 Parameters of the constitutive analytical bond stress-slip models (loaded end)  
 mBPE model  CMR model 

Specimen Temperature α α a R2  sr sr a β β a R2 
(°C) (-) (-) (-)  (mm) (mm) (-) (-) (-) 

P1 20 0.322 0.322 0.785  0.114 0.114 0.999 0.999 0.935 
P3 - -  - - - 
P4 80 0.670 0.585 0.939  0.261 0.219 0.999 0.999 0.953 
P5 0.500 0.964  0.178 0.999 0.996 
P6 165 0.399 0.574 0.933  0.147 0.194 0.999 0.999 0.970 
P8 0.749 0.943  0.241 0.999 0.889 
P9 190 0.429 0.422 0.790  0.061 0.080 0.999 0.995 0.937 
P10 0.415 0.960  0.099 0.990 0.983 
P11 300 0.456 0.676 0.784  0.070 0.086 0.999 0.999 0.827 
P12 0.896 0.930  0.101 0.999 0.839 

Note: a Average value of nominally identical specimens; R2 - Goodness of fit of the analytical model. 

Table 23 Parameters of the constitutive analytical bond stress-slip models (free end)   
mBPE model  CMR model 

Specimen Temperature α α a R2  sr sr a β β a R2 
(°C) (-) (-) (-)  (mm) (mm) (-) (-) (-) 

P1 20 0.179 0.253 0.910  0.106 0.114 0.483 0.530 0.975 
P3 0.326 0.934  0.122 0.577 0.965 
P4 80 0.415 0.422 0.945  0.105 0.114 0.758 0.878 0.995 
P5 0.429 0.885  0.122 0.998 0.981 
P6 165 0.415 0.381 0.928  0.112 0.099 0.733 0.710 0.985 
P8 0.347 0.928  0.087 0.686 0.973 
P9 190 0.319 0.367 0.828  0.053 0.067 0.518 0.613 0.948 
P10 0.415 0.981  0.082 0.707 0.997 
P11 300 0.145 N.A. N.A.  0.033 N.A. 0.079 N.A. N.A. 
P12 0.999 N.A.  0.010 0.999 N.A. 

Note: a Average value of nominally identical specimens; R2 - Goodness of fit of the analytical model. 
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(a) (b) 

Figure 47. Calibrated parameters of analytical models (mBPE and CMR): (a) loaded end; (b) free end. 

5.5 Conclusions 

This chapter presented experimental and analytical investigations of the bond behaviour 

of an indented 8-mm-diameter GFRP bar embedded in concrete and exposed to 

temperatures ranging from 20 °C to 300 °C. The temperature variation at the GFRP bar 

and concrete interface was monitored with thermocouples, while loaded and free end 

slips were measured by a potentiometer and a bespoke optical technique, respectively. 

The variation in bond behaviour at the tested temperatures was investigated based on 

observed failure mode, bond strength and bond stress-slip relationship. Finally, the mBPE 

and CMR models were calibrated based on the experimental results. The main conclusions 

of this study are summarised below.  

• All samples failed by bar pull-out. The failure occurred through shearing off of the 

concrete lugs for specimens tested at temperature levels lower than Tg, whilst 

failure developed within the GFRP bar at higher temperatures. 

• An optical contactless measurement technique was developed within this PhD 

work, effectively implemented and its appropriateness was demonstrated. 

• Bond strength decreases as the temperature increases. In particular, bond strength 

retention can be as low as 30% for specimens exposed to temperatures close to Tg, 

and it further reduces to less than 10% at 300 °C. The decrease in bond 

performance is affected by a reduction in concrete compressive strength at a 

relatively low temperature level (80 °C) and in modulus of elasticity of the GFRP 

bar at higher temperatures. 

• The calibration of the mBPE and CMR with the experimental results for increasing 

temperature levels suggests that the latter provides better accuracy in predicting 

the bond stress-slip relationships and highlights the temperature dependence of 
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the key parameters (α, sr and β). In particular, when the free end behaviour is 

considered and for temperatures up to 190 °C, all parameters increase before Tg 

and decrease afterwards. Similarly, when considering the loaded end model and 

up to 300 °C, the same trend is observed for α and sr, whilst β remains unchanged.  

The presented study provides a robust framework to run repeatable pull-out tests at high 

temperatures. However, as bond strength at high temperatures is greatly influenced by 

the bar deformation, the presented experimental results and conclusions cannot be 

generalized to FRP bars with different properties or surface profiles.  
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6. NEW SCIENTIFIC RESULTS (NSR) 

6.1 Presentation of NSR 

The text in bold provides the NSR, while others serve as introduction or explanation. 

 

NSR 1 [SS2], [SS3], [SS6], [SS7], [SS9]  

I have determined the influence of the FRP bar surface on the bond behaviour to 

concrete. I have demonstrated it for GFRP and BFRP bars having indented, helically 

wrapped, sand coated, sand coated and helically wrapped or ribbed surfaces; 

diameters of 6 to 12 mm and average concrete compressive strengths of 35 and 66 MPa. 

1.1 

Based on the statistical analysis of variance of the experimentally measured bond 

strength values of GFRP and BFRP bars I have determined that the influence of bar 

surface on the bond strength is in statistically significant 2-way interaction with the 

influence of both of the bar diameter and the concrete strength.  

1.2 

I have proved – for bars having sand coated or ribbed surfaces – that the bond 

strength varies statistically significantly within the same surface category. 

These findings (1.1 and 1.2) prove that the influence of bar surface cannot be considered 

as a stand-alone parameter, defined based solely on surface category – despite the 

provisions of CSA S806-12 [15] – but it must be considered in synergy with the influences 

of other factors.  

1.3 

I have experimentally determined that the highest slip value corresponding to the 

bond strength is achieved by the helically wrapped bars.  

1.4 

I have developed a statistical model and determined the coefficient α for the mBPE 

analytical bond stress-slip model depending on the surface category and slip 
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αfe,sanded = 0.134, αfe,deformed = 0.234, αle,sanded = 0.493 and αle,deformed = 0.379 (free (fe) 

and loaded end (le)). 

I have defined the coefficient α of the mBPE analytical bond stress-slip models for each 

pull-out test. I have demonstrated that the concrete compressive strength (35 and 

66 MPa) does not influence the coefficient α. Furthermore, I have determined that the bar 

diameter (6 to 12 mm) has a limited influence of αfe (explaining only 3.9% of the variance) 

and no influence on αle.  

I have observed that sanded (SC, HWSC) and non-sanded (In, Rb) bars show distinct 

values of the parameters of the analytical bond stress-slip models. I have completed the 

observations with statistical analysis of variance to demonstrate its significance. 

 

NSR 2 [SS2], [SS5], [SS11], [SS14]  

I have proved the influence of concrete compressive strength on the bond 

behaviour to concrete. I have developed a new test method. I have studied GFRP 

and BFRP bars having indented, helically wrapped, sand coated, sand coated and 

helically wrapped or ribbed surfaces and diameters of 6 to 12 mm. The average 

concrete compressive strengths were 35 and 66 MPa. 

2.1 

I have experimentally proved that the increase of concrete compressive strength 

from 35 to 66 MPa has an enhancing effect on the bond strength of GFRP and BFRP 

bars, despite the fact that according to available literature [62] the concrete compressive 

strength has no influence above approximately 30 MPa. Moreover, I have proved that the 

increase in the bond strength is statistically significant. 

2.2 

I have developed – and proved its applicability – a new test method and specimen 

to study the bond behaviour of FRP bars, that is, the Direct Tension (DT) pull-out 

test. The stress state in the concrete – during the DT test – is similar to that of structural 

application (e.g., bar in the tension zone). I have experimentally proved that the 

measurable bond strength by DT test method is lower than that of P-O test. The difference 

in bond strengths is a function of the bar diameter and surface, as well as the concrete 

strength. 
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NSR 3 [SS4], [SS8], [SS12] 

I have determined the influence of entrained air on the bond behaviour of FRP bars 

to concrete. I have demonstrated it for GFRP and BFRP bars having indented, sand 

coated, sand coated and helically wrapped or ribbed surfaces; diameters of 6 to 

12 mm and average concrete compressive strengths of 36 to 75 MPa. The amount 

of air-entrained admixture was 0.15% of the mass of applied cement. 

3.1 

I have demonstrated that there is no statistically significant interaction between 

the influence of entrained air and the influence of the other involved factors 

(concrete strength, bar surface and diameter).  

3.2 

I have experimentally proved that the entrained air does not influence the bond 

failure mode nor the shape of the bond stress-slip curves.  

3.3 

I have proved – based on the statistical hypothesis analysis of the experimental 

bond strength results – that the mean bond strength of FRP bars statistically 

significantly decreases due to the entrained air. I have performed hypothesis and 

analysis of variance tests to define the ratio of the average bond strength results in 

air-entrained and non-air-entrained concretes. Furthermore, based on the lower 

limit of the 95% confidence interval I have defined reduction factors to account for 

the decrease in bond strength.  

NSR 4 [SS4], [SS8], [SS12] 

I have experimentally and statistically proved that the bond strength of the applied 

indented GFRP bars increases with the diameter. I have demonstrated it for average 

concrete compressive strengths of 36 to 75 MPa, and bar diameters of 8 and 12 mm.  

Literature reports (e.g., [62]) that bond strength decreases as the bar diameter increases. 

I have demonstrated that in the case of indented GFRP bars the converse trend is caused 

by the different rib geometries (e.g., CLR). 

NSR 5 [SS1], [SS10], [SS13] 

I have developed – and proved its applicability – a new test method to study the 

bond behaviour of FRP reinforcement at hot state. It includes a contactless optical 
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measurement technique (sensitivity of 1 μm) to evaluate the free end slip during 

the test. 

The appropriateness of the test setup is proved through the defined bond stress-slip 

relationships. Loaded and free end slips show good agreement (e.g., [54,63,72]), thus 

confirming the reliability of the optical measurement technique implemented to measure 

the free end slip. 

NSR 6 [SS1], [SS10], [SS13] 

I have determined the influence of high temperature on the bond behaviour of 

indented GFRP bars to concrete. The concrete had an average compressive strength 

of 38.7 MPa at ambient temperature. 

6.1 

I have experimentally demonstrated that the bond failure mode of the indented 8 

mm GFRP bars changes at the glass transition temperature (Tg). Failure occurs 

through shearing off of the concrete lugs for specimens tested at temperature levels 

lower than Tg, whilst failure developed within the GFRP bar surface at higher 

temperatures.  

6.2 

I have determined that the bond strength reduction at 80 °C is caused by the 

decrease of concrete mechanical properties at the same temperature.  

6.3 

Based on the experimental results, I developed adjustments to mBPE and CMR 

analytical models to account for the temperature dependence of bond stress-slip 

relationships up to 300 °C. 

6.2 Possible application of the NSR and future perspectives 

The experimental data presented in this thesis completes the available data (influence of 

bar surface) or provides data (influence of AEA and high temperature) stimulating a 

better understanding of the complex bond behaviour of FRP bars. Adjusted analytical 

models can be used to define characteristics such as anchorage length, transfer and 

development length as well as crack width and spacing. Whereas, the statistical null 

hypothesis test allows analysing whether the influence of a given factor is significant. 
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Furthermore, it allows locating the significant bond influencing factors and disclosing 

possible interactions among the influence of these factors. 

Results presented for the influence of surface characteristics on the bond strength (e.g., 

statistically significant difference within the same surface category; statistically 

significant interaction between the effect of bar surface and diameter; and concrete 

strength) can be used to take into consideration more accurately the effect of the surface.  

The limit for the concrete compressive strength – to which extent it influences the bond 

strength – could be adjusted based on the presented results. 

The research carried out can encourage the applications of FRP reinforced AEC, that 

diminishes the two most significant degradation types. However, the research should be 

completed with different AEAs and different dosages. 

The provided statistical methodology can be applied to the available database or it can help to 

design a new test series and to improve the available formulae for bond strength estimation. 

The robust framework developed allows running repeatable pull-out tests at high 

temperatures. A contactless measurement system has been developed and integrated 

within a well-established pull-out test methodology to reliably monitor the behaviour of 

specimens exposed to simultaneous mechanical and thermal loading. The calibrated 

parameters can be adopted by researchers and engineers to account for the effect of 

temperature on the bond behaviour of GFRP bars embedded in concrete. However, further 

experimental results are necessary for FRP bars with other surface characteristics. 

The calibrated parameters of the analytical models can be adopted by researchers and 

engineers to account for the effect of surface characteristics on the bond behaviour of FRP 

bars embedded in concrete. 

In addition to the above, the results of this thesis can be used for the standardization 

process for FRPs. 
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APPENDIX A: 

EFFECT OF SURFACE CHARACTERISTICS 

 

The content of this appendix includes parts of the work published in [111,181]. 

 

  



 

II 

A.1 Bond failure modes 

 

 

Figure 48 Bond failure surface of FRP bars. C1 concrete mix, bars: R1-Ø8, R3-Ø8 and R5-Ø12 (photos are 
not to the same scale) 

 
Figure 49 Bond failure surface of FRP bars. C1 concrete mix, bars: R6-Ø8, R7-Ø6 and R8-Ø8 (photos are 

not to the same scale) 

 

Figure 50 Bond failure surface of FRP bars. C1 concrete mix, bars: R9-Ø8, R10-Ø8 and R11-Ø8 (photos are 
not to the same scale) 

 



 

III 

 

Figure 51 Bond failure surface of FRP bars. C1 concrete mix, bars: R12-Ø12, R13-Ø12 and R14-Ø6 (photos 
are not to the same scale) 

 

 
Figure 52 Bond failure surface of FRP bars. C2 concrete mix, bars: R1-Ø8, R3-Ø8 and R5-Ø12 (photos are 

not to the same scale) 

 

 
Figure 53 Bond failure surface of FRP bars. C2 concrete mix, bars: R6-Ø8, R7-Ø6 and R8-Ø8 (photos are 

not to the same scale) 

 



 

IV 

 
Figure 54 Bond failure surface of FRP bars. C2 concrete mix, bars: R9-Ø8, R10-Ø8 and R14-Ø6 (photos are 

not to the same scale) 

 

 

 

Figure 55 Typical details of the failed bond surfaces of FRP bars in C1 concrete specimens 
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V 

A.2 Test results 

Table 24 Symbols and descriptions of characteristics reported in Table 25 to Table 31 
Symbol Description 
Specimen symbol According to Figure 15 
τb,max Bond strength 
a Average 
sm,le Loaded end slip corresponding to τb,max 
sm,fe Free end slip corresponding to τb,max 
τb,le,0.05 Bond stress corresponding 0.05 mm loaded end slip 
τb,le,0.15 Bond stress corresponding 0.15 mm loaded end slip 
τb,fe,0.002 Bond stress corresponding 0.002 mm free end slip 
NA Not available (Error during data acquisition) 

Table 25 Experimental results for Ø6 bars in C1 concrete composition (Note: for symbols see Table 24) 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea τb,le,0.05 τb,le,0.05a τb,le,0.15 τb,le,0.15a τb,fe,0.002 τb,fe,0.002a τb,fe,0.002/ 

τb,max 
τb,fe,0.002/ 
τb,maxa 

  (MPa) (MPa) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (-) (-) 
R1-SCf-6-B-P1-C1_1 14.23 12.91 0.352 0.328 0.178 0.155 8.58 6.24 11.86 10.73 6.26 6.31 0.44 0.49 
R1-SCf-6-B-P1-C1_2 11.06  0.311   0.161  3.33   9.42   5.06  0.46  
R1-SCf-6-B-P1-C1_3 12.52  0.305   0.119  5.77   10.27   6.21  0.50  
R1-SCf-6-B-P1-C1_4 13.83   0.346   0.162   7.29   11.37   7.71   0.56  
R2-SCf-6-G-P1-C1_1 16.22 13.97 0.434 0.383 0.258 0.198 6.30 6.52 13.59 11.55 6.54 6.53 0.40 0.47 
R2-SCf-6-G-P1-C1_2 15.23  0.365   0.180  7.43   12.70   9.26  0.61  
R2-SCf-6-G-P1-C1_3 14.27  0.425   0.228  6.87   10.81   5.02  0.35  
R2-SCf-6-G-P1-C1_4 10.15   0.307   0.125   5.48   9.09   5.30   0.52   
R3-SCr-6-B-P1-C1_1 NA 20.71 NA 0.812 NA 0.301 NA 2.75 NA 7.68 NA 10.75 NA 0.52 
R3-SCr-6-B-P1-C1_2 21.35  0.826   0.282  1.50   6.23   8.13  0.38  
R3-SCr-6-B-P1-C1_3 20.16  0.746   0.278  3.26   9.44   12.70  0.63  
R3-SCr-6-B-P1-C1_4 20.62   0.863   0.342   3.49   7.36   11.41   0.55   
R4-SCr-6-G-P1-C1_1 21.28 18.78 0.539 0.520 0.248 0.243 3.75 4.38 11.37 11.03 7.48 6.70 0.35 0.35 
R4-SCr-6-G-P1-C1_2 21.28  0.544   0.217  3.37   10.85   9.28  0.44  
R4-SCr-6-G-P1-C1_3 16.29  0.612   0.304  3.91   9.21   5.46  0.34  
R4-SCr-6-G-P1-C1_4 16.26   0.386   0.202   6.47   12.68   4.57   0.28   
R5-SC-6-G-P2-C1_1 24.59 23.67 0.689 0.668 0.282 0.329 3.87 4.72 10.11 11.86 10.00 9.95 0.41 0.42 
R5-SC-6-G-P2-C1_2 22.39  0.685   0.359  4.98   12.53   10.46  0.47  
R5-SC-6-G-P2-C1_3 23.54  0.542   0.246  4.98   12.01   11.32  0.48  
R5-SC-6-G-P2-C1_4 24.15   0.756   0.430   5.04   12.81   8.01   0.33  
R6-HW-6-G-P1-C1_1 19.45 17.90 3.085 2.615 1.638 1.695 2.53 1.50 4.19 3.74 2.34 2.88 0.12 0.17 
R6-HW-6-G-P1-C1_2 22.90  3.268   2.575  2.02   6.09   3.09  0.14  
R6-HW-6-G-P1-C1_3 15.38  1.318   0.519  0.59   2.04   3.63  0.24  
R6-HW-6-G-P1-C1_4 13.87   2.788   2.049   0.87   2.63   2.44   0.18   
R7-HWSC-6-G-P3-C1_1 14.02 13.58 0.399 0.318 0.159 0.153 2.87 5.34 8.85 10.66 8.18 7.05 0.58 0.51 
R7-HWSC-6-G-P3-C1_2 14.23  0.286   0.156  8.75   13.18   7.01  0.49  
R7-HWSC-6-G-P3-C1_3 14.73  0.325   0.151  2.97   10.02   8.14  0.55  
R7-HWSC-6-G-P3-C1_4 11.36   0.262   0.146   6.78   10.57   4.87   0.43   
R8-HWSC-6-G-P4-C1_1 15.54 16.22 0.581 0.538 0.165 0.215 2.25 4.27 6.33 9.11 8.74 7.58 0.56 0.48 
R8-HWSC-6-G-P4-C1_2 15.35  0.485   0.229  7.10   11.04   6.75  0.44  
R8-HWSC-6-G-P4-C1_3 17.01  0.579   0.252  4.03   9.94   7.24  0.43  
R8-HWSC-6-G-P4-C1_4 16.97   0.508   NA   3.70   9.12   NA   NA   
R9-HWSC-6-G-P4-C1_1 21.58 20.79 0.482 0.720 0.192 0.247 2.84 2.55 8.51 6.94 10.92 11.93 0.51 0.57 
R9-HWSC-6-G-P4-C1_2 17.46  0.799   0.316  2.98   7.29   10.73  0.61  
R9-HWSC-6-G-P4-C1_3 21.40  0.739   0.273  1.80   5.46   10.99  0.51  
R9-HWSC-6-G-P4-C1_4 22.71   0.859   0.207   2.58   6.52   15.07   0.66  
R14-Rb-6-Steel-C1_1 12.42 11.65 1.165 0.928 1.009 0.786 5.17 3.71 7.81 6.09 2.18 1.52 0.18 0.14 
R14-Rb-6-Steel-C1_2 13.34  0.910   0.796  4.31   7.01   1.34  0.10  
R14-Rb-6-Steel-C1_3 7.43  0.779   0.524  3.42   4.74   1.63  0.22  
R14-Rb-6-Steel-C1_4 13.43   0.857   0.813   1.94   4.80   0.94   0.07   

  



 

VI 

Table 26 Experimental results for Ø8 bars in C1 concrete composition (Note: for symbols see Table 24) 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea τb,le,0.05 τb,le,0.05a τb,le,0.15 τb,le,0.15a τb,fe,0.002 τb,fe,0.002a τb,fe,0.002/ 

τb,max 
τb,fe,0.002/ 
τb,maxa 

  (MPa) (MPa) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (-) (-) 
R1-SCf-8-B-P1-C1_1 16.93 17.39 0.796 0.598 0.483 0.351 2.69 2.91 8.78 10.11 10.56 10.08 0.62 0.58 
R1-SCf-8-B-P1-C1_2 15.74  0.493   0.375  3.45   12.76   8.93  0.57  

R1-SCf-8-B-P1-C1_3 18.31  0.593   0.261  2.15   8.21   10.88  0.59  

R1-SCf-8-B-P1-C1_4 18.60   0.510   0.286   3.36   10.68   9.97   0.54  

R3-SCr-8-B-P1-C1_1 20.13 21.11 0.756 0.920 0.411 0.471 2.83 2.98 8.73 8.08 8.63 9.74 0.43 0.46 
R3-SCr-8-B-P1-C1_2 20.78  0.829   0.478  4.84   10.97   9.47  0.46  

R3-SCr-8-B-P1-C1_3 22.60  0.967   0.450  2.20   6.59   10.61  0.47  

R3-SCr-8-B-P1-C1_4 20.92   1.129   0.543   2.03   6.04   10.23   0.49   
R6-HW-8-G-P1-C1_1 14.87 16.54 1.705 1.762 1.344 1.367 1.61 2.75 4.18 5.76 3.05 3.16 0.20 0.20 
R6-HW-8-G-P1-C1_2 16.89  1.730   1.389  2.11   5.80   3.28  0.19  

R6-HW-8-G-P1-C1_3 17.86  1.849   NA  4.54   7.30   NA  NA  

R7-HWSC-8-G-P3-C1_1 20.33 18.27 0.569 0.512 0.352 0.268 9.37 7.28 15.41 12.74 8.15 9.41 0.40 0.52 
R7-HWSC-8-G-P3-C1_2 15.13  0.474   0.307  8.05   12.82   7.67  0.51  

R7-HWSC-8-G-P3-C1_3 19.35  0.494   0.146  4.42   9.98   12.39  0.64  

R8-HWSC-8-G-P4-C1_1 14.69 16.45 0.471 0.520 0.190 0.206 5.81 5.53 9.95 9.99 8.00 9.26 0.54 0.56 
R8-HWSC-8-G-P4-C1_2 18.05  0.562   0.175  3.99   8.69   11.18  0.62  

