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Abstract 

Replacing degraded concrete structures can be quite expensive and time consuming; thus, 

strengthening these structures with fiber reinforced polymer (FRP) elements, such as carbon FRP 

(CFRP) plates, is more practical. Prestressing FRP elements is one of the most economical used 

solution due to its effect on utilizing the high strength of the FRP materials while improving the 

performance of structural elements. In order to prestress the FRP component, gripping using 

anchorages must be provided at both ends. However, anchoring FRP plate is challenging due to its 

vulnerability to lateral loading; therefore, specially designed anchorage systems are required to 

grip FRP plates effectively to avoid any premature failure.  

The presented work investigates the development and optimization of an innovative anchorage 

that is reliable, reusable, compact and light in weight for gripping CFRP plates. To fulfil these 

requirements, a wedge anchorage system is chosen as the