R8-HWSC-8-G-P4-C1_3 16.61  0.526   0.252  6.78   11.34   8.60  0.52  

R9-HWSC-8-G-P4-C1_1 18.51 19.36 0.312 0.382 0.179 0.203 10.02 6.53 16.85 13.90 8.02 9.34 0.43 0.49 
R9-HWSC-8-G-P4-C1_2 16.91  0.367   0.235  5.84   14.37   10.14  0.60  

R9-HWSC-8-G-P4-C1_3 22.58  0.423   0.194  3.01   10.01   9.86  0.44  

R9-HWSC-8-G-P4-C1_4 19.42   0.425   NA   7.24   14.40   NA   NA  

R10-In-8-G-P5-C1_2 10.89 10.75 0.568 0.657 0.457 0.470 3.03 3.06 7.34 6.81 2.37 1.94 0.22 0.17 
R10-In-8-G-P5-C1_3 12.66  0.626   0.488  3.33   8.61   2.58  0.20  

R10-In-8-G-P5-C1_4 8.71   0.777   0.465   2.82   4.48   0.87   0.10   
R11-Rb-8-B-P6-C1_1 24.52 23.62 1.017 0.784 0.795 0.639 5.68 7.94 14.86 15.09 5.56 5.12 0.23 0.22 
R11-Rb-8-B-P6-C1_2 21.09  0.679   0.620  10.24   14.59   3.52  0.17  

R11-Rb-8-B-P6-C1_3 25.03  0.814   0.629  5.10   14.21   6.04  0.24  

R11-Rb-8-B-P6-C1_4 23.83   0.627   0.512   10.72   16.69   5.37   0.23   
R14-Rb-8-Steel-C1_1 32.69 21.85 0.549 0.712 0.270 0.545 21.01 11.60 25.60 15.46 19.67 8.51 0.60 0.34 
R14-Rb-8-Steel-C1_2 18.60  0.876   0.706  10.53   13.16   3.99  0.21  

R14-Rb-8-Steel-C1_3 21.00  0.586   0.545  11.00   16.21   7.38  0.35  

R14-Rb-8-Steel-C1_4 15.09   0.836   0.660   3.84   6.88   3.01   0.20   

 

  



 

VII 

Table 27 Experimental results for Ø10 bars in C1 concrete composition (Note: for symbols see Table 24) 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea τb,le,0.05 τb,le,0.05a τb,le,0.15 τb,le,0.15a τb,fe,0.002 τb,fe,0.002a τb,fe,0.002/ 

τb,max 
τb,fe,0.002/ 
τb,maxa 

  (MPa) (MPa) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (-) (-) 
R1-SCf-10-B-P1-C1_1 17.19 16.86 0.636 0.575 0.232 0.220 1.61 2.12 6.95 7.47 9.98 9.30 0.58 0.55 
R1-SCf-10-B-P1-C1_2 17.13  0.594   0.219  2.66   7.31   9.17  0.54  

R1-SCf-10-B-P1-C1_3 17.05  0.592   0.220  1.70   7.27   9.11  0.53  

R1-SCf-10-B-P1-C1_4 16.08   0.478   0.208   2.51   8.34   8.94   0.56  

R2-SCf-10-G-P1-C1_1 11.31 13.19 0.468 0.518 0.178 0.226 2.02 3.16 6.23 8.18 6.69 8.04 0.59 0.61 
R2-SCf-10-G-P1-C1_2 14.46  0.598   0.269  3.82   8.40   9.69  0.67  

R2-SCf-10-G-P1-C1_3 13.11  0.374   0.148  2.78   8.91   8.88  0.68  

R2-SCf-10-G-P1-C1_4 13.85   0.633   0.310   4.02   9.17   6.91   0.50   
R3-SCr-10-B-P1-C1_1 13.77 17.36 0.885 0.773 0.393 0.345 2.05 2.67 5.76 8.35 7.18 9.02 0.52 0.52 
R3-SCr-10-B-P1-C1_2 19.66  0.783   0.304  2.82   7.86   10.33  0.53  

R3-SCr-10-B-P1-C1_3 17.57  0.791   0.348  2.62   8.45   9.59  0.55  

R3-SCr-10-B-P1-C1_4 18.44   0.634   0.336   3.18   11.33   8.99   0.49   
R5-SC-10-G-P2-C1_1 20.07 20.10 0.435 0.449 0.325 0.276 10.85 7.08 17.13 14.54 9.54 11.11 0.48 0.55 
R5-SC-10-G-P2-C1_2 20.12  0.499   0.245  5.17   12.99   12.91  0.64  

R5-SC-10-G-P2-C1_3 20.95  0.410   0.182  3.90   11.72   12.07  0.58  

R5-SC-10-G-P2-C1_4 19.25   0.453   0.352   8.39   16.31   9.91   0.51  

R7-HWSC-10-G-P3-C1_2 15.45 18.39 0.646 0.675 0.338 0.380 4.42 4.64 9.93 10.31 7.75 7.82 0.50 0.45 
R7-HWSC-10-G-P3-C1_3 19.92  0.599   0.299  4.15   9.63   7.90  0.40  

R7-HWSC-10-G-P3-C1_4 19.81   0.781   0.502   5.36   11.38   NA   NA   
R9-HWSC-10-G-P4-C1_1 20.83 18.03 0.430 0.425 0.271 0.248 8.15 7.77 16.44 13.85 11.60 8.86 0.56 0.49 
R9-HWSC-10-G-P4-C1_2 17.12  0.371   0.244  6.24   14.15   5.28  0.31  

R9-HWSC-10-G-P4-C1_3 18.08  0.503   0.272  7.03   11.45   9.75  0.54  

R9-HWSC-10-G-P4-C1_4 16.10   0.396   0.205   9.69   13.38   8.80   0.55   
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Table 28 Experimental results for Ø12 bars in C1 concrete composition (Note: for symbols see Table 24) 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea τb,le,0.05 τb,le,0.05a τb,le,0.15 τb,le,0.15a τb,fe,0.002 τb,fe,0.002a τb,fe,0.002/ 

τb,max 
τb,fe,0.002/ 
τb,max a 

  (MPa) (MPa) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (-) (-) 
R1-SCf-12-B-P1-C1_1 12.59 12.95 1.055 0.853 0.299 0.306 1.41 2.05 4.24 5.32 6.83 7.22 0.54 0.56 
R1-SCf-12-B-P1-C1_2 13.49  0.792   0.290  1.51   4.51   8.08  0.60  

R1-SCf-12-B-P1-C1_3 12.78  0.710   0.330  3.22   7.22   6.76  0.53  

R3-SCr-12-B-P1-C1_1 17.38 16.38 1.050 0.914 0.488 0.419 2.83 2.17 5.88 5.97 7.12 7.51 0.41 0.46 
R3-SCr-12-B-P1-C1_2 15.18  0.809   0.364  1.99   5.50   6.06  0.40  

R3-SCr-12-B-P1-C1_3 16.72  0.986   0.462  1.73   6.03   7.12  0.43  

R3-SCr-12-B-P1-C1_4 16.22   0.810   0.360   2.14   6.47   9.71   0.60   
R5-SC-12-G-P2-C1_1 19.30 17.53 0.772 0.616 NA NA 2.13 3.30 6.43 8.42 NA NA NA NA 
R5-SC-12-G-P2-C1_2 16.60  0.533   NA  4.54   11.85   NA  NA  

R5-SC-12-G-P2-C1_3 15.88  0.544   NA  4.39   9.03   NA  NA  

R5-SC-12-G-P2-C1_4 18.33   0.617   NA   2.12   6.38   NA   NA  

R7-HWSC-12-G-P3-C1_1 11.86 13.55 0.975 0.889 0.581 0.513 2.98 2.76 6.71 6.50 5.80 5.77 0.49 0.43 
R7-HWSC-12-G-P3-C1_2 13.66  0.868   0.488  2.13   5.20   5.83  0.43  

R7-HWSC-12-G-P3-C1_3 13.97  0.761   0.470  3.04   7.22   5.92  0.42  

R7-HWSC-12-G-P3-C1_4 14.69   0.950   NA   2.88   6.88   5.53   0.38   
R10-In-12-G-P5-C1_1 12.91 12.23 0.792 0.714 0.652 0.574 5.72 4.41 9.52 8.66 2.81 3.21 0.22 0.27 
R10-In-12-G-P5-C1_2 12.99  0.623   0.462  4.39   9.53   4.55  0.35  

R10-In-12-G-P5-C1_3 13.22  0.636   0.506  3.76   9.20   3.22  0.24  

R10-In-12-G-P5-C1_4 9.80   0.803   0.677   3.76   6.37   2.27   NA   
R12-Rb-12-G-P6-C1_1 15.88 15.13 1.975 1.817 1.745 1.556 3.74 3.58 9.17 8.28 4.30 4.36 0.27 0.29 
R12-Rb-12-G-P6-C1_2 13.28  1.934   1.697  2.72   7.42   3.85  0.29  

R12-Rb-12-G-P6-C1_3 16.25  1.578   1.324  3.65   9.36   4.93  0.30  

R12-Rb-12-G-P6-C1_4 15.11   1.779   1.458   4.20   7.16   4.37   0.29  

R13-Rb-12-G-P6-C1_1 15.29 15.38 1.474 1.703 1.307 1.438 2.08 1.76 5.64 5.32 3.84 4.06 0.25 0.26 
R13-Rb-12-G-P6-C1_2 15.21  2.224   1.822  1.53   4.15   4.03  0.26  

R13-Rb-12-G-P6-C1_3 15.01  1.811   1.462  1.74   5.14   4.44  0.30  

R13-Rb-12-G-P6-C1_4 16.02   1.303   1.159   1.71   6.36   3.94   0.25   

 

Table 29 Experimental results for Ø6 bars in C2 concrete composition (Note: for symbols see Table 24) 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea τb,le,0.05 τb,le,0.05a τb,le,0.15 τb,le,0.15a τb,fe,0.002 τb,fe,0.002a τb,fe,0.002/ 

τb,max 
τb,fe,0.002 

/τb,maxa 
  (MPa) (MPa) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (-) (-) 
R1-SCf-6-B-P1-C2_1 33.18 31.62 1.125 0.986 0.192 0.114 2.54 2.37 7.30 7.17 27.37 21.68 0.82 0.68 
R1-SCf-6-B-P1-C2_2 30.40  1.019   0.135  2.32   7.43   11.62  0.38  

R1-SCf-6-B-P1-C2_3 30.40  0.922   0.072  1.90   5.95   16.24  0.53  

R1-SCf-6-B-P1-C2_4 32.51   0.877   0.056   2.72   8.01   31.50   0.97  

R6-HW-6-G-P1-C2_1 15.12 21.19 3.746 3.487 3.173 2.825 1.36 1.58 3.66 4.42 0.77 1.25 0.05 0.06 
R6-HW-6-G-P1-C2_2 23.39  3.870   3.274  1.45   4.36   1.13  0.05  

R6-HW-6-G-P1-C2_3 22.90  4.705   4.078  2.02   5.18   1.52  0.07  

R6-HW-6-G-P1-C2_4 23.34   1.625   0.774   1.48   4.50   1.59   0.07   
R7-HWSC-6-G-P3-C2_1 17.74 18.37 0.238 0.307 NA 0.125 5.98 6.77 16.30 14.20 NA 7.63 NA 0.42 
R7-HWSC-6-G-P3-C2_2 19.27  0.293   0.133  7.53   14.63   8.77  0.45  

R7-HWSC-6-G-P3-C2_3 17.12  0.306   0.117  8.52   13.91   6.49  0.38  

R7-HWSC-6-G-P3-C2_4 19.36   0.389   NA   5.04   11.95   NA   NA   
R14-Rb-6-Steel-C2_1 21.73 20.04 1.319 1.089 0.955 0.585 7.20 6.82 14.06 13.41 2.39 2.04 0.11 0.10 
R14-Rb-6-Steel-C2_2 14.13  0.573   0.323  2.13   5.95   1.43  0.10  

R14-Rb-6-Steel-C2_3 22.24  1.803   0.586  8.09   16.03   2.11  0.09  

R14-Rb-6-Steel-C2_4 22.05   0.664   0.476   9.87   17.60   2.25   0.10   
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Table 30 Experimental results for Ø8 bars in C2 concrete composition (Note: for symbols see Table 24) 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea τb,le,0.05 τb,le,0.05a τb,le,0.15 τb,le,0.15a τb,fe,0.002 τb,fe,0.002a τb,fe,0.002/ 

τb,max 
τb,fe,0.002 

/τb,maxa 
  (MPa) (MPa) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (-) (-) 
R1-SCf-8-B-P1-C2_1 33.35 32.98 0.855 0.830 NA 0.132 2.45 2.56 7.32 7.75 NA 10.91 NA 0.33 
R1-SCf-8-B-P1-C2_2 33.52  0.864   NA  2.43   7.26   NA  NA  

R1-SCf-8-B-P1-C2_3 31.63  0.809   0.148  2.75   8.56   8.45  0.27  

R1-SCf-8-B-P1-C2_4 33.43   0.791   0.116   2.61   7.87   13.37   0.40  

R3-SCr-8-B-P1-C2_1 29.03 28.67 0.817 0.825 NA 0.193 2.74 2.54 7.16 7.32 NA 10.94 NA 0.38 
R3-SCr-8-B-P1-C2_2 28.34  0.919   0.211  2.39   6.95   9.17  0.32  

R3-SCr-8-B-P1-C2_3 28.58  0.811   0.213  2.25   6.79   10.10  0.35  

R3-SCr-8-B-P1-C2_4 28.73   0.752   0.154   2.79   8.38   13.54   0.47   
R6-HW-8-G-P1-C2_1 24.59 26.74 3.145 3.385 NA NA 0.66 2.06 1.99 5.72 NA NA NA NA 
R6-HW-8-G-P1-C2_2 27.67  3.018   NA  2.90   7.21   NA  NA  

R6-HW-8-G-P1-C2_3 26.08  3.915   NA  1.29   4.19   NA  NA  

R6-HW-8-G-P1-C2_4 28.62   3.461   NA   1.98   5.75   NA   NA   
R8-HWSC-8-G-P4-C2_1 25.13 22.56 2.686 2.088 1.985 1.047 1.86 2.80 7.61 8.19 8.85 10.39 0.35 0.48 
R8-HWSC-8-G-P4-C2_2 19.46  0.520   0.108  3.64   9.27   11.93  0.61  

R8-HWSC-8-G-P4-C2_3 23.81  2.445   NA  2.06   7.20   NA  NA  

R8-HWSC-8-G-P4-C2_4 21.86   2.702   NA   3.65   8.70   NA   NA   
R9-HWSC-8-G-P4-C2_1 17.27 23.00 1.946 2.160 1.799 1.938 11.80 10.95 14.25 16.95 9.32 11.29 0.54 0.50 
R9-HWSC-8-G-P4-C2_2 23.44  2.381   2.110  11.72   16.82   12.26  0.52  

R9-HWSC-8-G-P4-C2_3 24.68  2.072   1.840  8.23   17.28   11.28  0.46  

R9-HWSC-8-G-P4-C2_4 26.62   2.240   2.004   12.06   19.46   12.31   0.46  

R10-In-8-G-P5-C2_1 19.21 17.69 0.597 0.531 0.344 0.314 3.07 3.19 9.25 8.59 2.99 3.07 0.16 0.17 
R10-In-8-G-P5-C2_2 19.39  0.474   0.263  2.89   8.66   4.21  0.22  

R10-In-8-G-P5-C2_3 14.08  0.591   0.312  3.11   7.14   1.78  0.13  

R10-In-8-G-P5-C2_4 18.10   0.464   0.335   3.68   9.31   3.31   0.18   
R14-Rb-8-Steel-C2_1 26.37 25.23 4.787 5.550 0.500 0.662 17.55 16.04 24.94 23.11 9.87 5.66 0.37 0.21 
R14-Rb-8-Steel-C2_2 26.55  3.762   0.746  14.44   24.27   3.76  0.14  

R14-Rb-8-Steel-C2_3 22.77  8.101   0.741  16.15   20.12   3.36  0.15  

R14-Rb-8-Steel-C2_4 12.10   7.324   1.016   5.37   9.65   1.94   0.16   
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Table 31 Experimental results for Ø12 bars in C2 concrete composition (Note: for symbols see Table 24) 
Specimen symbol τb,max τb,maxa sm,LE sm,Lea sm,FE sm,Fea τb,LE,0.05 τb,LE,0.05a τb,LE,0.15 τb,LE,0.15a τb,FE,0.002 τb,FE,0.002a τb,FE,0.002/ 

τb,max 
τb,fe,0.002/ 
τb,maxa 

  (MPa) (MPa) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (-) (-) 
R1-SCf-12-B-P1-C2_1 26.75 25.17 0.808 0.920 0.169 0.200 3.58 3.13 10.50 9.10 17.00 16.37 0.64 0.65 
R1-SCf-12-B-P1-C2_2 24.75  0.695   0.174  3.70   11.02   18.66  0.75  

R1-SCf-12-B-P1-C2_3 24.27  0.905   0.253  2.58   7.77   16.77  0.69  

R1-SCf-12-B-P1-C2_4 24.91   1.274   0.205   2.66   7.12   13.04   0.52  

R3-SCr-12-B-P1-C2_1 28.50 26.88 0.799 0.930 0.178 0.169 1.83 2.93 5.51 8.55 13.75 12.93 0.48 0.48 
R3-SCr-12-B-P1-C2_2 24.46  1.001   0.098  3.53   11.51   13.07  0.53  

R3-SCr-12-B-P1-C2_3 27.19  0.814   0.161  3.02   10.89   13.49  0.50  

R3-SCr-12-B-P1-C2_4 27.39   1.105   0.237   3.35   6.28   11.41   0.42   
R5-SC-12-G-P2-C2_1 23.31 22.85 0.657 0.549 0.079 0.026 2.20 3.42 6.90 10.30 14.14 10.20 0.61 0.45 
R5-SC-12-G-P2-C2_2 23.52  0.567   0.009  3.80   11.42   7.05  0.30  

R5-SC-12-G-P2-C2_3 22.47  0.472   0.007  3.96   11.30   13.19  0.59  

R5-SC-12-G-P2-C2_4 22.11   0.500   0.010   3.71   11.56   6.40   0.29   
R7-HWSC-12-G-P3-C2_2 22.89 21.86 0.523 0.476 0.264 0.245 11.78 10.67 16.97 17.23 12.11 11.66 0.53 0.54 
R7-HWSC-12-G-P3-C2_3 18.91  0.373   0.221  12.70   16.90   11.30  0.60  

R7-HWSC-12-G-P3-C2_4 23.78   0.531   0.250   7.52   17.80   11.58   0.49  

R10-In-12-G-P5-C2_1 18.23 18.40 0.542 0.387 0.263 0.230 10.93 10.83 14.11 15.73 5.58 5.82 0.31 0.31 
R10-In-12-G-P5-C2_2 21.37  0.309   0.231  15.03   20.19   7.28  0.34  

R10-In-12-G-P5-C2_3 20.70  0.346   0.234  13.17   18.70   6.50  0.31  

R10-In-12-G-P5-C2_4 13.29   0.353   0.193   4.21   9.94   3.91   0.29   
R12-Rb-12-G-P6-C2_1 23.96 28.36 0.716 0.688 0.580 0.559 6.99 8.11 16.81 18.40 8.32 8.21 0.35 0.29 
R12-Rb-12-G-P6-C2_2 30.95  0.724   0.494  8.43   16.04   7.84  0.25  

R12-Rb-12-G-P6-C2_3 28.04  0.473   0.437  7.07   21.21   9.13  0.33  

R12-Rb-12-G-P6-C2_4 30.50   0.841   0.724   9.98   19.53   7.55   0.25   
R13-Rb-12-G-P6-C2_1 18.23 18.09 2.344 1.936 2.116 1.747 1.51 2.70 4.72 6.21 3.63 3.92 0.20 0.22 
R13-Rb-12-G-P6-C2_2 18.38  1.453   1.194  5.05   7.39   3.96  0.22  

R13-Rb-12-G-P6-C2_3 18.77  2.319   2.180  2.75   8.25   4.09  0.22  

R13-Rb-12-G-P6-C2_4 16.98   1.626   1.497   1.48   4.48   4.00   0.24   

 

  



 

XI 

 

 

 

 
Figure 56 Pull-out test results of 8 mm bars in C1 concrete mix (For symbols see Figure 15 and Table 24) 
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Figure 57 Pull-out test results of 10 mm bars in C1 concrete mix (For symbols see Figure 15 and Table 24) 
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Figure 58 Pull-out test results of 12 mm bars in C1 concrete mix (For symbols see Figure 15 and Table 24) 
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Figure 59 Pull-out test results of 6 mm bars in C2 concrete mix (For symbols see Figure 15 and Table 24) 
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Figure 60 Pull-out test results of 8 mm bars in C2 concrete mix (For symbols see Figure 15 and Table 24) 
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Figure 61 Pull-out test results of 12 mm bars in C2 concrete mix (For symbols see Figure 15 and Table 24) 
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A.3 Bond stress-slip relationships 

   

   

   

 

Figure 62 Bond stress-slip relationships. C1 concrete mix; Ø6 bars 
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Figure 63 Bond stress-slip relationships. C2 concrete mix; Ø6 bars  

   

   

  

Figure 64 Bond stress-slip relationships. C1 concrete mix; Ø8 bars  
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Figure 65 Bond stress-slip relationships. C2 concrete mix; Ø8 bars 

 

  

0

5

10

15

20

25

30

35

0 2 4 6 8 10

Bo
nd

 s
tre

ss
 (M

Pa
)

Loaded end slip (mm)

R1 | SCf Ø8 | C2 P-O_1

P-O_2

P-O_3

P-O_4

0

5

10

15

20

25

30

35

0 2 4 6 8 10

Bo
nd

 s
tre

ss
 (M

Pa
)

Loaded end slip (mm)

R3 | SCr Ø8 | C2 P-O_1

P-O_2

P-O_3

P-O_4

0

5

10

15

20

25

30

35

0 2 4 6 8 10

Bo
nd

 s
tre

ss
 (M

Pa
)

Loaded end slip (mm)

R6 | HW Ø8 | C2 P-O_1

P-O_2

P-O_3

P-O_4

0

5

10

15

20

25

30

35

0 2 4 6 8 10

Bo
nd

 s
tre

ss
 (M

Pa
)

Loaded end slip (mm)

R8 | HWSC Ø8 | C2 P-O_1

P-O_2

P-O_3

P-O_4

0

5

10

15

20

25

30

35

0 2 4 6 8 10

Bo
nd

 s
tre

ss
 (M

Pa
)

Loaded end slip (mm)

R9 | HWSC Ø8 | C2 P-O_2

P-O_3

P-O_4

0

5

10

15

20

25

30

35

0 2 4 6 8 10

Bo
nd

 s
tre

ss
 (M

Pa
)

Loaded end slip (mm)

R10 | In Ø8 | C2 P-O_1

P-O_2

P-O_4

DT_1

DT_2

0

5

10

15

20

25

30

35

0 2 4 6 8 10

Bo
nd

 s
tre

ss
 (M

Pa
)

Loaded end slip (mm)

R1 4| St Ø8 | C2 P-O_1

P-O_2

P-O_3



 

XX 

A.4 Analytical and statistical study of the bond behaviour of FRP bars having 

different surface characteristics 

The content of this chapter includes parts of the work published in [181]. The 

determination of the parameters of bond stress-slip analytical models is presented along 

with the development of a statistical null hypothesis tests methodology and its 

application. 

A.4.1 Analytical modelling 

A.4.1.1 Calibration of the analytical models 

Parameter α (mBPE model), as well as β and sr (CMR model), were defined for both the 

loaded and free end slip curves for the ascending branches. Parameters have been 

obtained for each specimen by curve fitting the analytical model to the experimentally 

defined bond stress-slip relationships by applying the least-square error method. The 

computational process was performed by commercially available software (Eureqa v1.24, 

[201,202]). As the form of the analytical models is known, each experimental data points 

were included in the determination of the parameters of the analytical models, none were 

left for validation. 

Results are presented in Table 33 to Table 39. The specimen symbols (according to Figure 15) 

are followed by the experimentally defined bond characteristics – used as input 

parameters for the calibration of the analytical models – including the bond strength 

(τb,max) as well as the slip at loaded (sm,le) and free ends (sm,fe) corresponding to the bond 

strength. Then parameters α, β and sr are presented for both loaded and free end slip 

curves. Furthermore, the average (a) of these parameters, for the nominally identical 

specimens, are shown to ease the comparison. Related symbols and characteristics are 

explained in Table 32 and Figure 15. 

Table 32 Symbols and descriptions of characteristics reported in Table 33 to Table 39 
Symbol Description 
Specimen symbol According to Figure 15 
τb,max Bond strength 
sm,le Loaded end slip corresponding to τb,max 
sm,fe Free end slip corresponding to τb,max 
α Parameter of the mBPE model (Eq. 1) 
β Parameter of the CMR model (Eq. 4) 
sr Parameter of the CMR model (Eq. 4) 
a Average 
NA Not available 
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Table 33 Parameters of the analytical bond stress-slip models, Ø6 bars, C1 concrete mix (For notations see Table 32) 
Specimen symbol    Loaded end Free end  

τb,max sm,le sm,fe α α a β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
R1-SCf-6-B-P1-C1_1 14.23 0.352 0.178 0.307 0.395 0.477 0.885 0.108 0.103 0.169 0.153 0.310 0.308 0.031 0.026 
R1-SCf-6-B-P1-C1_2 11.06 0.311 0.161 0.525  1.876  0.061  0.159  0.391  0.015  

R1-SCf-6-B-P1-C1_3 12.52 0.305 0.119 0.422  0.699  0.106  0.152  0.324  0.018  

R1-SCf-6-B-P1-C1_4 13.83 0.346 0.162 0.325   0.486   0.136   0.131   0.207   0.039   
R2-SCf-6-G-P1-C1_1 16.22 0.434 0.258 0.396 0.394 1.316 1.055 0.068 0.079 0.169 0.158 0.362 0.262 0.028 0.037 
R2-SCf-6-G-P1-C1_2 15.23 0.365 0.180 0.417  1.085  0.070  0.104  0.159  0.047  

R2-SCf-6-G-P1-C1_3 14.27 0.425 0.228 0.368  0.660  0.119  0.214  0.230  0.052  

R2-SCf-6-G-P1-C1_4 10.15 0.307 0.125 0.396   1.160   0.058   0.144   0.298   0.019   
R3-SCr-6-B-P1-C1_1 NA NA NA NA 0.574 NA 1.359 NA 0.222 NA 0.141 NA 0.178 NA 0.140 
R3-SCr-6-B-P1-C1_2 21.35 0.826 0.282 0.648  1.795  0.208  0.203  0.280  0.066  

R3-SCr-6-B-P1-C1_3 20.16 0.746 0.278 0.524  1.162  0.195  0.103  0.116  0.174  

R3-SCr-6-B-P1-C1_4 20.62 0.863 0.342 0.549   1.120   0.261   0.117   0.137   0.180   
R4-SCr-6-G-P1-C1_1 21.28 0.539 0.248 0.543 0.500 1.603 1.321 0.119 0.121 0.189 0.192 0.306 0.323 0.062 0.059 
R4-SCr-6-G-P1-C1_2 21.28 0.544 0.217 0.575  1.632  0.124  0.166  0.238  0.072  

R4-SCr-6-G-P1-C1_3 16.29 0.612 0.304 0.460  1.104  0.148  0.186  0.321  0.062  

R4-SCr-6-G-P1-C1_4 16.26 0.386 0.202 0.423   0.945   0.093   0.228   0.426   0.042   
R5-SC-6-G-P2-C1_1 24.59 0.689 0.282 0.476 0.517 1.266 1.311 0.197 0.173 0.182 0.171 0.225 0.205 0.127 0.166 
R5-SC-6-G-P2-C1_2 22.39 0.685 0.359 0.466  1.055  0.162  0.143  0.165  0.191  

R5-SC-6-G-P2-C1_3 23.54 0.542 0.246 0.548  1.287  0.143  0.156  0.182  0.139  

R5-SC-6-G-P2-C1_4 24.15 0.756 0.430 0.576   1.636   0.188   0.204   0.247   0.207   
R6-HW-6-G-P1-C1_1 19.45 3.085 1.638 0.494 0.510 0.867 1.293 1.112 0.657 0.244 0.237 0.486 0.398 0.295 0.412 
R6-HW-6-G-P1-C1_2 22.90 3.268 2.575 0.328  0.941  0.514  0.208  0.431  0.430  

R6-HW-6-G-P1-C1_3 15.38 1.318 0.519 0.805  2.350  0.357  0.275  0.348  0.252  

R6-HW-6-G-P1-C1_4 13.87 2.788 2.049 0.412   1.015   0.646   0.221   0.326   0.671   
R7-HWSC-6-G-P3-C1_1 14.02 0.399 0.159 0.586 0.456 1.859 1.263 0.091 0.090 0.123 0.146 0.200 0.241 0.035 0.040 
R7-HWSC-6-G-P3-C1_2 14.23 0.286 0.156 0.284  0.511  0.084  0.141  0.274  0.027  

R7-HWSC-6-G-P3-C1_3 14.73 0.325 0.151 0.671  2.277  0.074  0.141  0.186  0.062  

R7-HWSC-6-G-P3-C1_4 11.36 0.262 0.146 0.283   0.403   0.112   0.177   0.304   0.035   
R8-HWSC-6-G-P4-C1_1 15.54 0.581 0.165 0.647 0.518 1.456 1.170 0.175 0.142 0.088 0.135 0.202 0.271 0.037 0.041 
R8-HWSC-6-G-P4-C1_2 15.35 0.485 0.229 0.376  0.772  0.114  0.151  0.353  0.022  

R8-HWSC-6-G-P4-C1_3 17.01 0.579 0.252 0.487  1.174  0.138  0.165  0.259  0.062  

R8-HWSC-6-G-P4-C1_4 16.97 0.508 NA 0.563   1.277   0.140   NA   NA   NA   
R9-HWSC-6-G-P4-C1_1 21.58 0.482 0.192 0.695 0.643 2.519 1.821 0.109 0.190 0.146 0.116 0.221 0.149 0.049 0.126 
R9-HWSC-6-G-P4-C1_2 17.46 0.799 0.316 0.534  1.087  0.234  0.100  0.109  0.212  

R9-HWSC-6-G-P4-C1_3 21.40 0.739 0.273 0.727  2.130  0.188  0.134  0.153  0.158  

R9-HWSC-6-G-P4-C1_4 22.71 0.859 0.207 0.615   1.549   0.230   0.084   0.111   0.083   
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Table 34 Parameters of the analytical bond stress-slip models, Ø8 bars, C1 concrete mix (For notations see Table 32) 
Specimen symbol    Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
R1-SCf-8-B-P1-C1_1 16.93 0.796 0.483 0.451 0.503 1.226 2.015 0.164 0.107 0.099 0.108 0.097 0.134 0.449 0.200 
R1-SCf-8-B-P1-C1_2 15.74 0.493 0.375 0.464  2.259  0.072  0.108  0.132  0.164  

R1-SCf-8-B-P1-C1_3 18.31 0.593 0.261 0.578  2.409  0.106  0.107  0.135  0.108  

R1-SCf-8-B-P1-C1_4 18.60 0.510 0.286 0.519   2.165   0.087   0.116   0.171   0.080   
R3-SCr-8-B-P1-C1_1 20.13 0.756 0.411 0.504 0.513 1.618 1.326 0.147 0.224 0.145 0.144 0.203 0.181 0.134 0.222 
R3-SCr-8-B-P1-C1_2 20.78 0.829 0.478 0.428  0.876  0.215  0.159  0.193  0.248  

R3-SCr-8-B-P1-C1_3 22.60 0.967 0.450 0.575  1.523  0.239  0.140  0.172  0.212  

R3-SCr-8-B-P1-C1_4 20.92 1.129 0.543 0.543   1.286   0.295   0.133   0.156   0.294   
R6-HW-8-G-P1-C1_1 14.87 1.705 1.344 0.312 0.361 0.710 0.660 0.678 0.640 0.182 0.216 0.253 0.278 1.189 0.954 
R6-HW-8-G-P1-C1_2 16.89 1.730 1.389 0.401  0.739  0.511  0.250  0.302  0.719  

R6-HW-8-G-P1-C1_3 17.86 1.849 NA 0.370  0.530  0.730  NA  NA  NA  

R6-HW-8-G-P1-C1_4 - NA - NA   NA   NA   NA   NA   NA   
R7-HWSC-8-G-P3-C1_1 20.33 0.569 0.352 0.333 0.381 0.637 0.788 0.133 0.134 0.178 0.132 0.292 0.210 0.066 0.061 
R7-HWSC-8-G-P3-C1_2 15.13 0.474 0.307 0.254  0.504  0.120  0.121  0.191  0.072  

R7-HWSC-8-G-P3-C1_3 19.35 0.494 0.146 0.557  1.222  0.149  0.098  0.148  0.043  

R8-HWSC-8-G-P4-C1_1 15.54 0.471 0.190 0.417 0.456 0.712 0.814 0.150 0.164 0.118 0.118 0.162 0.160 0.068 0.075 
R8-HWSC-8-G-P4-C1_2 15.35 0.562 0.175 0.565  1.059  0.185  0.105  0.140  0.070  

R8-HWSC-8-G-P4-C1_3 17.01 0.526 0.252 0.387  0.672  0.158  0.131  0.178  0.088  

R9-HWSC-8-G-P4-C1_1 18.51 0.312 0.179 0.405 0.482 1.355 1.405 0.047 0.073 0.153 0.132 0.254 0.204 0.046 0.069 
R9-HWSC-8-G-P4-C1_2 16.91 0.367 0.235 0.465  1.581  0.062  0.106  0.133  0.106  

R9-HWSC-8-G-P4-C1_3 22.58 0.423 0.194 0.603  1.627  0.089  0.137  0.226  0.054  

R9-HWSC-8-G-P4-C1_4 19.42 0.425 NA 0.453   1.057   0.093   NA   NA   NA   
R10-In-8-G-P5-C1_2 10.89 0.568 0.457 0.410 0.400 1.103 0.956 0.117 0.190 0.255 0.285 0.399 0.484 0.154 0.148 
R10-In-8-G-P5-C1_3 12.66 0.626 0.488 0.400  1.203  0.111  0.269  0.457  0.152  

R10-In-8-G-P5-C1_4 8.71 0.777 0.465 0.389   0.562   0.343   0.332   0.596   0.139   
R11-Rb-8-B-P6-C1_1 24.52 1.017 0.795 0.502 0.395 1.159 0.901 0.117 0.152 0.205 0.262 0.413 0.427 0.232 0.223 
R11-Rb-8-B-P6-C1_2 21.09 0.679 0.620 0.365  0.807  0.137  0.315  0.545  0.193  

R11-Rb-8-B-P6-C1_3 25.03 0.814 0.629 0.424  1.159  0.143  0.246  0.351  0.239  

R11-Rb-8-B-P6-C1_4 23.83 0.627 0.512 0.289   0.479   0.211   0.282   0.397   0.229   
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Table 35 Parameters of the analytical bond stress-slip models, Ø10 bars, C1 concrete mix (For notations see Table 32) 
Specimen symbol    Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
R1-SCf-10-B-P1-C1_1 17.19 0.636 0.232 0.637 0.632 2.022 1.791 0.138 0.139 0.122 0.123 0.151 0.169 0.086 0.076 
R1-SCf-10-B-P1-C1_2 17.13 0.594 0.219 0.637  1.420  0.171  0.125  0.180  0.072  

R1-SCf-10-B-P1-C1_3 17.05 0.592 0.220 0.647  1.957  0.137  0.127  0.176  0.076  

R1-SCf-10-B-P1-C1_4 16.08 0.478 0.208 0.608   1.765   0.110   0.118   0.168   0.069   
R2-SCf-10-G-P1-C1_1 11.31 0.468 0.178 0.607 0.521 1.647 1.405 0.115 0.118 0.112 0.102 0.188 0.153 0.036 0.064 
R2-SCf-10-G-P1-C1_2 14.46 0.598 0.269 0.465  1.102  0.141  0.081  0.110  0.086  

R2-SCf-10-G-P1-C1_3 13.11 0.374 0.148 0.594  1.878  0.081  0.084  0.129  0.042  

R2-SCf-10-G-P1-C1_4 13.85 0.633 0.310 0.417   0.991   0.135   0.132   0.184   0.094   
R3-SCr-10-B-P1-C1_1 13.77 0.885 0.393 0.528 0.515 1.081 1.259 0.254 0.194 0.123 0.127 0.158 0.163 0.168 0.152 
R3-SCr-10-B-P1-C1_2 19.66 0.783 0.304 0.541  1.255  0.215  0.127  0.172  0.118  

R3-SCr-10-B-P1-C1_3 17.57 0.791 0.348 0.498  1.178  0.189  0.119  0.145  0.170  

R3-SCr-10-B-P1-C1_4 18.44 0.634 0.336 0.493   1.523   0.116   0.140   0.176   0.153   
R5-SC-10-G-P2-C1_1 20.07 0.435 0.325 0.268 0.447 1.009 1.354 0.062 0.083 0.132 0.119 0.194 0.158 0.092 0.106 
R5-SC-10-G-P2-C1_2 20.12 0.499 0.245 0.494  1.371  0.102  0.096  0.115  0.128  

R5-SC-10-G-P2-C1_3 20.95 0.410 0.182 0.645  1.818  0.102  0.127  0.159  0.088  

R5-SC-10-G-P2-C1_4 19.25 0.453 0.352 0.382   1.219   0.067   0.119   0.165   0.117   
R7-HWSC-10-G-P3-C1_2 15.45 0.646 0.338 0.431 0.449 1.060 1.094 0.130 0.149 0.212 0.210 0.356 0.361 0.051 0.050 
R7-HWSC-10-G-P3-C1_3 19.92 0.599 0.299 0.537  1.213  0.165  0.207  0.365  0.048  

R7-HWSC-10-G-P3-C1_4 19.81 0.781 0.502 0.379   1.008   0.153   NA   NA   NA   
R9-HWSC-10-G-P4-C1_1 20.83 0.430 0.271 0.430 0.413 1.135 0.993 0.084 0.097 0.118 0.142 0.155 0.223 0.113 0.087 
R9-HWSC-10-G-P4-C1_2 17.12 0.371 0.244 0.462  1.408  0.067  0.237  0.423  0.038  

R9-HWSC-10-G-P4-C1_3 18.08 0.503 0.272 0.435  0.760  0.156  0.098  0.150  0.129  

R9-HWSC-10-G-P4-C1_4 16.10 0.396 0.205 0.326   0.669   0.083   0.114   0.162   0.066   
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Table 36 Parameters of the analytical bond stress-slip models, Ø12 bars, C1 concrete mix (For notations see Table 32) 
Specimen symbol    Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
R1-SCf-12-B-P1-C1_1 12.59 1.055 0.299 0.514 0.504 1.253 1.280 0.254 0.203 0.138 0.125 0.212 0.175 0.075 0.113 
R1-SCf-12-B-P1-C1_2 13.49 0.792 0.290 0.581  1.626  0.187  0.112  0.122  0.193  

R1-SCf-12-B-P1-C1_3 12.78 0.710 0.330 0.417  0.960  0.168  0.124  0.191  0.071  

R3-SCr-12-B-P1-C1_1 17.38 1.050 0.488 0.497 0.523 1.100 1.364 0.286 0.217 0.196 0.145 0.316 0.219 0.102 0.137 
R3-SCr-12-B-P1-C1_2 15.18 0.809 0.364 0.552  1.472  0.196  0.125  0.240  0.078  

R3-SCr-12-B-P1-C1_3 16.72 0.986 0.462 0.518  1.365  0.218  0.154  0.202  0.173  

R3-SCr-12-B-P1-C1_4 16.22 0.810 0.360 0.524   1.520   0.170   0.103   0.119   0.195   
R5-SC-12-G-P2-C1_1 19.30 0.772 NA 0.589 0.547 1.666 1.471 0.184 0.147 NA NA NA NA NA NA 
R5-SC-12-G-P2-C1_2 16.60 0.533 NA 0.446  1.337  0.095  NA  NA  NA  

R5-SC-12-G-P2-C1_3 15.88 0.544 NA 0.480  1.008  0.150  NA  NA  NA  

R5-SC-12-G-P2-C1_4 18.33 0.617 NA 0.674   1.871   0.159   NA   NA   NA   
R7-HWSC-12-G-P3-C1_1 11.86 0.975 0.581 0.388 0.442 0.889 1.105 0.191 0.192 0.113 0.145 0.179 0.208 0.256 0.198 
R7-HWSC-12-G-P3-C1_2 13.66 0.868 0.488 0.505  1.345  0.203  0.152  0.208  0.182  

R7-HWSC-12-G-P3-C1_3 13.97 0.761 0.470 0.447  1.157  0.163  0.145  0.212  0.141  

R7-HWSC-12-G-P3-C1_4 14.69 0.950 NA 0.427   1.028   0.211   0.168   0.231   0.213   
R10-In-12-G-P5-C1_1 12.91 0.792 0.652 0.299 0.347 0.711 0.907 0.132 0.129 0.240 0.233 0.444 0.368 0.159 0.181 
R10-In-12-G-P5-C1_2 12.99 0.623 0.462 0.348  1.071  0.101  0.178  0.251  0.157  

R10-In-12-G-P5-C1_3 13.22 0.636 0.506 0.398  1.129  0.110  0.251  0.387  0.167  

R10-In-12-G-P5-C1_4 9.80 0.803 0.677 0.344   0.715   0.173   0.261   0.391   0.239   
R12-Rb-12-G-P6-C1_1 15.88 1.975 1.745 0.319 0.308 0.911 0.783 0.204 0.288 0.168 0.175 0.237 0.241 0.565 0.538 
R12-Rb-12-G-P6-C1_2 13.28 1.934 1.697 0.294  0.997  0.184  0.162  0.254  0.392  

R12-Rb-12-G-P6-C1_3 16.25 1.578 1.324 0.311  0.691  0.282  0.185  0.234  0.592  

R12-Rb-12-G-P6-C1_4 15.11 1.779 1.458 0.309   0.534   0.481   0.183   0.239   0.602   
R13-Rb-12-G-P6-C1_1 15.29 1.474 1.307 0.411 0.412 0.918 1.035 0.345 0.325 0.241 0.224 0.308 0.291 0.606 0.619 
R13-Rb-12-G-P6-C1_2 15.21 2.224 1.822 0.415  1.175  0.312  0.191  0.268  0.634  

R13-Rb-12-G-P6-C1_3 15.01 1.811 1.462 0.400  0.920  0.392  0.208  0.260  0.701  

R13-Rb-12-G-P6-C1_4 16.02 1.303 1.159 0.423   1.125   0.252   0.254   0.328   0.537   

 

Table 37 Parameters of the analytical bond stress-slip models, Ø6 bars, C2 concrete mix (For notations see Table 32) 
Specimen symbol    Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
R1-SCf-6-B-P1-C2_1 33.18 1.125 0.192 0.640 0.721 1.438 1.597 0.324 0.307 0.164 0.156 0.263 0.805 0.031 0.021 
R1-SCf-6-B-P1-C2_2 30.40 1.019 0.135 0.704  1.348  0.352  0.193  0.322  0.033  

R1-SCf-6-B-P1-C2_3 30.40 0.922 0.072 0.747  2.008  0.252  0.184  0.245  0.020  

R1-SCf-6-B-P1-C2_4 32.51 0.877 0.056 0.793   1.593   0.300   0.083   2.391   0.000   
R6-HW-6-G-P1-C2_1 15.12 3.746 3.173 0.289 0.376 1.162 1.007 0.429 0.708 0.190 0.229 0.724 0.576 0.165 0.340 
R6-HW-6-G-P1-C2_2 23.39 3.870 3.274 0.336  0.957  0.649  0.208  0.412  0.488  

R6-HW-6-G-P1-C2_3 22.90 4.705 4.078 0.321  0.567  1.314  0.219  0.475  0.571  

R6-HW-6-G-P1-C2_4 23.34 1.625 0.774 0.559   1.343   0.440   0.300   0.692   0.134   
R7-HWSC-6-G-P3-C2_1 17.74 0.238 NA 0.586 0.538 1.185 1.071 0.055 0.091 NA 0.195 NA 0.330 NA 0.033 
R7-HWSC-6-G-P3-C2_2 19.27 0.293 0.133 0.569  1.194  0.085  0.175  0.281  0.037  

R7-HWSC-6-G-P3-C2_3 17.12 0.306 0.117 0.404  0.637  0.108  0.214  0.379  0.029  

R7-HWSC-6-G-P3-C2_4 19.36 0.389 NA 0.593   1.266   0.115   NA   NA   NA   
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Table 38 Parameters of the analytical bond stress-slip models, Ø8 bars, C2 concrete mix (For notations see Table 32) 
Specimen symbol    Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
R1-SCf-8-B-P1-C2_1 33.35 0.855 NA 0.725 0.734 2.104 1.949 0.220 0.228 NA 0.249 NA 0.539 NA 0.022 
R1-SCf-8-B-P1-C2_2 33.52 0.864 NA 0.759  2.060  0.236  NA  NA  NA  

R1-SCf-8-B-P1-C2_3 31.63 0.809 0.148 0.696  1.667  0.233  0.282  0.681  0.019  

R1-SCf-8-B-P1-C2_4 33.43 0.791 0.116 0.755   1.964   0.221   0.216   0.397   0.025   
R3-SCr-8-B-P1-C2_1 29.03 0.817 NA 0.722 0.708 1.926 1.806 0.225 0.228 NA 0.182 NA 0.299 NA 0.050 
R3-SCr-8-B-P1-C2_2 28.34 0.919 0.211 0.665  1.599  0.260  0.209  0.337  0.058  

R3-SCr-8-B-P1-C2_3 28.58 0.811 0.213 0.759  1.931  0.225  0.179  0.275  0.058  

R3-SCr-8-B-P1-C2_4 28.73 0.752 0.154 0.687   1.768   0.203   0.158   0.285   0.033   
R6-HW-8-G-P1-C2_1 24.59 3.145 NA 0.636 0.472 1.515 0.937 0.892 1.016 NA NA NA NA NA NA 
R6-HW-8-G-P1-C2_2 27.67 3.018 NA 0.423  0.673  1.095  NA  NA  NA  

R6-HW-8-G-P1-C2_3 26.08 3.915 NA 0.400  0.788  1.062  NA  NA  NA  

R6-HW-8-G-P1-C2_4 28.62 3.461 NA 0.427   0.773   1.016   NA   NA   NA   
R8-HWSC-8-G-P4-C2_1 25.13 2.686 1.985 0.347 0.407 0.931 0.969 0.420 0.355 0.156 0.136 0.211 0.194 0.453 0.244 
R8-HWSC-8-G-P4-C2_2 19.46 0.520 0.108 0.620  1.270  0.162  0.116  0.176  0.035  

R8-HWSC-8-G-P4-C2_3 23.81 2.445 NA 0.359  0.979  0.387  NA  NA  NA  

R8-HWSC-8-G-P4-C2_4 21.86 2.702 NA 0.300   0.696   0.451   NA   NA   NA   
R9-HWSC-8-G-P4-C2_1 17.27 1.946 1.799 0.169 0.223 0.378 0.582 0.102 0.180 0.084 0.097 0.087 0.102 1.290 1.403 
R9-HWSC-8-G-P4-C2_2 23.44 2.381 2.110 0.225  0.412  0.336  0.093  0.091  1.885  

R9-HWSC-8-G-P4-C2_3 24.68 2.072 1.840 0.261  0.868  0.143  0.105  0.119  0.952  

R9-HWSC-8-G-P4-C2_4 26.62 2.240 2.004 0.238   0.671   0.138   0.107   0.111   1.487   
R10-In-8-G-P5-C2_1 19.21 0.597 0.344 0.540 0.554 1.503 1.592 0.145 0.133 0.271 0.287 0.415 0.564 0.106 0.082 
R10-In-8-G-P5-C2_2 19.39 0.474 0.263 0.627  2.227  0.109  0.279  0.527  0.072  

R10-In-8-G-P5-C2_3 14.08 0.591 0.312 0.492  1.180  0.157  0.318  0.695  0.072  

R10-In-8-G-P5-C2_4 18.10 0.464 0.335 0.556   1.459   0.123   0.280   0.617   0.078   
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Table 39 Parameters of the analytical bond stress-slip models, Ø12 bars, C2 concrete mix (For notations see Table 32) 
Specimen symbol    Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
R1-SCf-12-B-P1-C2_1 26.75 0.808 0.169 0.568 0.561 1.152 1.268 0.246 0.273 0.093 0.091 0.141 0.135 0.054 0.069 
R1-SCf-12-B-P1-C2_2 24.75 0.695 0.174 0.521  1.559  0.148  0.061  0.088  0.056  

R1-SCf-12-B-P1-C2_3 24.27 0.905 0.253 0.575  1.353  0.243  0.078  0.096  0.121  

R1-SCf-12-B-P1-C2_4 24.91 1.274 0.205 0.578   1.007   0.453   0.131   0.215   0.047   
R3-SCr-12-B-P1-C2_1 28.50 0.799 0.178 0.945 0.654 2.279 1.425 0.245 0.287 0.134 0.166 0.217 0.249 0.054 0.055 
R3-SCr-12-B-P1-C2_2 24.46 1.001 0.098 0.474  0.834  0.320  0.175  0.194  0.063  

R3-SCr-12-B-P1-C2_3 27.19 0.814 0.161 0.555  1.231  0.229  0.145  0.212  0.060  

R3-SCr-12-B-P1-C2_4 27.39 1.105 0.237 0.643   1.357   0.353   0.208   0.373   0.041   
R5-SC-12-G-P2-C2_1 23.31 0.657 0.079 0.713 0.632 2.060 1.698 0.170 0.139 0.120 0.120 0.198 0.198 0.023 0.023 
R5-SC-12-G-P2-C2_2 23.52 0.567 0.009 0.564  1.680  0.127  NA  NA  NA  

R5-SC-12-G-P2-C2_3 22.47 0.472 0.007 0.629  1.575  0.126  NA  NA  NA  

R5-SC-12-G-P2-C2_4 22.11 0.500 0.010 0.621   1.476   0.134   NA   NA   NA   
R7-HWSC-12-G-P3-C2_2 22.89 0.523 0.264 0.306 0.302 0.551 0.640 0.148 0.135 0.095 0.112 0.186 0.183 0.078 0.076 
R7-HWSC-12-G-P3-C2_3 18.91 0.373 0.221 0.180  0.251  0.158  0.103  0.159  0.069  

R7-HWSC-12-G-P3-C2_4 23.78 0.531 0.250 0.420   1.117   0.098   0.139   0.205   0.081   
R10-In-12-G-P5-C2_1 18.23 0.542 0.263 0.212 0.232 0.321 0.527 0.212 0.129 0.220 0.222 0.462 0.428 0.061 0.057 
R10-In-12-G-P5-C2_2 21.37 0.309 0.231 0.113  0.197  0.060  0.214  0.377  0.065  

R10-In-12-G-P5-C2_3 20.70 0.346 0.234 0.112  0.133  0.166  0.214  0.423  0.052  

R10-In-12-G-P5-C2_4 13.29 0.353 0.193 0.491   1.458   0.077   0.241   0.451   0.050   
R12-Rb-12-G-P6-C2_1 23.96 0.716 0.580 0.384 0.423 0.993 1.052 0.129 0.155 0.190 0.219 0.214 0.264 0.355 0.295 
R12-Rb-12-G-P6-C2_2 30.95 0.724 0.494 0.465  0.782  0.243  0.248  0.300  0.262  

R12-Rb-12-G-P6-C2_3 28.04 0.473 0.437 0.478  1.588  0.084  0.211  0.245  0.252  

R12-Rb-12-G-P6-C2_4 30.50 0.841 0.724 0.363   0.843   0.162   0.226   0.296   0.310   
R13-Rb-12-G-P6-C2_1 18.23 2.344 2.116 0.342 0.324 1.248 0.974 0.312 0.373 0.242 0.228 0.477 0.424 0.527 0.478 
R13-Rb-12-G-P6-C2_2 18.38 1.453 1.194 0.379  0.679  0.429  0.272  0.418  0.434  

R13-Rb-12-G-P6-C2_3 18.77 2.319 2.180 0.158  0.433  0.497  0.156  0.385  0.503  

R13-Rb-12-G-P6-C2_4 16.98 1.626 1.497 0.415   1.535   0.253   0.242   0.417   0.450   
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A.4.1.2 Discussions 

In general, analytical models fit well to the experimental bond stress-slip relationships, 

typical examples are presented in Figure 66. The CMR model fits better the experimental 

data assessed by the coefficient of determination (R2). 

 

 
Figure 66 Comparison of analytical and experimental bond stress-loaded end slip relationships 

 

Scatter plot diagrams were prepared to study the influence of the involved factors. Figure 

67 to Figure 69 show the parameters α, β and sr, respectively, for loaded and free end slip 

curves. This type of illustration allows to represent all results concisely and the influence 

of different factors (surface type, concrete strength and diameter) can be observed. The 

various surface types are distinguished by different symbols, SC with a triangle, HW with 

a cross, HWSC with a circle, In with a diamond and Rb with a square. Hollow symbols 

represent the C1, whereas C2 concrete mix is characterised by solid symbols. Finally, 

colours are applied in cases when a given surface category contains multiple different 

bars. 
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Figure 67 Calibrated parameters (α) for loaded (left) and free end (right) curves.  

Note: for better readability, the scale of ordinate axes differ and symbols are spread horizontally 

 

  
Figure 68 Calibrated parameters (β) for loaded (left) and free end (right) curves.  

Note: for better readability, the scale of ordinate axes differ and symbols are spread horizontally 
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Figure 69 Calibrated parameters (sr) for loaded (left) and free end (right) curves  

Note: for better readability, symbols are spread horizontally 

The influence of the bar diameter on the analytical parameters was evaluated [54] based 

on a study of the bond behaviour of GFRP bars having a surface deformed by helical 

wrapping and coated with sand. It was concluded, that α and β are inversely, while sr is 

directly correlating with the diameter. To ease the visual observation of assessing 

whether the bar diameter has the same influence on the analytical parameters in case of 

the bars used in this study, the previously presented diagrams (Figure 67 to Figure 69) 

were split based on surface category.  

Figure 70 shows two typical diagrams. Figures suggest that the influence of bar diameter 

described in [54] is not supported by the results of this thesis if bars have sanded surfaces 

(SC and HWSC). In the case of the indented bars the influence of diameter for α and β was 

confirmed, but not for sr. Whereas, for HW bars no consistent tendency was observed. No 

observation could be made for the Rb bars, due to the experimental matrix. Since the 

previously reported [54] influence of the bar diameter was only confirmed for indented 

bars of which only two different diameter sizes were considered in this study, it was 

decided not to count for the influence of the bar diameter in the following analysis. Thus, 

a concise summary of the analytical parameters is possible to be presented in Figure 71 

to Figure 73 for α, β and sr, respectively. Furthermore, the average results are presented 

in Table 40. 
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Figure 70 Calibrated parameters (α) for loaded end curves: SC bars (left) and HWSC bars (right) 

Note: for better readability, symbols are spread horizontally 

 
Figure 71 Influence of surface category on the analytical parameter α  

Note: for better readability, symbols are spread horizontally 

 
Figure 72 Influence of surface category on the analytical parameter β  

Note: for better readability, symbols are spread horizontally 
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Figure 73 Influence of surface category on the analytical parameter sr 

Note: for better readability, symbols are spread horizontally 

Table 40 Parameters of the analytical bond stress-slip models (averaged by diameters) 
 C1 concrete mix  C2 concrete mix 
 αle αfe βle βfe sr,le sr,fe  αle αfe βle βfe sr,le sr,fe 
 (-) (-) (-) (-) (mm) (mm)  (-) (-) (-) (-) (mm) (mm) 
Sand coated (SC) 0.500 0.147 1.350 0.219 0.141 0.102  0.662 0.153 1.639 0.322 0.222 0.037 
Helically wrapped (HW) 0.435 0.227 0.976 0.338 0.648 0.683  0.424 0.229 0.972 0.576 0.862 0.340 
Helically wrapped and 
SC (HWSC) 0.477 0.138 1.154 0.221 0.138 0.080  0.350 0.129 0.802 0.184 0.216 0.567 

Indented (In) 0.373 0.259 0.931 0.426 0.160 0.164  0.393 0.255 1.060 0.496 0.131 0.069 
Ribbed (Rb) 0.372 0.220 0.906 0.320 0.255 0.460  0.373 0.223 1.013 0.344 0.264 0.387 

Figure 71 is an important outcome of the study. The influence of surface category, concrete 

strength and type of curve (loaded or free) can be observed for parameter α. It is worth 

highlighting that the results of 184 samples are summarized in the figure for both αle and 

αfe. Several important observations can be made. Tendencies are especially clear for the free 

end curves. The solid symbols are at the very same level as their hollow counterparts, 

representing that the concrete strength does not influence the analytical parameters. 

Sanded bars (SC and HWSC) show lower values than those of deformed bars (HW, In and Rb). 

The adhesion component of the bond is higher for bars having sand coated surfaces [111], 

the higher the adhesion the stiffer the ascending branch of the bond stress-slip (free end) 

curve, which in turn results in lower values of parameter αfe of the mBPE model. However, in 

case of the loaded end parameters, αle becomes lower compared to those of deformed bars.  

Observations made for parameters α are generally valid for parameter β, notwithstanding 

some deviations. A possible explanation for the few deviations is that the CMR model has 

two parameters which interact. 
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As parameters α and β appears not to be influenced by the concrete strength the averaged 

results — by concrete strength — of Table 40 are presented in Table 41. Although the 

averaged values are defined for parameters sr as well, care should be taken when using 

those results since Figure 73 reveals less independence of those values of the concrete 

strength. 

As it was demonstrated above, parameters α and β tend to be considerably different for 

sanded and deformed bars, hence Table 42 presents the averaged – based on surface 

category – results of Table 41. 

In the next chapter statistical analysis are performed with the aim of disclosing the 

statistical significance of the above graphical observations and to disclose possible 

interactions among the influence of different factors. By building a statistical model the 

influence of different factors on the analytical models can be quantified with given 

confidence intervals (e.g., 95%). Furthermore, the influence of the involved factors on 

bond characteristics (e.g., bond strength) can be studied as well. 

Table 41 Parameters of the analytical bond stress-slip models (values of Table 40 averaged by concrete mixes) 
 αle αfe βle βfe sr,le sr,fe 
 (-) (-) (-) (-) (mm) (mm) 
Sand coated (SC) 0.581 0.150 1.495 0.270 0.181 0.070 
Helically wrapped (HW) 0.430 0.228 0.974 0.457 0.755 0.511 
Helically wrapped and SC (HWSC) 0.414 0.133 0.978 0.202 0.177 0.323 
Indented (In) 0.383 0.257 0.996 0.461 0.145 0.117 
Ribbed (Rb) 0.372 0.222 0.959 0.332 0.259 0.423 

Table 42 Parameters of the analytical bond stress-slip models (values of Table 41 averaged by surface 
deformations) 

 αle αfe βle βfe sr,le sr,fe 
 (-) (-) (-) (-) (mm) (mm) 
Sanded FRP bars 0.497 0.142 1.236 0.236 0.179 0.197 
Deformed FRP bars 0.395 0.235 0.976 0.416 0.387 0.351 

A.4.2 Statistical analysis 

Statistical methodology and analyses are presented in this chapter on the experimental 

bond characteristics (presented in Ch. 3) and analytical parameters defined in the 

previous subchapter to identify those factors whose influence is statistically meaningful. 

Moreover, the joint effect (interaction) of involved factors are analysed, that is whether 

the effect of a given factor depends on the level of another factor [203]. It is studied 

whether the influence of bar surface characteristics is in interaction with other factors. 

The complexity of the developed statistical model allows analysing the effect of other 

factors (concrete strength, bar diameter) as well. 
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A.4.2.1 Database  

The database was formed containing the experimentally defined bond characteristics and 

the calibrated analytical parameters for all specimens. Bond failure mode was the same 

(pulling out of the bars from the concrete block) thus no data point had to be excluded 

from the statistical analysis. Hence, the database consists of the results of 184 specimens 

(steel bars are not considered). Independent factors are concrete strength (C1 and C2 

mixes, having 35 and 65 MPa average compressive strength), diameter (6, 8, 10 and 

12 mm) and bar surface characteristics. Bar surface was characterized depending on the 

aim of the relevant study. In general, the surface was categorized into the following five 

main categories, in accordance with [15]: sand coated (SC), helically wrapped (HW), 

helically wrapped and sand coated (HWSC), indented (In) and ribbed (Rb). However, to 

study if there is a statistically significant difference among the results for bars within the 

same surface category (e.g., sand coated surface with different grain sizes), the above 

mentioned main surface categories were divided into subcategories, such as SC into normal 

(SC: R5), fine (SCf: R1 and R2) and coarse (SCr: R3 and R4) sand coating; Rb to type 1 (R12) 

and type 2 (R13) rib geometry. 

Most of the available literature (e.g., [14,15,98]) consider the influence of different 

parameters – on the bond strength – as a multiplicative factor rather than an additive one 

(e.g., [10,22]). Furthermore, guidelines [14,15] provide a multiplicative factor to account 

for the influence of surface characteristics. Hence, statistical analysis was performed to 

find multiplicative relationships between the independent and dependent factors. For 

this, the database was transformed by natural logarithm [191]. After analysis, the results 

are transformed back by the exponential function to be interpreted for the original 

database. 

A.4.2.2 Statistical test details 

Three-way ANOVA statistical null hypothesis testing was chosen to analyse the influence 

of the involved factors by building a comprehensive model. ANOVA is a powerful 

statistical method to analyse experimental data. It divides the observed variance into 

different components to perform significance tests. Its result is called statistically 

significant if it is considered unlikely to have occurred by chance, due to random effects. 

A result is called statistically significant when the calculated probability is less than a 

defined threshold, hence the null hypothesis can be rejected. The null hypothesis, 

generally, is that there is no difference among the different levels of the given factor or 
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that the studied factor (independent variable) has no effect on the dependent variable 

(e.g., bond characteristics). To reject the null hypothesis during statistical analysis a 

significance level of 0.05 was considered in this study. If the null hypothesis is rejected, 

the significance level has an important meaning: the smaller the value, the stronger the 

rejection. Statistical analyses were carried out using IBM SPSS Statistics (v26) software 

[190]. 

Independent factors (concrete strength, bar diameter and surface) were considered as 

discrete variables. Taking into account the effect of concrete strength as a discrete 

parameter, the average values of the concrete compressive strength was considered. 

There are basic requirements that must be fulfilled to obtain meaningful results of an 

ANOVA test. Six assumptions need to be considered. The first assumption is fulfilled, as 

there is one continuous dependent variable (e.g., bond strength). While, the second is 

satisfied since the independent variables consist of two or more categorical, independent 

groups (e.g., concrete of C1 or C2 mix). Furthermore, the assumption (Nº3) of 

independence of observations (experimental results) is satisfied. The fourth assumption 

is dealing with the outliers. The fifth assumption provides that the dependent variable 

should be approximately normally distributed for each group of the independent variable. 

Whilst, in the sixth assumption the homogeneity of variances (i.e., the variance is equal in 

each group of the independent variable) are examined. 

By applying the Welch's version of the ANOVA along with Games-Howell pairwise 

comparisons, analyses are meaningful even if the assumption of homogeneity of variance 

is not met, hence in this study this version was considered. Furthermore, the employed 

test is considered robust against moderate violations of the assumption that the 

dependent variable is normally distributed within the groups especially when the sample 

size is large [204,205]. The robustness against a possible violation of normality of the 

statistical test might be further improved by applying the bootstrap statistical tool. Thus, 

in this study bootstrap (stratified) was applied by generating one thousand random 

datasets. The bootstrap approach allows using the software to emulate the process of 

obtaining new sample sets. Rather than repeatedly obtaining independent datasets from 

the population, distinct datasets are obtained by repeatedly sampling observations from the 

original dataset [206]. Non-normality does not affect Type I error rate substantially [168]. 
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The database was checked for possible outliers through boxplot diagrams. Any data 

points that are further than 1.5 box-lengths from the edge of the box are categorized as 

outliers, while those that are more than 3 box-lengths away are labelled as extreme points [205]. 

The body of the box represents the interquartile range, between the 25th and 75th 

percentiles.  

Due to experimental (e.g., not every bar is available in each diameter) and time constraints 

there are empty cells in the analysis matrix as not each possible experimental 

combination were tested. This is addressed by running the statistical analysis using Type 

IV sums [168,172].  

During statistical analysis, the following methodology was applied. First, the full factorial 

statistical analysis — containing all the main factors and their 2 and 3-way interactions — 

is run. Then, the significance levels are analysed starting from the 3-way interaction. If the 

interaction is not statistically significant it is excluded from the model. Next, the 2-way 

interactions are analysed and excluded stepwise starting with the highest significance 

level. If the 3-way interaction is statistically significant, all interactions are kept in the 

model. Finally, the results are summarized and analysed. 

In the following — based on the above-defined methodology — statistical analysis of the 

bond strength results is presented. Furthermore, based on the graphical observations an 

analysis on the parameter of the ascending branch of the mBPE analytical bond stress-slip 

model (i.e., α) is reported when the bar surfaces are categorized as sanded or deformed 

(non-sanded) to define values for the parameter α with 95% CI (confidence interval). 

A.4.2.3 Analysis of the bond strength 

Inspecting the boxplot diagrams prepared for the transformed database based on the five 

main surface categories (SC, HW, HWSC, In and Rb), the different concrete mixes (C1 and 

C2) and the diameters (6, 8, 10 and 12) separately, outliers were found only in case of C1 

mix and 8 mm-diameter bars. In fact, both of them represent the same specimen  

R10-In-8-G-P5-C1_4. No extreme points were observed. Since the applied ANOVA test is 

considered fairly robust to outliers and because the data points are only slightly away 

from the boxplot whiskers, it was decided not to remove it from the analysis. 

Table 43 shows the 3-way ANOVA test results for bond strength. In particular, F indicates 

the value of the test statistic, df specifies the degrees of freedom, whereas p represents 

the statistical significance (p-value). The Type IV sum of squares is characterized by SS, 
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while the mean square by MS. SS is the sum of the squares of the deviations of all the 

observations (i.e., individual bond strengths) from their mean. MS is obtained by dividing 

SS by the corresponding df. In literature, the most reported estimation of effect size for 

ANOVA is Eta squared (η2), which is also presented in the table. It can also be interpreted 

in terms of percentage as the variance accounted for by the given variable [207]. 

Furthermore, the power of the statistical test is given as well. The power can be 

interpreted as the probability of correctly rejecting a false null hypothesis [168]. 

Table 43 ANOVA test results of the transformed database: bond strength  
  SS df MS F p η2 Power 

Intercept 783.256 1 783.256 26793.509 0.000 59.437 1.000 
Concrete 3.662 1 3.662 125.254 0.000 0.278 1.000 
FRP Surface 2.23 4 0.557 19.069 0.000 0.169 1.000 
Diameter 0.62 3 0.207 7.065 0.000 0.047 0.979 
Concrete * FRP Surface 0.419 4 0.105 3.581 0.008 0.032 0.864 
FRP Surface * Diameter 0.528 6 0.088 3.011 0.008 0.040 0.899 
Error 4.590 157 0.029     0.348   
Total 1529.199 176           
Corrected Total 13.178 175           

The 3-way interaction was found not to be statistically significant. Two 2-way interactions 

are significant, between the influence of FRP bar surface and diameter as well as between 

FRP bar surface and concrete strength. The statistical model presents a moderate 

determination coefficient (R2=0.652). Considering that not all bond affecting parameters 

[15] are included in this study, the model indicates a good correlation with the 

experimental data. The value of 0.652 represents that the involved parameters and their 

interactions explain 65.2% of the variation of the bond strength. The effect of each factor 

and interactions are given by η2 (Table 43). 
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Figure 74 Interaction plots between parameters of the study: FRP bar surface and concrete strength (left); 
FRP bar surface and diameter (right) – diameters are in millimetres 

The statistical significance of 2-way interactions (Table 43, Figure 74) emphasises that 

the influence of involved parameters (bar surface, diameter and concrete strength) 

cannot be interpreted as stand-alone coefficients but they have to be defined in synergy 

with the influence of other parameters. 

As the influences of FRP surface and concrete strength are in interaction, the bond 

strength increase due to the concrete compressive strength increase was defined 

separately for each surface category (Table 44). The table shows the results for the 

transformed database as well as for the original one. The estimated bond strength values 

are provided separately for the higher (τb,max,C2) and lower (τb,max,C1) strength concrete mixes 

for the original database. Furthermore, their ratios, along with the 95% confidence interval 

values (CI 95%) are given. Indeed, the concrete strength has a different effect on the bond 

strength depending on the bar surface. Surprisingly, the highest influence is shown for the 

SC bars (also with the narrowest CI). The lowest influence is observed from HWSC bars.  

In literature, the bond strength is often considered to be linearly proportional to the 

square root of the concrete compressive strength (e.g. [15]). Hence the results provided 

by the statistical model were fitted to consider the aforementioned relationship, the 

coefficients are presented in the last column of Table 44.  

Table 44 ANOVA test results: FRP surface and concrete interaction 
Bar Transformed database   Original database   
surface τb,max,C2 τb,max,C1 τb,max,C2-τb,max,C1 CI 95%   τb,max,C2 

(MPa) 
τb,max,C1 

(MPa) 
τb,max,C2/τb,max,C1 

(-), kfc 
CI 95% (-) *𝑓𝑓𝑐𝑐0.5 

HW 3.161 2.846 0.315 0.159 0.457   23.59 17.22 1.37 1.17 1.58 2.93 
In 2.88 2.434 0.446 0.286 0.598   17.81 11.40 1.56 1.33 1.82 2.12 
Rb 3.336 2.942 0.394 0.225 0.562   28.11 18.95 1.48 1.25 1.75 3.07 
SC 3.338 2.838 0.501 0.438 0.563   28.17 17.07 1.65 1.55 1.76 3.32 
HWSC 3.049 2.816 0.233 0.156 0.304   21.09 16.71 1.26 1.17 1.36 2.68 

The influences of FRP surface and diameter are in interaction as well. Based on the 

statistical model a matrix to account for the effect of bar surface and diameter on the bond 

strength is prepared (Table 45). The values represent multiplicative factors, hence the 

higher the value, the higher the bond strength for the corresponding bar surface and 

diameter combination. For instance, by looking at the values belonging to 6 mm-diameter 

bars, one can easily notice that the highest bond strength is provided by the SC surface. 

This is in agreement with [15]. However, according to the model, the bond strength does 
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not linearly decrease as the diameter increases. The 8 mm-diameter bars show deviation, 

they appear to be larger than those of 6 mm. 

Table 45 ANOVA test results: Factors for the FRP bar surface and diameter interaction (factor ks,Ø) 
   Diameter (mm)      

Surface type  6 8 10 12 

HW  0.879 0.967 0.944 0.802 

In  0.614 0.568 0.632 0.809 

Rb  0.987 1.181 1.015 0.605 

SC  1.000 1.074 0.945 0.875 

HWSC  0.859 0.941 1.227 0.805 

Based on the coefficients reported in Table 45 an analysis was run to find suitable 

equations to model the relationships. These equations are reported in Table 46, alongside 

with the goodness of the fit (determination coefficient, R2). As the linear expression 

provided poor fit, polynomial, second-degree expressions are given. As the bar diameter 

is inversely proportional to the bond strength, proposed expressions appear in 

denominator.  

The statistical model for the bond strength is summarized in Eq. 11. 

𝜏𝜏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐 ∙ 𝑘𝑘𝑓𝑓𝑐𝑐 ∙ 𝑘𝑘𝑠𝑠,Ø (11)  

Where c represents the bond strength of the reference experimental combination that is 

the bond strength of an SC, 6 mm-diameter bar in C1 concrete mix (18 MPa). 𝑘𝑘𝑓𝑓𝑐𝑐 is the 

factor to consider the influence of concrete strength, it is 1 for C1 concrete mix and it is given 

in Table 44 for C2 mix, depending on the surface type. Whereas, the factor to account for 

the joint influence of bar surface and diameter is provided by 𝑘𝑘𝑠𝑠,Ø (Table 45 and Table 46).  

The presented equation for bond strength (Eq. 11) can be further developed by including 

multiplicative factors for other bond influencing parameters such as embedded length, 

fibre type etc. 

Table 46 Formulae to account for the effect of bar diameter on the bond strength 
Surface type  Equation R2 

HW  
1

2.34 + 0.0181 ∙ Ø2 − 0.309 ∙ Ø 0.997 

In  
1

1.84 − 0.0034 ∙ Ø2 0.718 

Rb  
1

0.747 + 0.0038 ∙ Ø2 0.468 
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SC  
1

0.934 + 0.0015 ∙ Ø2 0.638 

HWSC  
1

3.6 + 0.0314 ∙ Ø2 − 0.583 ∙ Ø 0.628 

For graphical comparison of the appropriateness of the developed model Figure 75 is 

prepared where the results are plotted according to the main surface categories. The 

model (“mod”) provides good agreement with the experimental (“exp”) data, slightly 

overestimating the bond strength in C2 mix for bars having Rb or SC surfaces. 

 
Figure 75 Comparison of experimental (“exp”) and model (“mod”) results 

Based on the above-presented methodology, statistical analysis can be performed for any 

other bond characteristics (e.g., loaded and free end slips, representative bond stresses) 

or parameters of the analytical models. 

A.4.2.4 Variance of the bond strength within the same surface category 

It was revealed in Ch. 3 that bond strength results vary within large limits for bars 

belonging to the same surface category. In this chapter, the statistical significance of these 

differences is studied. To this end, only parts of the previously defined database are used. 

Two datasets are built, the first containing the results for SC bars, while the second 

includes the ones for Rb.  

Based on the grain sizes of the applied sand, SC bars are characterized into three groups: 

fine (SCf: R1 and R2 bars), coarse (SCr: R3 and R4 bars) and SC (R5 bar). Rb bars are 

categorized into two groups (R12 bars with Rb1 and R13 with Rb2 surface) based on the 

rib geometry. 

Running ANOVA tests – in addition to interactions – statistically significant differences 

were disclosed among the bond strength results of bars having the same surface category 
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but different surface geometries. This also highlights that taking into account the effect of 

bar surface on the bond strength by a parameter defined based solely on the surface 

category might lead to inaccurate estimations in some cases. 

A.4.2.5 Analysis of the analytical parameters 

In the previous chapter, it was graphicaly observed (e.g., Figure 71) that sanded and  

non-sanded bars appear to show distinct values of the parameters of the analytical bond 

stress-slip models (e.g., α). In this chapter statistical analysis is run to observe whether 

this difference is statistically significant and also to observe if other factors (i.e., bar 

diameter and concrete strength) have a significant effect. Furthermore, interactions 

among the involved factors are analysed as well.  

The previously presented database and statistical methodology were applied. The only 

difference consists of re-categorising the independent variable of the bar surface to 

sanded and deformed (i.e., non-sanded) categories. 

Herein, results for the parameter of the mBPE model for the free end slip curves (αfe) are 

presented (Table 47) and discussed, however, the analysis can be run for any other 

parameter. 

There was no significant interaction, thus Table 47 contains only the main factors. 

Conclusion of the graphical observations – that the concrete strength does not influence αfe – 

was confirmed by the statistical analysis (p=0.559). 

The statistical model presents a moderate determination coefficient (R2=0.513). Not all 

bond affecting parameters [15] are included in this study, as previously noted, hence the 

model indicates reasonable correlation. 51.3% of the variation of the αfe are explained by 

the involved parameters. The size effect of each factor is given by η2 (Table 47). The 

surface of the FRP bars explains 44% of the variability. Contrary to graphical 

observations, the influence of bar diameter was found statistically significant on αfe, 

however, it explains only 3.9% of the variance in αfe. The diameter is inversely 

proportional to αfe, which is in line with [54]. 

Table 47 ANOVA test results of the transformed dataset: αfe (R2=0.513) 
 SS df MS F p η2 Power 
Intercept 273.284 1 273.284 4329.096 0.000  1.000 
Concrete 0.022 1 0.022 0.344 0.559 0.001 0.090 
FRP Surface 8.437 1 8.437 133.646 0.000 0.440 1.000 
Diameter 0.745 3 0.248 3.932 0.010 0.039 0.822 
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Error 9.343 148 0.063     

Total 543.600 154      

Corrected Total 19.187 153      

 

As the effect of diameter is relatively low, for the sake of simplicity results (αfe) of the 

statistical model can be differentiated only by the surface category providing the 

following mean values (original dataset): 0.134 (95% CI of 0.126 to 0.143) and 0.234 

(95% CI of 0.222 to 0.249) for sanded and deformed bars, respectively, and a ratio of 1.747 

(95% CI of 1.621 to 1.889). Hence, on average, αfe values for deformed bars are 1.75 times 

higher than those of sanded bars. Furthermore, the difference between the average values 

of αfe for the sanded and deformed bars is statistically significant. 

In the case of αle neither the concrete strength nor the bar diameter but only the bar 

surface has a significant effect. Results for sanded and deformed bars are 0.493 (95% CI 

of 0.464 to 0.528) and 0.379 (95% CI of 0.346 to 0.416), respectively having a ratio of 

1.300 (95% CI of 1.165 to 1.459). Thus, in case of loaded end curves sanded bars show 

higher α values by 30% on average. 

The above values show good agreement with those defined by averaging the analytical 

parameters (Table 42). 

A.4.3 Conclusions 

The influence of the bar surface on the bond behaviour of FRP bars was studied in this 

subchapter. Additional parameters involved the concrete compressive strength 

(approximately 35 and 66 MPa) and bar diameter (6 to 12 mm), resulting in a total of 184 

pull-out tests. FRP bars had various surface categories, such as sand coated (SC), helically 

wrapped (HW), helically wrapped and sand coated (HWSC), indented (In) and ribbed 

(Rb). Furthermore, bars could be differentiated within some of the main surface 

categories – such as SC and Rb – based on the surface geometry. For SC bars the grain sizes 

of the applied sand were characterized into three groups: fine (SCf: R1 and R2 bars), 

coarse (SCr: R3 and R4 bars) and SC (R5 bar). Rb bars are categorized into two groups 

(R12 bars with Rb1 and R13 with Rb2 surface) based on the rib geometry. 

First, the parameters of the two most often used analytical models (i.e., mBPE and CMR) 

for the bond stress-slip relationship were defined (ascending branch only) based on the 

experimental results presented in Ch. 3. That was followed by graphical observations and 
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discussions. Then, a robust statistical methodology was presented that allows studying 

the statistical significance of the influence of involved factors (i.e., FRP bar surface and 

diameter and concrete strength) and their interactions, both on the experimental bond 

characteristics and on the analytical parameters. As statistical test the 3-way ANOVA was 

applied. Main conclusions are as follows. 

• Parameters of mBPE and CMR analytical models were defined for all tests. 

Parameters are not influenced by the concrete strength. Values for the free end slip 

curves were consistently lower than for the loaded end (α and β). Bars with SC 

surface had considerably lower α values than those of deformed bars for free end 

slip. This can be explained by the larger adhesion component of bond for the SC 

bar, which makes the bond stress-slip curves stiffer. 

• The defined analytical models fit well the experimental data. Overall, the CMR 

model shows higher accuracy as assessed by the coefficient of determination R2.  

• The significant effect of the bar surface on the bond strength was confirmed by the 

statistical analysis. Furthermore, the influence of the bar surface is in statistically 

significant 2-way interaction with both of the other involved parameters (i.e., bar 

diameter and concrete strength). For instance, bond strength of 12 mm diameter 

indented R10 bars were consistently higher than those of 8 mm R10 bars in both 

concrete mixes that can be explained by the larger geometrical ratios of Ø12 bars (e.g., 

CLR of 0.27 vs. 0.42). 

• Statistically significant difference was observed among the bond strength results 

of bars belonging to the same surface category but having different surface 

finishes. SC bars with different grain sizes show significantly different results. Rb 

bars, having different rib geometries, develop significantly different bond strength in 

C2 concrete mix. 

• The statistical significance of 2-way interactions and the significant variation 

within the same surface category emphasises that the influence of bar surface 

cannot be accounted for by stand-alone coefficients (e.g., k5 in CSA S806 12 [15]) 

but they have to be defined in synergy with other parameters. 

• The approach of the CSA S6-06 [28], to consider the effect of surface 

characteristics, appears more appropriate, however limiting it to the bond 

strength of steel bars with the similar cross-sectional area might be too strict based 
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on the results of this thesis (FRP bars overperformed the steel bars in terms of 

bond strength).  

• Based on the statistical model, factors are proposed — separately for each surface 

categories — to consider the influence of concrete strength on the bond strength. 

Furthermore, 95% CI (confidence interval) values are defined for the proposed 

factors. Moreover, factors to account for the synergic influence of bar surface and 

diameter are provided.  

• Values for the parameter (α) of the mBPE model are proposed both for loaded and 

free end slips. The concrete strength has no significant influence on the parameters, 

while the influence of bar diameter is only significant for αfe. However, no more than 

3.9% of the variation of αfe can be explained by the diameter. 

• The adhesion component of the bond is higher for bars having SC surfaces, the 

higher the adhesion the stiffer the bond stress-slip (free end) curve is, which in 

turn results in lower values of the parameter αfe of the mBPE model. 

• For αfe the statistical model provided the following mean results for sanded and 

deformed bars, respectively: 0.134 (95% CI of 0.126 to 0.143) and 0.234 (95% CI 

of 0.222 to 0.249). Hence, on average, αfe values for deformed bars are 1.75 times 

higher than those of sanded bars.  

• For αle the statistical model provided the following mean results for sanded and 

deformed bars, respectively: 0.493 (95% CI of 0.464 to 0.528) and 0.379 (95% CI 

of 0.346 to 0.416). Thus, on average, αle values for sanded bars are 1.3 times higher 

than those of deformed bars. 

• Thus the following values are recommended (based on surface category) to model 

the ascending branch of the bond stress-slip curve: αfe,sanded = 0.134, 

αfe,deformed = 0.234, αle,sanded = 0.493 and αfe,deformed = 0.379. 

 

  



 

XLIV 

 

 

 

APPENDIX B: 

EFFECT OF AIR-ENTRAINED CONCRETE 

 

The content of this appendix includes parts of the work published in [182,208]. 
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B.1 Test results 

Table 48 Experimental results for lower strength concrete (C1 and C1A) 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea   Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea 

 (MPa) (MPa) (mm) (mm) (mm) (mm)     (MPa) (MPa) (mm) (mm) (mm) (mm) 
B1-SC-10-C-P1-C1_1 10.39 10.27 0.104 0.076 0.029 0.032   B1-SC-10-C-P1-C1A_1 11.18 11.72 0.103 0.173 0.032 0.062 
B1-SC-10-C-P1-C1_2 9.89   0.077   0.035     B1-SC-10-C-P1-C1A_2 11.94   0.203   0.109   
B1-SC-10-C-P1-C1_3 10.56   0.065   0.025     B1-SC-10-C-P1-C1A_3 10.98   0.181   0.035   
B1-SC-10-C-P1-C1_4 10.25   0.058   0.038     B1-SC-10-C-P1-C1A_4 12.78   0.204   0.071   
B1-SC-12-C-P1-C1_1 17.15 16.45 0.456 0.517 0.101 0.170   B1-SC-12-C-P1-C1A_1 15.79 15.10 1.076 0.482 0.249 0.195 
B1-SC-12-C-P1-C1_2 17.45   0.292   0.148     B1-SC-12-C-P1-C1A_2 15.72   0.227   0.114   
B1-SC-12-C-P1-C1_3 15.98   0.393   0.195     B1-SC-12-C-P1-C1A_3 14.33   0.329   0.176   
B1-SC-12-C-P1-C1_4 15.21   0.925   0.236     B1-SC-12-C-P1-C1A_4 14.56   0.297   0.241   
B2-SC-6-G-P1-C1_1 24.59 23.67 0.689 0.668 0.282 0.329   B2-SC-6-G-P1-C1A_1 16.70 19.12 0.489 0.560 0.252 0.282 
B2-SC-6-G-P1-C1_2 22.39   0.685   0.359     B2-SC-6-G-P1-C1A_2 19.02   0.770   0.498   
B2-SC-6-G-P1-C1_3 23.54   0.542   0.246     B2-SC-6-G-P1-C1A_3 19.96   0.434   0.215   
B2-SC-6-G-P1-C1_4 24.15   0.756   0.430     B2-SC-6-G-P1-C1A_4 20.82   0.546   0.164   
B2-SC-10-G-P1-C1_1 20.07 20.10 0.435 0.449 0.325 0.276   B2-SC-10-G-P1-C1A_1 19.03 18.06 0.545 0.497 0.386 0.376 
B2-SC-10-G-P1-C1_2 20.12   0.499   0.245     B2-SC-10-G-P1-C1A_2 16.92   0.503   0.341   
B2-SC-10-G-P1-C1_3 20.95   0.410   0.182     B2-SC-10-G-P1-C1A_3 18.46   0.364   0.273   
B2-SC-10-G-P1-C1_4 19.25   0.453   0.352     B2-SC-10-G-P1-C1A_4 17.85   0.577   0.505   
B2-SC-12-G-P1-C1_1 19.30 17.53 0.772 0.616 NA NA   B2-SC-12-G-P1-C1A_1 17.73 18.16 0.502 0.525 0.188 0.229 
B2-SC-12-G-P1-C1_2 16.60   0.533   NA     B2-SC-12-G-P1-C1A_2 18.10   0.582   0.276   
B2-SC-12-G-P1-C1_3 15.88   0.544   NA     B2-SC-12-G-P1-C1A_3 18.63   0.426   0.202   
B2-SC-12-G-P1-C1_4 18.33   0.617   NA     B2-SC-12-G-P1-C1A_4 18.18   0.591   0.251   
B3-HWSC-6-C-P2-C1_1 22.38 23.05 0.278 0.316 0.165 0.232   B3-HWSC-6-C-P2-C1A_1 19.94 19.14 0.224 0.347 0.161 0.239 
B3-HWSC-6-C-P2-C1_2 25.55   0.413   0.358     B3-HWSC-6-C-P2-C1A_2 23.48   0.295   0.223   
B3-HWSC-6-C-P2-C1_3 22.38   0.300   0.258     B3-HWSC-6-C-P2-C1A_3 16.66   0.485   0.369   
B3-HWSC-6-C-P2-C1_4 21.89   0.273   0.146     B3-HWSC-6-C-P2-C1A_4 16.48   0.384   0.203   
B3-HWSC-10-C-P2-C1_1 22.24 21.45 0.651 0.657 0.354 0.302   B3-HWSC-10-C-P2-C1A_1 13.96 16.63 0.436 0.584 0.245 0.242 
B3-HWSC-10-C-P2-C1_2 19.44   0.752   0.360     B3-HWSC-10-C-P2-C1A_2 19.15   0.667   0.259   
B3-HWSC-10-C-P2-C1_3 21.07   0.559   0.270     B3-HWSC-10-C-P2-C1A_3 16.59   0.805   0.306   
B3-HWSC-10-C-P2-C1_4 23.04   0.667   0.225     B3-HWSC-10-C-P2-C1A_4 16.82   0.427   0.158   
B4-HWSC-6-G-P2-C1_1 21.58 20.79 0.482 0.720 0.192 0.247   B4-HWSC-6-G-P2-C1A_1 21.21 17.70 1.312 0.720 1.055 0.417 
B4-HWSC-6-G-P2-C1_2 17.46   0.799   0.316     B4-HWSC-6-G-P2-C1A_2 20.91   0.713   0.185   
B4-HWSC-6-G-P2-C1_3 21.40   0.739   0.273     B4-HWSC-6-G-P2-C1A_3 13.59   0.329   0.237   
B4-HWSC-6-G-P2-C1_4 22.71   0.859   0.207     B4-HWSC-6-G-P2-C1A_4 15.09   0.527   0.191   
B4-HWSC-8-G-P2-C1_1 18.51 19.36 0.312 0.382 0.179 0.203   B4-HWSC-8-G-P2-C1A_1 14.95 16.12 0.336 0.299 0.191 0.178 
B4-HWSC-8-G-P2-C1_2 16.91   0.367   0.235     B4-HWSC-8-G-P2-C1A_2 15.57   0.247   0.136   
B4-HWSC-8-G-P2-C1_3 22.58   0.423   0.194     B4-HWSC-8-G-P2-C1A_3 17.98   0.270   0.188   
B4-HWSC-8-G-P2-C1_4 19.42   0.425   NA     B4-HWSC-8-G-P2-C1A_4 15.96   0.342   0.195   
B4-HWSC-10-G-P2-C1_1 20.83 18.03 0.430 0.425 0.271 0.248   B4-HWSC-10-G-P2-C1A_1 15.94 18.38 0.514 0.544 0.209 0.234 
B4-HWSC-10-G-P2-C1_2 17.12   0.371   0.244     B4-HWSC-10-G-P2-C1A_2 21.62   0.466   0.244   
B4-HWSC-10-G-P2-C1_3 18.08   0.503   0.272     B4-HWSC-10-G-P2-C1A_3 16.81   0.693   0.209   
B4-HWSC-10-G-P2-C1_4 16.10   0.396   0.205     B4-HWSC-10-G-P2-C1A_4 19.15   0.503   0.276   
B4-HWSC-14-G-P2-C1_1 14.02 16.20 0.724 0.717 0.341 0.322   B4-HWSC-14-G-P2-C1A_1 15.01 15.45 1.355 1.241 1.045 0.847 
B4-HWSC-14-G-P2-C1_2 17.58   0.840   0.264     B4-HWSC-14-G-P2-C1A_2 14.58   1.984   1.545   
B4-HWSC-14-G-P2-C1_3 15.87   0.687   0.344     B4-HWSC-14-G-P2-C1A_3 17.19   0.746   0.286   
B4-HWSC-14-G-P2-C1_4 17.34   0.615   0.338     B4-HWSC-14-G-P2-C1A_4 15.02   0.877   0.512   
B5-HWSC-14-H-P2-C1_1 18.80 17.46 0.743 0.617 0.388 0.400   B5-HWSC-14-H-P2-C1A_1 17.10 17.55 0.547 0.513 0.363 0.269 
B5-HWSC-14-H-P2-C1_2 16.98   0.487   0.412     B5-HWSC-14-H-P2-C1A_2 17.18   0.599   0.251   
B5-HWSC-14-H-P2-C1_3 17.95   0.734   0.488     B5-HWSC-14-H-P2-C1A_3 15.81   0.364   0.236   
B5-HWSC-14-H-P2-C1_4 16.12   0.505   0.312     B5-HWSC-14-H-P2-C1A_4 20.09   0.542   0.227   
B6-In-8-G-P3-C1_1 NA 10.75 NA 0.657 NA 0.470   B6-In-8-G-P3-C1A_1 7.42 9.03 0.419 0.521 0.298 0.406 
B6-In-8-G-P3-C1_2 10.89   0.568   0.457     B6-In-8-G-P3-C1A_2 9.20   0.569   0.462   
B6-In-8-G-P3-C1_3 12.66   0.626   0.488     B6-In-8-G-P3-C1A_3 9.20   0.351   0.255   
B6-In-8-G-P3-C1_4 8.71   0.777   0.465     B6-In-8-G-P3-C1A_4 10.28   0.743   0.611   
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B6-In-12-G-P3-C1_1 12.91 12.23 0.792 0.714 0.652 0.574   B6-In-12-G-P3-C1A_1 12.96 12.26 0.635 0.638 0.489 0.529 
B6-In-12-G-P3-C1_2 12.99   0.623   0.462     B6-In-12-G-P3-C1A_2 11.78   0.551   0.505   
B6-In-12-G-P3-C1_3 13.22   0.636   0.506     B6-In-12-G-P3-C1A_3 11.38   0.716   0.602   
B6-In-12-G-P3-C1_4 9.80   0.803   0.677     B6-In-12-G-P3-C1A_4 12.93   0.649   0.518   
B7-Rb-8-B-P4-C1_1 24.52 23.62 1.017 0.784 0.795 0.639   B7-Rb-8-B-P4-C1A_1 20.83 20.43 0.857 0.960 0.720 0.811 
B7-Rb-8-B-P4-C1_2 21.09   0.679   0.620     B7-Rb-8-B-P4-C1A_2 19.93   0.992   0.833   
B7-Rb-8-B-P4-C1_3 25.03   0.814   0.629     B7-Rb-8-B-P4-C1A_3 20.49   0.870   0.750   
B7-Rb-8-B-P4-C1_4 23.83   0.627   0.512     B7-Rb-8-B-P4-C1A_4 20.49   1.121   0.940   
B8-Rb-12-G-P4-C1_1 15.88 15.13 1.975 1.817 1.745 1.556   B8-Rb-12-G-P4-C1A_1 12.25 14.86 1.891 1.693 1.817 1.593 
B8-Rb-12-G-P4-C1_2 13.28   1.934   1.697     B8-Rb-12-G-P4-C1A_2 14.78   1.654   1.513   
B8-Rb-12-G-P4-C1_3 16.25   1.578   1.324     B8-Rb-12-G-P4-C1A_3 16.18   1.450   1.344   
B8-Rb-12-G-P4-C1_4 15.11   1.779   1.458     B8-Rb-12-G-P4-C1A_4 16.24   1.774   1.699   
B8-Rb-16-G-P4-C1_1 17.79 14.40 1.260 0.825 NA 0.246   B8-Rb-16-G-P4-C1A_1 14.75 13.92 0.631 0.786 0.589 0.584 
B8-Rb-16-G-P4-C1_2 11.09   0.380   0.105     B8-Rb-16-G-P4-C1A_2 14.62   1.178   1.016   
B8-Rb-16-G-P4-C1_3 14.57   0.708   0.386     B8-Rb-16-G-P4-C1A_3 12.42   0.753   0.693   
B8-Rb-16-G-P4-C1_4 14.14   0.952   NA     B8-Rb-16-G-P4-C1A_4 13.89   0.583   0.039   
B9-Rb-12-G-P4-C1_1 15.29 15.38 1.474 1.703 1.307 1.438   B9-Rb-12-G-P4-C1A_1 16.69 14.60 1.427 1.807 1.371 1.638 
B9-Rb-12-G-P4-C1_2 15.21   2.224   1.822     B9-Rb-12-G-P4-C1A_2 14.95   1.158   1.057   
B9-Rb-12-G-P4-C1_3 15.01   1.811   1.462     B9-Rb-12-G-P4-C1A_3 15.53   1.881   1.531   
B9-Rb-12-G-P4-C1_4 16.02   1.303   1.159     B9-Rb-12-G-P4-C1A_4 11.24   2.762   2.592   
B9-Rb-16-G-P4-C1_1 13.27 13.21 1.396 1.319 1.004 1.028   B9-Rb-16-G-P4-C1A_1 12.56 11.71 0.814 0.917 0.750 0.936 
B9-Rb-16-G-P4-C1_2 14.54   1.797   1.699     B9-Rb-16-G-P4-C1A_2 11.31   1.227   1.104   
B9-Rb-16-G-P4-C1_3 11.77   0.616   0.350     B9-Rb-16-G-P4-C1A_3 12.45   1.034   0.944   
B9-Rb-16-G-P4-C1_4 13.26   1.468   1.058     B9-Rb-16-G-P4-C1A_4 10.52   0.594   0.944   
B10-Rb-6-Steel-C1_1 12.42 11.65 1.165 0.928 1.009 0.786   B10-Rb-6-Steel-C1A_1 12.68 12.41 0.507 0.765 0.430 0.623 
B10-Rb-6-Steel-C1_2 13.34   0.910   0.796     B10-Rb-6-Steel-C1A_2 13.85   0.885   0.658   
B10-Rb-6-Steel-C1_3 7.43   0.779   0.524     B10-Rb-6-Steel-C1A_3 11.23   0.896   0.733   
B10-Rb-6-Steel-C1_4 13.43   0.857   0.813     B10-Rb-6-Steel-C1A_4 11.88   0.771   0.672   
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Table 49 Experimental results for higher strength concrete (C2 and C2A) 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea 

 
Specimen symbol τb,max τb,maxa sm,le sm,lea sm,fe sm,fea 

  (MPa) (MPa) (mm) (mm) (mm) (mm)     (MPa) (MPa) (mm) (mm) (mm) (mm) 
B1-SC-12-C-P1-C2_1 14.14 15.12 0.900 0.65 0.119 0.07   B1-SC-12-C-P1-C2A_1 14.29 14.70 0.857 0.77 0.118 0.09 
B1-SC-12-C-P1-C2_2 15.26   0.976   0.099     B1-SC-12-C-P1-C2A_2 14.31   0.825   0.102   
B1-SC-12-C-P1-C2_3 15.45   0.453   0.022     B1-SC-12-C-P1-C2A_3 16.31   0.553   0.036   
B1-SC-12-C-P1-C2_4 15.63   0.260   0.029     B1-SC-12-C-P1-C2A_4 13.89   0.854   0.106   
B2-SC-12-G-P1-C2_1 23.31 22.85 0.657 0.55 0.079 0.08   B2-SC-12-G-P1-C2A_1 21.94 21.81 0.310 0.34 0.088 0.09 
B2-SC-12-G-P1-C2_2 23.52   0.567   NA     B2-SC-12-G-P1-C2A_2 22.06   0.437   NA   
B2-SC-12-G-P1-C2_3 22.47   0.472   NA     B2-SC-12-G-P1-C2A_3 21.84   0.306   NA   
B2-SC-12-G-P1-C2_4 22.11   0.500   NA     B2-SC-12-G-P1-C2A_4 21.41   0.309   NA   
B4-HWSC-8-G-P2-C2_1 17.27 23.00 1.946 2.16 1.799 1.94   B4-HWSC-8-G-P2-C2A_1 20.20 22.42 0.281 0.44 0.082 0.09 
B4-HWSC-8-G-P2-C2_2 23.44   2.381   2.110     B4-HWSC-8-G-P2-C2A_2 20.80   0.477   NA   
B4-HWSC-8-G-P2-C2_3 24.68   2.072   1.840     B4-HWSC-8-G-P2-C2A_3 24.22   0.571   NA   
B4-HWSC-8-G-P2-C2_4 26.62   2.240   2.004     B4-HWSC-8-G-P2-C2A_4 24.47   0.422   0.089   
B4-HWSC-14-G-P2-C2_1 16.93 20.43 2.252 1.67 NA NA   B4-HWSC-14-G-P2-C2A_1 18.48 17.99 0.648 1.14 0.172 0.39 
B4-HWSC-14-G-P2-C2_2 21.01   2.453   NA     B4-HWSC-14-G-P2-C2A_2 19.47   0.936   0.218   
B4-HWSC-14-G-P2-C2_3 20.92   0.814   NA     B4-HWSC-14-G-P2-C2A_3 19.10   1.483   0.230   
B4-HWSC-14-G-P2-C2_4 22.84   1.171   NA     B4-HWSC-14-G-P2-C2A_4 14.90   1.510   0.930   
B5-HWSC-14-H-P2-C2_1 25.96 26.98 0.289 0.46 0.043 0.15   B5-HWSC-14-H-P2-C2A_1 32.41 31.57 NA 0.43 0.280 0.24 
B5-HWSC-14-H-P2-C2_2 27.04   0.497   0.245     B5-HWSC-14-H-P2-C2A_2 30.93   0.446   0.250   
B5-HWSC-14-H-P2-C2_3 26.46   0.414   0.160     B5-HWSC-14-H-P2-C2A_3 31.53   0.463   0.212   
B5-HWSC-14-H-P2-C2_4 28.45   0.621   NA     B5-HWSC-14-H-P2-C2A_4 31.40   0.382   0.211   
B6-In-8-G-P3-C2_1 19.21 17.69 0.597 0.53 0.344 0.31   B6-In-8-G-P3-C2A_1 14.71 13.39 0.642 0.39 0.225 0.22 
B6-In-8-G-P3-C2_2 19.39   0.474   0.263     B6-In-8-G-P3-C2A_2 11.83   0.190   0.100   
B6-In-8-G-P3-C2_3 14.08   0.591   0.312     B6-In-8-G-P3-C2A_3 14.30   0.371   0.243   
B6-In-8-G-P3-C2_4 18.10   0.464   0.335     B6-In-8-G-P3-C2A_4 12.73   0.378   0.314   
B6-In-12-G-P3-C2_1 18.23 18.40 0.542 0.39 0.263 0.23   B6-In-12-G-P3-C2A_1 17.78 17.82 0.777 0.81 0.269 0.29 
B6-In-12-G-P3-C2_2 21.37   0.309   0.231     B6-In-12-G-P3-C2A_2 17.61   0.776   0.314   
B6-In-12-G-P3-C2_3 20.70   0.346   0.234     B6-In-12-G-P3-C2A_3 16.49   0.821   0.285   
B6-In-12-G-P3-C2_4 13.29   0.353   0.193     B6-In-12-G-P3-C2A_4 19.39   0.849   0.301   
B8-Rb-12-G-P4-C2_1 23.96 28.36 0.716 0.69 0.580 0.56   B8-Rb-12-G-P4-C2A_1 17.98 18.47 2.183 1.87 1.706 1.60 
B8-Rb-12-G-P4-C2_2 30.95   0.724   0.494     B8-Rb-12-G-P4-C2A_2 19.35   1.668   1.543   
B8-Rb-12-G-P4-C2_3 28.04   0.473   0.437     B8-Rb-12-G-P4-C2A_3 20.26   1.731   1.599   
B8-Rb-12-G-P4-C2_4 30.50   0.841   0.724     B8-Rb-12-G-P4-C2A_4 16.27   1.910   1.535   
B9-Rb-12-G-P4-C2_1 18.23 18.09 2.344 1.94 2.116 1.75   B9-Rb-12-G-P4-C2A_1 20.84 19.39 1.543 1.48 0.959 1.02 
B9-Rb-12-G-P4-C2_2 18.38   1.453   1.194     B9-Rb-12-G-P4-C2A_2 19.51   1.697   1.146   
B9-Rb-12-G-P4-C2_3 18.77   2.319   2.180     B9-Rb-12-G-P4-C2A_3 18.61   1.068   0.706   
B9-Rb-12-G-P4-C2_4 16.98   1.626   1.497     B9-Rb-12-G-P4-C2A_4 18.59   1.623   1.274   
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B.2 Bond failure modes 

 

 

 

 
Figure 76 Failure surfaces of representative samples of pull-out test specimens (images not to scale) 
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Figure 77 Failure surfaces of B2-6 and B4-8 specimens (images not to scale) 
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B.3 Bond stress-slip relationships 

 
Figure 78 Representative bond stress-slip (loaded end) relationships 
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Figure 79 Bond stress-slip (loaded end) relationships of B2-10, B4-8 and B8-12 bars 
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B.4 Analytical and statistical study (ANOVA) of the bond of FRP bars in AEC 

The content of this chapter includes parts of the work published in [208]. The 

determination of the parameters of bond stress-slip analytical models are presented 

along with the development of a comprehensive statistical methodology and its 

application to develop a model for bond strength. 

B.4.1 Analytical modelling 

In this chapter, the parameters of the mBPE and CMR models are defined based on the 

experimental results. Nomenclature for the test specimens is shown in Figure 34. 

B.4.1.1 Calibration of the analytical models  

The analytical models are calibrated against the experimental data to evaluate the 
critical parameters of the constitutive models for bond stress-slip relationships. List of 
symbols is presented in Table 50. Values of the calibrated parameters are summarized 
in   
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Table 51 to Table 54, for C1, C1A, C2 and C2A concrete compositions, respectively. Tables 

include the specimen symbols (according to Figure 34), the basic experimental bond 

characteristics necessary for the analytical models such as bond strength (τb,max) and 

corresponding loaded (sm,le) and free end (sm,fe) slips as well as the calibrated analytical 

parameters (α, β, sr) for both loaded end (LE) and free end (FE) bond stress-slip 

relationships. Finally, the average (a) values for nominally identical specimens are given.  

Parameters have been obtained by curve fitting the analytical model to the experimentally 

defined bond stress-slip relationship. Since the form of the analytical expression is known, 

each data points were included for the definition of the parameters, no data points were 

left for validation. Each data points were treated equal, the least-squared error method 

was applied. The computational process was performed by a commercially available 

software, Eureqa v1.24 [201,202]. 

Table 50 Symbols and descriptions of characteristics reported in   
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Table 51 to Table 54 
Symbol Description 
Specimen symbol According to Figure 30 
τb,max Bond strength 
sm,le Loaded end slip corresponding to bond strength 
sm,fe Free end slip corresponding to bond strength 
α Parameter of mBPE bond stress-slip model (Eq. 1) 
β Parameter of CMR bond stress-slip model (Eq. 2) 
sr Parameter of CMR bond stress-slip model (Eq. 3) 
a Average 
NA Not available 
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Table 51 Parameters of bond stress-slip models — C1 concrete mix (For notations see Table 50) 
Specimen symbol       Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra  
(MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 

B1-SC-10-C-P1-C1_1 10.39 0.104 0.029 0.784 0.390 4.014 0.767 0.022 0.023 NA 0.271 NA 0.661 NA 0.007 
B1-SC-10-C-P1-C1_2 9.89 0.077 0.035 0.377   0.713   0.025   0.347   1.105   0.004   
B1-SC-10-C-P1-C1_3 10.56 0.065 0.025 0.578   1.303   0.018   0.233   0.386   0.009   
B1-SC-10-C-P1-C1_4 10.25 0.058 0.038 0.215   0.285   0.027   0.234   0.491   0.008   
B1-SC-12-C-P1-C1_1 17.15 0.456 0.101 0.962 0.643 2.539 1.472 0.134 0.166 0.257 0.209 0.403 0.317 0.035 0.057 
B1-SC-12-C-P1-C1_2 17.45 0.292 0.148 0.433   0.705   0.108   0.220   0.330   0.051   
B1-SC-12-C-P1-C1_3 15.98 0.393 0.195 0.490   1.308   0.097   0.165   0.228   0.078   
B1-SC-12-C-P1-C1_4 15.21 0.925 0.236 0.685   1.335   0.326   0.194   0.305   0.064   
B2-SC-6-G-P1-C1_1 24.59 0.689 0.282 0.476 0.517 1.266 1.311 0.197 0.173 0.182 0.171 0.225 0.205 0.127 0.166 
B2-SC-6-G-P1-C1_2 22.39 0.685 0.359 0.466   1.055   0.162   0.143   0.165   0.191   
B2-SC-6-G-P1-C1_3 23.54 0.542 0.246 0.548   1.287   0.143   0.156   0.182   0.139   
B2-SC-6-G-P1-C1_4 24.15 0.756 0.430 0.576   1.636   0.188   0.204   0.247   0.207   
B2-SC-10-G-P1-C1_1 20.07 0.435 0.325 0.268 0.447 1.009 1.354 0.062 0.083 0.132 0.119 0.194 0.158 0.092 0.106 
B2-SC-10-G-P1-C1_2 20.12 0.499 0.245 0.494   1.371   0.102   0.096   0.115   0.128   
B2-SC-10-G-P1-C1_3 20.95 0.410 0.182 0.645   1.818   0.102   0.127   0.159   0.088   
B2-SC-10-G-P1-C1_4 19.25 0.453 0.352 0.382   1.219   0.067   0.119   0.165   0.117   
B2-SC-12-G-P1-C1_1 19.30 0.772 NA 0.589 0.547 1.666 1.471 0.184 0.147 NA NA NA NA NA NA 
B2-SC-12-G-P1-C1_2 16.60 0.533 NA 0.446   1.337   0.095   NA   NA   NA   
B2-SC-12-G-P1-C1_3 15.88 0.544 NA 0.480   1.008   0.150   NA   NA   NA   
B2-SC-12-G-P1-C1_4 18.33 0.617 NA 0.674   1.871   0.159   NA   NA   NA   
B3-HWSC-6-C-P2-C1_1 22.38 0.278 0.165 0.720 0.505 2.293 1.375 0.067 0.065 0.154 0.165 0.201 0.249 0.071 0.073 
B3-HWSC-6-C-P2-C1_2 25.55 0.413 0.358 0.357   0.767   0.083   0.152   0.206   0.137   
B3-HWSC-6-C-P2-C1_3 22.38 0.300 0.258 0.311   0.984   0.033   0.151   0.253   0.049   
B3-HWSC-6-C-P2-C1_4 21.89 0.273 0.146 0.633   1.457   0.077   0.203   0.336   0.037   
B3-HWSC-10-C-P2-C1_1 22.24 0.651 0.354 0.446 0.547 1.026 1.380 0.146 0.161 0.198 0.150 0.335 0.233 0.073 0.105 
B3-HWSC-10-C-P2-C1_2 19.44 0.752 0.360 0.556   1.257   0.202   0.191   0.270   0.121   
B3-HWSC-10-C-P2-C1_3 21.07 0.559 0.270 0.558   1.371   0.140   0.161   0.259   0.069   
B3-HWSC-10-C-P2-C1_4 23.04 0.667 0.225 0.629   1.865   0.158   0.048   0.068   0.157   
B4-HWSC-6-G-P2-C1_1 21.58 0.482 0.192 0.695 0.643 2.519 1.821 0.109 0.190 0.146 0.116 0.221 0.149 0.049 0.126 
B4-HWSC-6-G-P2-C1_2 17.46 0.799 0.316 0.534   1.087   0.234   0.100   0.109   0.212   
B4-HWSC-6-G-P2-C1_3 21.40 0.739 0.273 0.727   2.130   0.188   0.134   0.153   0.158   
B4-HWSC-6-G-P2-C1_4 22.71 0.859 0.207 0.615   1.549   0.230   0.084   0.111   0.083   
B4-HWSC-8-G-P2-C1_1 18.51 0.312 0.179 0.405 0.482 1.355 1.405 0.047 0.073 0.153 0.132 0.254 0.204 0.046 0.069 
B4-HWSC-8-G-P2-C1_2 16.91 0.367 0.235 0.465   1.581   0.062   0.106   0.133   0.106   
B4-HWSC-8-G-P2-C1_3 22.58 0.423 0.194 0.603   1.627   0.089   0.137   0.226   0.054   
B4-HWSC-8-G-P2-C1_4 19.42 0.425 NA 0.453   1.057   0.093   NA   NA   NA   
B4-HWSC-10-G-P2-C1_1 20.83 0.430 0.271 0.430 0.413 1.135 0.993 0.084 0.097 0.118 0.142 0.155 0.223 0.113 0.087 
B4-HWSC-10-G-P2-C1_2 17.12 0.371 0.244 0.462   1.408   0.067   0.237   0.423   0.038   
B4-HWSC-10-G-P2-C1_3 18.08 0.503 0.272 0.435   0.760   0.156   0.098   0.150   0.129   
B4-HWSC-10-G-P2-C1_4 16.10 0.396 0.205 0.326   0.669   0.083   0.114   0.162   0.066   
B4-HWSC-14-G-P2-C1_1 14.02 0.724 0.341 0.470 0.434 1.047 0.828 0.184 0.208 0.114 0.135 0.152 0.188 0.133 0.125 
B4-HWSC-14-G-P2-C1_2 17.58 0.840 0.264 0.511   1.081   0.230   0.147   0.203   0.101   
B4-HWSC-14-G-P2-C1_3 15.87 0.687 0.344 0.361   0.584   0.196   0.125   0.157   0.161   
B4-HWSC-14-G-P2-C1_4 17.34 0.615 0.338 0.394   0.599   0.222   0.154   0.239   0.105   
B5-HWSC-14-H-P2-C1_1 18.80 0.743 0.388 0.342 0.338 0.578 0.712 0.233 0.138 0.145 0.143 0.212 0.197 0.108 0.139 
B5-HWSC-14-H-P2-C1_2 16.98 0.487 0.412 0.240   0.489   0.055   0.154   0.221   0.123   
B5-HWSC-14-H-P2-C1_3 17.95 0.734 0.488 0.386   0.965   0.140   0.141   0.184   0.192   
B5-HWSC-14-H-P2-C1_4 16.12 0.505 0.312 0.384   0.814   0.123   0.133   0.170   0.132   
B6-In-8-G-P3-C1_2 10.89 0.568 0.457 0.410 0.400 1.103 0.956 0.117 0.190 0.255 0.285 0.399 0.484 0.154 0.148 
B6-In-8-G-P3-C1_3 12.66 0.626 0.488 0.400   1.203   0.111   0.269   0.457   0.152   
B6-In-8-G-P3-C1_4 8.71 0.777 0.465 0.389   0.562   0.343   0.332   0.596   0.139   
B6-In-12-G-P3-C1_1 12.91 0.792 0.652 0.299 0.347 0.711 0.907 0.132 0.129 0.240 0.233 0.444 0.368 0.159 0.181 
B6-In-12-G-P3-C1_2 12.99 0.623 0.462 0.348   1.071   0.101   0.178   0.251   0.157   
B6-In-12-G-P3-C1_3 13.22 0.636 0.506 0.398   1.129   0.110   0.251   0.387   0.167   
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B6-In-12-G-P3-C1_4 9.80 0.803 0.677 0.344   0.715   0.173   0.261   0.391   0.239   
B7-Rb-8-B-P4-C1_1 24.52 1.017 0.795 0.502 0.395 1.159 0.901 0.117 0.152 0.205 0.262 0.413 0.427 0.232 0.223 
B7-Rb-8-B-P4-C1_2 21.09 0.679 0.620 0.365   0.807   0.137   0.315   0.545   0.193   
B7-Rb-8-B-P4-C1_3 25.03 0.814 0.629 0.424   1.159   0.143   0.246   0.351   0.239   
B7-Rb-8-B-P4-C1_4 23.83 0.627 0.512 0.289   0.479   0.211   0.282   0.397   0.229   
B8-Rb-12-G-P4-C1_1 15.88 1.975 1.745 0.319 0.308 0.911 0.783 0.204 0.288 0.168 0.175 0.237 0.241 0.565 0.538 
B8-Rb-12-G-P4-C1_2 13.28 1.934 1.697 0.294   0.997   0.184   0.162   0.254   0.392   
B8-Rb-12-G-P4-C1_3 16.25 1.578 1.324 0.311   0.691   0.282   0.185   0.234   0.592   
B8-Rb-12-G-P4-C1_4 15.11 1.779 1.458 0.309   0.534   0.481   0.183   0.239   0.602   
B8-Rb-16-G-P4-C1_1 17.79 1.260 NA 0.657 0.656 1.608 1.558 0.339 0.229 NA 0.204 NA 0.195 NA 0.212 
B8-Rb-16-G-P4-C1_2 11.09 0.380 0.105 0.795   1.905   0.105   0.197   0.184   0.094   
B8-Rb-16-G-P4-C1_3 14.57 0.708 0.386 0.522   1.358   0.175   0.211   0.206   0.330   
B8-Rb-16-G-P4-C1_4 14.14 0.952 NA 0.651   1.359   0.295   NA   NA   NA   
B9-Rb-12-G-P4-C1_1 15.29 1.474 1.307 0.411 0.412 0.918 1.035 0.345 0.325 0.241 0.224 0.308 0.291 0.606 0.619 
B9-Rb-12-G-P4-C1_2 15.21 2.224 1.822 0.415   1.175   0.312   0.191   0.268   0.634   
B9-Rb-12-G-P4-C1_3 15.01 1.811 1.462 0.400   0.920   0.392   0.208   0.260   0.701   
B9-Rb-12-G-P4-C1_4 16.02 1.303 1.159 0.423   1.125   0.252   0.254   0.328   0.537   
B9-Rb-16-G-P4-C1_1 13.27 1.396 1.004 0.512 0.363 1.454 0.801 0.220 0.388 0.142 0.183 0.191 0.239 0.408 0.400 
B9-Rb-16-G-P4-C1_2 14.54 1.797 1.699 0.122   0.127   0.784   0.159   0.249   0.492   
B9-Rb-16-G-P4-C1_3 11.77 0.616 0.350 0.489   1.064   0.166   0.216   0.245   0.214   
B9-Rb-16-G-P4-C1_4 13.26 1.468 1.058 0.329   0.560   0.384   0.213   0.271   0.486   
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Table 52 Parameters of bond stress-slip models — C1A concrete mix (For notations see Table 50) 
Specimen symbol       Loaded end  Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
B1-SC-10-C-P1-C1A_1 11.18 0.103 0.032 0.770 0.641 2.159 1.753 0.027 0.041 0.274 0.189 0.535 0.353 0.008 0.015 
B1-SC-10-C-P1-C1A_2 11.94 0.203 0.109 0.507   1.629   0.036   0.137   0.266   0.019   
B1-SC-10-C-P1-C1A_3 10.98 0.181 0.035 0.640   1.413   0.052   NA   NA   NA   
B1-SC-10-C-P1-C1A_4 12.78 0.204 0.071 0.647   1.810   0.050   0.155   0.259   0.019   
B1-SC-12-C-P1-C1A_1 15.79 1.076 0.249 0.582 0.468 0.914 1.112 0.440 0.166 0.149 0.170 0.215 0.272 0.083 0.062 
B1-SC-12-C-P1-C1A_2 15.72 0.227 0.114 0.529   1.386   0.052   0.193   0.366   0.023   
B1-SC-12-C-P1-C1A_3 14.33 0.329 0.176 0.339   0.504   0.125   0.149   0.185   0.081   
B1-SC-12-C-P1-C1A_4 14.56 0.297 0.241 0.423   1.645   0.045   0.190   0.320   0.062   
B2-SC-6-G-P1-C1A_1 16.70 0.489 0.252 0.401 0.467 0.733 1.163 0.137 0.127 0.169 0.137 0.236 0.222 0.083 0.108 
B2-SC-6-G-P1-C1A_2 19.02 0.770 0.498 0.447   1.340   0.139   0.121   0.138   0.281   
B2-SC-6-G-P1-C1A_3 19.96 0.434 0.215 0.432   0.963   0.104   0.151   0.246   0.051   
B2-SC-6-G-P1-C1A_4 20.82 0.546 0.164 0.586   1.614   0.131   0.108   0.267   0.015   
B2-SC-10-G-P1-C1A_1 19.03 0.545 0.386 0.361 0.374 1.004 1.263 0.084 0.077 0.118 0.124 0.146 0.174 0.168 0.126 
B2-SC-10-G-P1-C1A_2 16.92 0.503 0.341 0.365   1.517   0.058   0.103   0.128   0.150   
B2-SC-10-G-P1-C1A_3 18.46 0.364 0.273 0.399   1.627   0.047   0.152   0.249   0.059   
B2-SC-10-G-P1-C1A_4 17.85 0.577 0.505 0.369   0.902   0.117   NA   NA   NA   
B2-SC-12-G-P1-C1A_1 17.73 0.502 0.188 0.529 0.514 1.193 1.293 0.132 0.124 0.129 0.159 0.175 0.233 0.068 0.073 
B2-SC-12-G-P1-C1A_2 18.10 0.582 0.276 0.495   1.130   0.144   0.219   0.340   0.069   
B2-SC-12-G-P1-C1A_3 18.63 0.426 0.202 0.488   1.418   0.085   NA   NA   NA   
B2-SC-12-G-P1-C1A_4 18.18 0.591 0.251 0.542   1.430   0.136   0.130   0.184   0.081   
B3-HWSC-6-C-P2-C1A_1 19.94 0.224 0.161 0.466 0.456 2.218 1.529 0.030 0.065 0.208 0.249 0.419 0.489 0.026 0.049 
B3-HWSC-6-C-P2-C1A_2 23.48 0.295 0.223 0.387   1.120   0.049   0.257   0.493   0.041   
B3-HWSC-6-C-P2-C1A_3 16.66 0.485 0.369 0.446   1.190   0.101   0.317   0.679   0.082   
B3-HWSC-6-C-P2-C1A_4 16.48 0.384 0.203 0.525   1.588   0.079   0.215   0.365   0.048   
B3-HWSC-10-C-P2-C1A_1 13.96 0.436 0.245 0.498 0.665 1.871 1.855 0.069 0.141 0.169 0.180 0.318 0.319 0.034 0.044 
B3-HWSC-10-C-P2-C1A_2 19.15 0.667 0.259 0.928   2.072   0.213   0.176   0.281   0.065   
B3-HWSC-10-C-P2-C1A_3 16.59 0.805 0.306 0.559   1.691   0.174   0.218   0.411   0.041   
B3-HWSC-10-C-P2-C1A_4 16.82 0.427 0.158 0.673   1.784   0.110   0.157   0.267   0.037   
B4-HWSC-6-G-P2-C1A_1 21.21 1.312 1.055 0.316 0.454 1.394 1.240 0.136 0.157 0.126 0.157 0.276 0.283 0.073 0.052 
B4-HWSC-6-G-P2-C1A_2 20.91 0.713 0.185 0.542   0.836   0.285   0.159   0.269   0.042   
B4-HWSC-6-G-P2-C1A_3 13.59 0.329 0.237 0.402   1.634   0.048   0.174   0.319   0.046   
B4-HWSC-6-G-P2-C1A_4 15.09 0.527 0.191 0.556   1.096   0.161   0.167   0.267   0.048   
B4-HWSC-8-G-P2-C1A_1 14.95 0.336 0.191 0.354 0.410 1.084 1.156 0.044 0.060 0.145 0.144 0.223 0.218 0.051 0.054 
B4-HWSC-8-G-P2-C1A_2 15.57 0.247 0.136 0.553   1.835   0.050   0.133   0.231   0.031   
B4-HWSC-8-G-P2-C1A_3 17.98 0.270 0.188 0.359   1.101   0.037   0.129   0.196   0.051   
B4-HWSC-8-G-P2-C1A_4 15.96 0.342 0.195 0.374   0.603   0.110   0.168   0.221   0.081   
B4-HWSC-10-G-P2-C1A_1 15.94 0.514 0.209 0.446 0.449 1.487 1.125 0.081 0.119 0.120 0.134 0.173 0.211 0.065 0.059 
B4-HWSC-10-G-P2-C1A_2 21.62 0.466 0.244 0.401   0.941   0.092   0.157   0.274   0.045   
B4-HWSC-10-G-P2-C1A_3 16.81 0.693 0.209 0.593   1.280   0.206   0.120   0.174   0.066   
B4-HWSC-10-G-P2-C1A_4 19.15 0.503 0.276 0.357   0.793   0.097   0.137   0.221   0.061   
B4-HWSC-14-G-P2-C1A_1 15.01 1.355 1.045 0.317 0.379 0.795 0.937 0.190 0.207 0.217 0.146 0.312 0.230 0.174 0.161 
B4-HWSC-14-G-P2-C1A_2 14.58 1.984 1.545 0.281   0.709   0.276   0.118   0.219   0.273   
B4-HWSC-14-G-P2-C1A_3 17.19 0.746 0.286 0.580   1.534   0.183   0.128   0.205   0.070   
B4-HWSC-14-G-P2-C1A_4 15.02 0.877 0.512 0.339   0.709   0.178   0.119   0.182   0.130   
B5-HWSC-14-H-P2-C1A_1 17.10 0.547 0.363 0.389 0.506 1.016 1.496 0.101 0.102 0.145 0.145 0.255 0.235 0.062 0.060 
B5-HWSC-14-H-P2-C1A_2 17.18 0.599 0.251 0.617   1.699   0.132   0.136   0.208   0.066   
B5-HWSC-14-H-P2-C1A_3 15.81 0.364 0.236 0.429   1.487   0.054   0.120   0.192   0.057   
B5-HWSC-14-H-P2-C1A_4 20.09 0.542 0.227 0.589   1.781   0.121   0.177   0.286   0.054   
B6-In-8-G-P3-C1A_1 7.42 0.419 0.298 0.346 0.415 0.959 1.063 0.075 0.104 0.199 0.209 0.331 0.318 0.088 0.137 
B6-In-8-G-P3-C1A_2 9.20 0.569 0.462 0.389   0.999   0.092   0.207   0.311   0.160   
B6-In-8-G-P3-C1A_3 9.20 0.351 0.255 0.514   1.436   0.076   0.210   0.335   0.068   
B6-In-8-G-P3-C1A_4 10.28 0.743 0.611 0.410   0.858   0.175   0.220   0.294   0.234   
B6-In-12-G-P3-C1A_1 12.96 0.635 0.489 0.392 0.382 0.726 0.891 0.158 0.135 0.216 0.229 0.276 0.313 0.220 0.224 
B6-In-12-G-P3-C1A_2 11.78 0.551 0.505 0.339   0.701   0.122   0.207   0.266   0.237   
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B6-In-12-G-P3-C1A_3 11.38 0.716 0.602 0.416   1.257   0.120   0.253   0.388   0.205   
B6-In-12-G-P3-C1A_4 12.93 0.649 0.518 0.381   0.881   0.140   0.241   0.323   0.234   
B7-Rb-8-B-P4-C1A_1 20.83 0.857 0.720 0.317 0.337 0.563 0.635 0.215 0.242 0.230 0.232 0.329 0.349 0.269 0.278 
B7-Rb-8-B-P4-C1A_2 19.93 0.992 0.833 0.355   0.717   0.239   0.262   0.418   0.264   
B7-Rb-8-B-P4-C1A_3 20.49 0.870 0.750 0.390   0.794   0.230   0.241   0.336   0.305   
B7-Rb-8-B-P4-C1A_4 20.49 1.121 0.940 0.284   0.467   0.283   0.193   0.311   0.274   
B8-Rb-12-G-P4-C1A_1 12.25 1.891 1.817 0.352 0.347 0.797 0.771 0.339 0.309 0.193 0.177 0.232 0.199 0.931 1.010 
B8-Rb-12-G-P4-C1A_2 14.78 1.654 1.513 0.358   0.763   0.317   0.187   0.227   0.769   
B8-Rb-12-G-P4-C1A_3 16.18 1.450 1.344 0.368   0.832   0.278   0.168   0.171   1.093   
B8-Rb-12-G-P4-C1A_4 16.24 1.774 1.699 0.308   0.690   0.302   0.161   0.167   1.247   
B8-Rb-16-G-P4-C1A_1 14.75 0.631 0.589 0.417 0.462 0.790 1.041 0.160 0.182 0.285 0.317 0.370 0.440 0.282 0.342 
B8-Rb-16-G-P4-C1A_2 14.62 1.178 1.016 0.559   1.427   0.283   0.336   0.509   0.412   
B8-Rb-16-G-P4-C1A_3 12.42 0.753 0.693 0.496   1.110   0.184   0.329   0.440   0.332   
B8-Rb-16-G-P4-C1A_4 13.89 0.583 0.039 0.374   0.838   0.100   NA   NA   NA   
B9-Rb-12-G-P4-C1A_1 16.69 1.427 1.371 0.368 0.385 0.754 0.889 0.345 0.393 0.264 0.292 0.354 0.514 0.605 0.495 
B9-Rb-12-G-P4-C1A_2 14.95 1.158 1.057 0.420   0.997   0.264   0.321   0.504   0.370   
B9-Rb-12-G-P4-C1A_3 15.53 1.881 1.531 0.428   0.831   0.537   0.315   0.556   0.467   
B9-Rb-12-G-P4-C1A_4 11.24 2.762 2.592 0.324   0.975   0.424   0.269   0.640   0.540   
B9-Rb-16-G-P4-C1A_1 12.56 0.814 0.750 0.376 0.365 1.155 1.003 0.126 0.151 0.197 0.205 0.241 0.260 0.373 0.396 
B9-Rb-16-G-P4-C1A_2 11.31 1.227 1.104 0.317   0.740   0.178   0.185   0.236   0.488   
B9-Rb-16-G-P4-C1A_3 12.45 1.034 0.944 0.335   0.725   0.194   0.208   0.255   0.487   
B9-Rb-16-G-P4-C1A_4 10.52 0.594 0.944 0.432   1.390   0.106   0.229   0.309   0.236   
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Table 53 Parameters of bond stress-slip models — C2 concrete mix (For notations see Table 50) 
Specimen symbol       Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
B1-SC-12-C-P1-C2_1 14.14 0.900 0.119 0.787 0.799 2.506 2.05 0.229 0.188 0.258 0.183 0.810 0.385 0.010 0.017 
B1-SC-12-C-P1-C2_2 15.26 0.976 0.099 0.747   1.701   0.309   0.116   0.160   0.040   
B1-SC-12-C-P1-C2_3 15.45 0.453 0.022 0.766   1.853   0.136   0.173   0.292   0.008   
B1-SC-12-C-P1-C2_4 15.63 0.260 0.029 0.895   2.141   0.079   0.185   0.277   0.011   
B2-SC-12-G-P1-C2_1 23.31 0.657 0.079 0.713 0.632 2.060 1.70 0.170 0.139 0.120 0.120 0.198 0.198 0.023 0.023 
B2-SC-12-G-P1-C2_2 23.52 0.567 NA 0.564   1.680   0.127   NA   NA   NA   
B2-SC-12-G-P1-C2_3 22.47 0.472 NA 0.629   1.575   0.126   NA   NA   NA   
B2-SC-12-G-P1-C2_4 22.11 0.500 NA 0.621   1.476   0.134   NA   NA   NA   
B4-HWSC-8-G-P2-C2_1 17.27 1.946 1.799 0.169 0.223 0.378 0.58 0.102 0.180 0.084 0.097 0.087 0.102 1.290 1.403 
B4-HWSC-8-G-P2-C2_2 23.44 2.381 2.110 0.225   0.412   0.336   0.093   0.091   1.885   
B4-HWSC-8-G-P2-C2_3 24.68 2.072 1.840 0.261   0.868   0.143   0.105   0.119   0.952   
B4-HWSC-8-G-P2-C2_4 26.62 2.240 2.004 0.238   0.671   0.138   0.107   0.111   1.487   
B4-HWSC-14-G-P2-C2_1 16.93 2.252 NA 0.222 0.443 0.610 1.17 0.290 0.322 NA NA NA NA NA NA 
B4-HWSC-14-G-P2-C2_2 21.01 2.453 NA 0.277   0.579   0.498   NA   NA   NA   
B4-HWSC-14-G-P2-C2_3 20.92 0.814 NA 0.561   1.454   0.207   NA   NA   NA   
B4-HWSC-14-G-P2-C2_4 22.84 1.171 NA 0.710   2.026   0.293   NA   NA   NA   
B5-HWSC-14-H-P2-C2_1 25.96 0.289 0.043 0.894 0.544 2.224 1.22 0.084 0.123 0.226 0.179 0.282 0.264 0.023 0.056 
B5-HWSC-14-H-P2-C2_2 27.04 0.497 0.245 0.455   0.981   0.128   0.226   0.410   0.051   
B5-HWSC-14-H-P2-C2_3 26.46 0.414 0.160 0.386   0.726   0.099   0.086   0.100   0.094   
B5-HWSC-14-H-P2-C2_4 28.45 0.621 NA 0.442   0.948   0.180   NA   NA   NA   
B6-In-8-G-P3-C2_1 19.21 0.597 0.344 0.540 0.554 1.503 1.59 0.145 0.133 0.271 0.287 0.415 0.564 0.106 0.082 
B6-In-8-G-P3-C2_2 19.39 0.474 0.263 0.627   2.227   0.109   0.279   0.527   0.072   
B6-In-8-G-P3-C2_3 14.08 0.591 0.312 0.492   1.180   0.157   0.318   0.695   0.072   
B6-In-8-G-P3-C2_4 18.10 0.464 0.335 0.556   1.459   0.123   0.280   0.617   0.078   
B6-In-12-G-P3-C2_1 18.23 0.542 0.263 0.212 0.232 0.321 0.53 0.212 0.129 0.220 0.222 0.462 0.428 0.061 0.057 
B6-In-12-G-P3-C2_2 21.37 0.309 0.231 0.113   0.197   0.060   0.214   0.377   0.065   
B6-In-12-G-P3-C2_3 20.70 0.346 0.234 0.112   0.133   0.166   0.214   0.423   0.052   
B6-In-12-G-P3-C2_4 13.29 0.353 0.193 0.491   1.458   0.077   0.241   0.451   0.050   
B8-Rb-12-G-P4-C2_1 23.96 0.716 0.580 0.384 0.423 0.993 1.05 0.129 0.155 0.190 0.219 0.214 0.264 0.355 0.295 
B8-Rb-12-G-P4-C2_2 30.95 0.724 0.494 0.465   0.782   0.243   0.248   0.300   0.262   
B8-Rb-12-G-P4-C2_3 28.04 0.473 0.437 0.478   1.588   0.084   0.211   0.245   0.252   
B8-Rb-12-G-P4-C2_4 30.50 0.841 0.724 0.363   0.843   0.162   0.226   0.296   0.310   
B9-Rb-12-G-P4-C2_1 18.23 2.344 2.116 0.342 0.324 1.248 0.97 0.312 0.373 0.242 0.228 0.477 0.424 0.527 0.478 
B9-Rb-12-G-P4-C2_2 18.38 1.453 1.194 0.379   0.679   0.429   0.272   0.418   0.434   
B9-Rb-12-G-P4-C2_3 18.77 2.319 2.180 0.158   0.433   0.497   0.156   0.385   0.503   
B9-Rb-12-G-P4-C2_4 16.98 1.626 1.497 0.415   1.535   0.253   0.242   0.417   0.450   
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Table 54 Parameters of bond stress-slip models — C2A concrete mix (For notations see Table 50) 
Specimen symbol       Loaded end Free end  

τb,max sm,le sm,fe α αa β βa sr sra α αa β βa sr sra 
  (MPa) (mm) (mm) (-) (-) (-) (-) (mm) (mm) (-) (-) (-) (-) (mm) (mm) 
B1-SC-12-C-P1-C2A_1 14.29 0.857 0.118 0.721 0.746 1.970 1.713 0.236 0.238 0.126 0.127 0.213 0.198 0.029 0.034 
B1-SC-12-C-P1-C2A_2 14.31 0.825 0.102 0.631   1.298   0.266   0.102   0.136   0.043   
B1-SC-12-C-P1-C2A_3 16.31 0.553 0.036 0.928   2.188   0.172   0.213   0.362   0.012   
B1-SC-12-C-P1-C2A_4 13.89 0.854 0.106 0.702   1.397   0.279   0.067   0.081   0.054   
B2-SC-12-G-P1-C2A_1 21.94 0.310 0.088 0.451 0.470 1.436 1.247 0.055 0.076 0.085 0.085 0.133 0.133 0.026 0.026 
B2-SC-12-G-P1-C2A_2 22.06 0.437 NA 0.524   1.090   0.121   NA   NA   NA   
B2-SC-12-G-P1-C2A_3 21.84 0.306 NA 0.418   0.972   0.065   NA   NA   NA   
B2-SC-12-G-P1-C2A_4 21.41 0.309 NA 0.486   1.490   0.061   NA   NA   NA   
B4-HWSC-8-G-P2-C2A_1 20.20 0.281 0.082 0.708 0.777 1.948 1.757 0.074 0.137 0.145 0.185 0.245 0.380 0.021 0.016 
B4-HWSC-8-G-P2-C2A_2 20.80 0.477 NA 0.729   1.641   0.145   NA   NA   NA   
B4-HWSC-8-G-P2-C2A_3 24.22 0.571 NA 0.993   1.859   0.206   NA   NA   NA   
B4-HWSC-8-G-P2-C2A_4 24.47 0.422 0.089 0.679   1.579   0.122   0.225   0.515   0.011   
B4-HWSC-14-G-P2-C2A_1 18.48 0.648 0.172 0.678 0.698 1.924 1.812 0.165 0.300 0.093 0.116 0.144 0.172 0.049 0.126 
B4-HWSC-14-G-P2-C2A_2 19.47 0.936 0.218 0.698   1.851   0.250   0.107   0.163   0.063   
B4-HWSC-14-G-P2-C2A_3 19.10 1.483 0.230 0.944   2.256   0.455   0.102   0.141   0.086   
B4-HWSC-14-G-P2-C2A_4 14.90 1.510 0.930 0.470   1.217   0.330   0.162   0.239   0.307   
B5-HWSC-14-H-P2-C2A_1 32.41 NA 0.280 NA 0.437 NA 1.434 NA 0.078 0.195 0.168 0.374 0.303 0.006 0.044 
B5-HWSC-14-H-P2-C2A_2 30.93 0.446 0.250 0.439   1.388   0.073   0.157   0.261   0.064   
B5-HWSC-14-H-P2-C2A_3 31.53 0.463 0.212 0.430   1.134   0.101   0.154   0.323   0.039   
B5-HWSC-14-H-P2-C2A_4 31.40 0.382 0.211 0.442   1.780   0.059   0.167   0.253   0.069   
B6-In-8-G-P3-C2A_1 14.71 0.642 0.225 NA 0.428 NA 1.063 NA 0.080 NA 0.244 NA 0.366 NA 0.078 
B6-In-8-G-P3-C2A_2 11.83 0.190 0.100 0.554   1.587   0.046   0.270   0.369   0.046   
B6-In-8-G-P3-C2A_3 14.30 0.371 0.243 0.397   0.791   0.118   0.217   0.309   0.102   
B6-In-8-G-P3-C2A_4 12.73 0.378 0.314 0.333   0.811   0.077   0.244   0.419   0.086   
B6-In-12-G-P3-C2A_1 17.78 0.777 0.269 0.566 0.512 1.128 1.047 0.247 0.244 0.189 0.165 0.462 0.291 0.085 0.092 
B6-In-12-G-P3-C2A_2 17.61 0.776 0.314 0.521   1.228   0.203   0.143   0.191   0.100   
B6-In-12-G-P3-C2A_3 16.49 0.821 0.285 0.433   0.745   0.269   0.173   0.285   0.076   
B6-In-12-G-P3-C2A_4 19.39 0.849 0.301 0.526   1.085   0.256   0.153   0.226   0.105   
B8-Rb-12-G-P4-C2A_1 17.98 2.183 1.706 0.306 0.322 0.604 0.923 0.421 0.257 0.144 0.135 0.163 0.175 0.951 0.644 
B8-Rb-12-G-P4-C2A_2 19.35 1.668 1.543 0.313   0.982   0.188   0.134   0.154   0.827   
B8-Rb-12-G-P4-C2A_3 20.26 1.731 1.599 0.308   1.215   0.173   0.128   0.166   0.580   
B8-Rb-12-G-P4-C2A_4 16.27 1.910 1.535 0.362   0.889   0.247   0.133   0.215   0.219   
B9-Rb-12-G-P4-C2A_1 20.84 1.543 0.959 0.406 0.450 0.658 0.737 0.507 0.480 0.151 0.212 0.205 0.240 0.639 0.677 
B9-Rb-12-G-P4-C2A_2 19.51 1.697 1.146 0.505   0.815   0.585   0.237   0.269   0.696   
B9-Rb-12-G-P4-C2A_3 18.61 1.068 0.706 0.495   0.889   0.339   0.253   0.262   0.514   
B9-Rb-12-G-P4-C2A_4 18.59 1.623 1.274 0.392   0.587   0.488   0.207   0.224   0.859   
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B.4.1.2 Discussions 

Analytical models fit well the experimental bond stress-slip curves; typical examples are 

plotted in Figure 80. Overall, the CMR model fits better the experimental data assessed by 

the coefficient of determination (R2). 

 
Figure 80 Comparison of analytical and experimental bond stress-loaded end slip curves 

Baena et al. [54] concluded that the diameter should be considered when defining the 

analytical parameters of the aforementioned models. Formulae, that includes the effect of 

diameter, were proposed for HWSC bars. According to those equations, α and β are 

negatively, while sr is positively correlating with the diameter.  

 
Figure 81 Calibrated parameters of mBPE model (α) of free end curves in C1 and C1A mixes 

Note: for better readability, symbols are spread horizontally 

Diagrams like Figure 81 were prepared for all analytical parameters both for LE and FE 

curves. The different surface types are distinguished by symbols, SC by a triangle, HWSC 

with a circle, In via a diamond and Rb through a square. Hollow symbols represent the NC, 
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whereas symbols for AEC are solid. Finally, the fibre type is illustrated using different 

colours, black, green and blue for glass, carbon and hybrid fibres respectively. Due to 

similar mechanical properties, BFRP bars are represented by black colour as well. 

Visual observation, with the support of trendlines, did not reveal a consistent effect of the 

diameter. In fact, analytical parameters (α and β) of HWSC bars applied in this study show 

inverse tendency (however, with relatively low coefficient of determination, R2) than 

those reported in [54]. Nevertheless, it has to be mentioned that although bars fall into 

the same surface category, the HWSC bars applied in this study have only low surface 

deformations caused by the ribs, while the ones reported in [54] have more accentuated 

deformations and less sanding.  

As no consistent effect of the diameter was observed for the analytical parameters further 

diagrams were prepared more concisely, by averaging the results (irrespective of the 

diameter). In Figure 82 to Figure 84 analytical parameters α, β and sr are plotted, 

respectively, allowing to observe the effect of AEA, concrete strength and bar surface, both 

for LE and FE cases. Although calibration was done for all experimental curves, Figure 82 

to Figure 84 are prepared using only the results for GFRP and BFRP bars with diameters 

of 6 to 12 mm, as described in Ch. 4.3.3. The average values of the analytical parameters 

are given in Table 55 as well. Moreover, the change in the analytical parameters due to 

the AEA are also presented. 
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Figure 82 Parameters (α) of bond stress-slip models for loaded (left) and free end (right)  

 

   
Figure 83 Parameters (β) of bond stress-slip models for loaded (left) and free end (right) 

 

   
Figure 84 Parameters (sr) of bond stress-slip models for loaded (left) and free end (right) 
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Table 55 Parameters of bond stress-slip models – average values of the results of 6 to 12 mm diameter 
GFRP and BFRP bars 

  Surface Concrete  Effect of AEA (%) 
   C1 C1A C2 C2A  C1, C1A C2, C2A 

Lo
ad

ed
 e

nd
 

α 

SC 0.504 0.451 0.632 0.470  -10.4 -25.6 
HWSC 0.513 0.438 - 0.705  -14.6 - 
In 0.373 0.398 0.393 0.470  6.7 19.6 
Rb 0.372 0.356 0.373 0.386  -4.3 3.5 

 Average 0.440 0.411 0.466 0.508    

β 

SC 1.379 1.239 1.698 1.247  -10.1 -26.5 
HWSC 1.406 1.174 - 1.723  -16.5 - 
In 0.931 0.977 1.060 1.055  4.9 -0.5 
Rb 0.906 0.765 1.013 0.830  -15.6 -18.0 

 Average 1.156 1.039 1.257 1.214    

sr 

SC 0.134 0.109 0.139 0.076  -18.5 -45.5 
HWSC 0.120 0.136 - 0.114  13.1 - 
In 0.160 0.120 0.131 0.162  -25.1 23.7 
Rb 0.255 0.315 0.264 0.369  23.4 39.7 

 Average 0.167 0.170 0.133 0.180    

Fr
ee

 e
nd

 

α 

SC 0.145 0.140 0.120 0.085  -3.2 -29.2 
HWSC 0.130 0.145 0.097 0.151  11.3 - 
In 0.259 0.219 0.255 0.204  -15.4 -19.8 
Rb 0.220 0.234 0.223 0.173  6.2 -22.4 

 Average 0.188 0.184 0.174 0.153    

β 

SC 0.182 0.210 0.198 0.133  15.5 -32.8 
HWSC 0.192 0.237 0.102 0.380  23.6 - 
In 0.426 0.316 0.496 0.328  -26.0 -33.8 
Rb 0.320 0.354 0.344 0.207  10.7 -39.8 

 Average 0.280 0.279 0.285 0.262    

sr 

SC 0.136 0.102 0.023 0.026  -25.1 14.5 
HWSC 0.094 0.055 1.403 0.016  -41.1 - 
In 0.164 0.181 0.069 0.085  9.9 22.3 
Rb 0.460 0.594 0.387 0.661  29.2 70.8 

 Average 0.214 0.233 0.471 0.197    

 

Although, no definite conclusion – on the effect of AEA on analytical parameters – can be 

disclosed in the figures, in most of the cases parameters of the models (α and β) decrease 

due to AEA. The diagrams for different surfaces often cross that gives the impression of 

interactions, meaning that the effect of AEA depends on the bar surface type. 

In lower strength concrete mixes (i.e, C1 and C1A) αle decreases due to AEA, however, the 

inverse is valid for indented bars (Figure 82). Nevertheless, the parameters for FE slip 

curves show less consistent tendencies, furthermore, the magnitude of the change in αfe 

is very low. In case of the higher-strength concrete clear tendency is visible for FE, while 

no consistent trend is detectable for the LE. SC bars in C2 concrete mix have larger α 

values than others, which can be explained with the increased slip values compared to 
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those of C2A. The four nominally identical specimens for each group shows a low 

coefficient of variation suggesting that results are meaningful.  

The influence of surface type can be observed. Sanded bars (SC, HWSC) have higher α for 

the LE slip, while lower for the FE. It was observed that concrete strength has no influence 

on the parameters. These are in line with the results presented in Ch. 4. 

Observations for α are generally valid for β (Figure 83) since both depend on the initial 

slope of the bond stress-slip curves.  

For steel bars the recommended value for α is 0.4 [58], in case of FRP this appears to be 

appropriate for the LE slip curves, however, 0.2 is more suitable for FE. 

In the case of parameter sr (Figure 84) Rb bars show higher values compared to other 

surfaces, irrespective of the concrete strength and type. All – but Rb – bars have 

approximately equal values for LE curves. For FE curves the values for Rb bars are even 

larger and decrease with the concrete strength increase. 

B.4.2 Statistical analysis 

In this chapter, a statistical methodology is presented that can be applied to perform 

analyses on the experimental bond characteristics as well as on the analytical parameters 

to identify those factors whose influence is statistically meaningful. The methodology is 

applied for the bond strength results. This study completes the Welch t-test that 

considered the effect of AEA solely (Ch.4.3). Herein a complex statistical analysis is 

performed by taking into consideration simultaneously all the parameters involved in this 

study (i.e., AEA, bar diameter and surface, concrete strength). Furthermore, the joint effect 

of those factors is analysed. It is evaluated whether the effect of a given factor depends on 

the levels of another factor [203]; in particular, it is studied whether the effect of AEA is 

in interaction with other factors. 

Although, the focus of this chapter is to study the effect of AEA on bond behaviour, due to 

the complexity of the developed statistical model, the effect of other factors (concrete 

strength, bar surface and diameter) can be studied as well. 

B.4.2.1 Database  

Details about the database and applied transformation of the data are given in Ch. 4.3.3. 
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B.4.2.2 Statistical test details 

Statistical analyses were carried out using IBM SPSS Statistics software v.26 [190]. 

The analysis performed here is similar to the one in Ch. A.4.2.2, however, multi-factor 

ANOVA is run in this chapter, as there are four independent variables.  

The log-transformed bond characteristics and the corresponding analytical parameters 

can be considered as continuous independent observations within the groups determined 

by the levels of the involved factors. For this reason, a multi-factor ANOVA analysis can be 

performed for each bond characteristic and analytical parameter. The multi-factor 

ANOVA makes it possible to examine whether a significant interaction exists among the 

factors, in addition to considering all the involved factors simultaneously. Due to 

experimental (e.g., not every bar is available in each diameter) and time constraints there 

are empty cells in the analysis matrix that is, not each possible experimental combination 

were tested. This issue was addressed by using Type IV sum of squares in the multi-factor 

ANOVA analyses [172]. For each dependant variable, each possible 2-way and 3-way 

interactions were considered. First, it was checked which of the 3-way interactions are 

not significant statistically and the non-significant 3-way interactions were excluded from 

the model stepwise, starting with the interaction having the largest p-value. This 

procedure was also repeated for those 2-way interactions for which the corresponding 

factor-pair was not included in any statistically significant 3-way interactions. Tables, 

containing the results, report only those interactions which are statistically significant.  

The classical ANOVA analysis assumes that the dependent variable (e.g., bond 

characteristics) is normally distributed within the groups determined by the factors and the 

variance is constant in the groups. Preliminary analysis revealed that these assumptions 

are not fulfilled typically for the data. One of the possibilities to overcome this issue is to use 

bootstrapping. The bootstrap approach emulates the process of obtaining new sample sets. 

Rather than repeatedly obtaining independent data sets from the population, distinct data 

sets are obtained by sampling observations from the given dataset [206]. The validity of 

the significance of the interactions was inspected by the parameter estimates tables obtained 

by using 1000 stratified bootstrap samples, i.e., samples obtained by resampling the 

observations separately within each factor combination.  

Depending on the significance of the interactions, the effects of the factors were 

investigated via main effect or simple main effect analyses, performed in the ANOVA 
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model. The corresponding p-values and confidence intervals were calculated using the 

stratified bootstrap approach mentioned above.  

The main effect analysis of a factor reveals the overall effect of the factor on the dependent 

variable. However, the main effect analysis is applicable only for those variables that are 

not part of any statistically significant interaction.  

Simple main effect analysis investigates the effect of a factor on the dependent variable at 

different levels of another factor. Hence, for factors involved in an interaction, the simple 

main effect analysis is applied. The details of these analyses are explained at their first 

appearances. 

Outliers were investigated as described in Ch. 4.3.3. The threshold for p-value was kept  

at 0.05. 

Factors included in the statistical study are considered as discrete variables. Concrete 

with C1 or C2 mix design, with or without AEA (NC or AEC). FRP surfaces of SC, HWSC, In 

or Rb. Bar diameter of 6, 8, 10 or 12 mm. 

B.4.2.3 Statistical analysis of the bond strength 

Inspecting the boxplot diagrams four outliers were observed for the bond strength. No 

extreme outliers were observed for any of the bond characteristics. Since the outlier data 

points are only slightly away from the whiskers, it was decided not to remove them from 

the analysis. 

Table 56 shows the multi-factor ANOVA test results for the bond strength. Symbols are 

explained in chapter A.4.2.3. 

Table 56 ANOVA test results of the transformed database: bond strength   
SS df MS F p η2 

Intercept 760.642 1 760.642 44227.978 0.000  
AEA 0.350 1 0.350 20.350 0.000 0.040 
Concrete 2.521 1 2.521 146.591 0.000 0.292 
FRP_surface 3.322 3 1.107 64.388 0.000 0.384 
Diameter 0.381 3 0.127 7.377 0.000 0.044 
FRP surface * Diameter 1.121 3 0.374 21.735 0.000 0.130 
Error 2.115 123 0.017     0.245 
Total 1121.707 135        
Corrected Total 8.644 134        

No statistically significant 3-way interaction was found. One of the 2-way interactions 

– FRP bar surface and diameter – was found significant. The proposed statistical model 
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presents a relatively high determination coefficient (R2=0.755). The value of 0.755 

represents that the involved factors including the mentioned interaction explain 75.5% of 

the variation of the log-transformed bond strength. This indicates a good correlation with 

the experimental data, as not all the possible bond affecting parameters [15] are included 

in this study. However, AEA itself accounts for 4.0% of the variance of the bond strength. 

Table 57 shows the result of the main effect analysis of AEA presented for the original (i.e., 

back-transformed) dataset. The model provides an estimate for bond strengths 

considering each possible factor combination (i.e., the missing cells due to the 

experimental and time constraints are estimated by ANOVA model). The p-value (0.001) 

indicates that approximately 10% overall decrease is statistically significant. 

The results are similar to the Welch t-test results (ratio of 0.896, with 95% CI of 0.824 to 

0.976). As multiple factors were included in the model the ratio between the means of the 

bond strength of AEC and NC specimens slightly increased, while the 95% CI decreased 

considerably. 

Table 57 Main effect analysis of AEA in the full factorial (unrestricted) ANOVA model 
 τb,max,mean Ratio 95% CI p 
AEC 18,693 0.903 0.870 0.942 0.001 
NC 20,698     

The effect of concrete strength was found to be statistically significant (p = 0.001) as well, 

without being in interaction with any other factors (Table 56). It accounts for 29.2% of 

the bond strength variance. Table 58 shows the result of the main effect analysis of 

concrete compressive strength. The ratio of the geometrical mean bond strength values 

for the higher and lower strength concrete resulted in 1.385. 

Table 58 Main effect analysis of concrete compressive strength in the ANOVA model 
 τb,max,mean Ratio 95% CI p 
C2 23.152 1.385 1.319 1.450 0.001 
C1 16.712     

Most of the relevant literature (e.g., [10,15,97]) suggest that the bond strength is linearly 

proportional to the square root of the concrete compressive strength (�𝑓𝑓𝑐𝑐). However, 

another guideline [98] takes it to be proportional to the compressive strength at a power 

of 2/3 (𝑓𝑓𝑐𝑐
2/3), while others [53] concluded that the bond strength is proportional to 𝑓𝑓𝑐𝑐0.3. 

Using the average concrete compressive strengths the following ratios are defined 1.25, 
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1.44 and 1.63, by applying the 𝑓𝑓𝑐𝑐0.3, �𝑓𝑓𝑐𝑐  and 𝑓𝑓𝑐𝑐
2/3 approaches, respectively. The result 

provided by the statistical analysis are in reasonable agreement with the aforementioned 

values. However, the ratio – provided by the statistical analysis – fits the best the square 

root approach. 

 
Figure 85 Interaction plot of bar surface and diameter (diameters are in millimetres) 

The 2-way interaction of the FRP surface and diameter factors is statistically significant 

(Table 56) hence the statistical significance of the influence of the individual factors 

cannot be interpreted for the whole dataset, but it has to be considered depending on the 

levels (e.g., groups) of the factors. The simple main effect analysis is suited for 

investigating the impact of these factors (Table 59). This interaction explains 13.0% of the 

bond strength variation. 

Table 59 Simple main effect analysis of diameter at the levels of FRP surface in the ANOVA model 
Surface Compared diameters Ratio  95% CI p 
In 8-12 0.828 0.764 0.908 0.002 
Rb 8-12 1.472 1.391 1.558 0.001 
SC 6-10 1.115 1.060 1.175 0.001 

6-12 1.253 1.183 1.324 0.001 
10-12 1.124 1.077 1.174 0.001 

HWSC 6-8 1.121 0.979 1.252 0.084 
6-10 1.047 0.918 1.193 0.526 
8-10 0.934 0.852 1.026 0.163 

In literature, there is an agreement that an increase of bar diameter leads to a decrease in 

bond strength (e.g., [59,74]). This is clearly the case for Rb bars (Figure 85), slight deviations 

are observed for SC bars. However, for HWSC bars the differences were not significant and 

an inverse tendency was observed for In bars. The latter phenomenon has a physical 

explanation that is the difference in rib geometries; the 12 mm diameter bars possess a 
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surface with higher geometrical ratios (e.g. concrete lug ratio) than that of 8 mm (Ch. 3.3.1, 

Table 10). 

Based on the ANOVA model coefficients are provided (Figure 86) to account for the 

influence of different factors, as defined by the multiplicative model previously presented 

for the bond strength. 

 
Figure 86 Multiplicative model for the bond strength 

By applying the above-presented methodology similar analyses can be performed for the 

other bond characteristics or analytical parameters. 

B.4.3 Conclusions 

The influence of air-entraining admixtures (AEA) on the bond behaviour of FRP bars was 

studied in this paper. Additional parameters were involved such as concrete compressive 

strength (approximately 35 and 75 MPa), FRP bar surface (sand coated (SC), helically 

wrapped and sand coated (HWSC), indented (In) and ribbed (Rb)), diameter (6 to 16 mm) 

and fibre type (glass, basalt, carbon and hybrid), resulting in a total of 224 pull-out 

specimens. Experimental work was presented in Ch. 4.  

First, the parameters of the CMR and mBPE analytical models (ascending branch only) for 

the bond stress-slip relationships were defined based on the experimental curves, 

followed by graphical and quantitative analysis. Then, a comprehensive statistical 

methodology was presented and applied for the bond strength results. As mathematical 

statistics technique multi-factor ANOVA test was applied to study the statistical 

significance of the influence of each factor and their interactions. The database for the 

statistical tests was formed by the experimental and analytical data, however, due to 

different failure modes, 14 and 16 mm diameter bars as well as carbon bars were 

excluded. Main conclusions are as follows. 

• Defined analytical models fit well the experimental data. Overall, the CMR model 

fits better the experimental data assessed by the coefficient of determination (R2). 

Surf./Diam. 6 8 10 12

NC: 1 C1: 1 In 0.828 1
Constant: 13.222 Rb 1.746 1.187

AEC: 0.903 C2: 1.385 HWSC 1.508 1.346 1.44
SC 1.69 1.515 1.348
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• A qualitative investigation of the parameters of the models reveals no dependence 

on diameter (Figure 81) nor of concrete strength (Figure 82 to Figure 84), hence 

the averaged values for parameters α, β and sr are summarized in Table 55.  

• The recommended value of α = 0.4 for steel bars, appears appropriate for FRP bars 

in case of loaded end (LE) slip curves, however, for the free end (FE) 0.2 is more 

suitable. 

• Sanded bars (SC, HWSC) have higher α for the LE slip, while lower for the FE.  

• Observations for parameter β are similar to those of α, as both give information 

about the initial slope of the bond stress-slip curves.  

• A comprehensive statistical methodology was presented that can be applied for 

any bond characteristics or parameters of the analytical bond stress-slip models. 

ANOVA test is used that allows to simultaneously consider the influence of all 

factors (AEA, concrete strength, FRP bar surface and diameter) and their 

interactions as well. 

• The methodology was applied to build a model for bond strength. The influence of 

AEA on the bond strength was found statistically significant, without being 

involved in a statistically significant interaction with any other factor, just as the 

influence of concrete compressive strength. However, the interaction between the 

effect of bar surface and diameter was found to be statistically significant. A 

stochastic model was built for bond strength, considering the influence of AEA, 

concrete strength and FRP bar surface and diameter interaction (Figure 86). 

• FRP bar surface and diameter interaction exists mainly due to the inverse 

– compared to what is reported in the literature – effect of the diameter for 

indented bars. Moreover, no consistent decreasing influence of the diameter was 

observed neither for the bars with other surfaces types. 

• 4.0% of the variability in bond strength can be explained by the effect of AEA, while 

29.2% is explained by the concrete strength and 13.0% by the FRP bar surface and 

diameter interaction  

• Based on the statistical analysis a ratio of the average bond strength results in AEC 

and NC was defined 0.903 (95% CI of 0.870 to 0.942). Hence, the factor to account 

for the bond stress loss due to AEA — defined in Ch. 4 — can be refined based on 

the lower of the confidence interval. A safety factor equal to 0.87 is proposed. 
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• Furthermore, a ratio of the average bond strength for higher and lower strength 

concrete was provided 1.385 (95% CI of 1.319 to 1.450) that is in good agreement 

with the square root of the concrete strength.  
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APPENDIX C: 

EFFECT OF HIGH TEMPERATURE 

 

  



 

LXXIV 

 

Figure 87. Comparison of bond stress-slip (loaded and free end) relationships of pull-out tests 

2  
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Figure 88. Comparison of the mBPE and CMR models with the experimental bond stress-slip relationships 
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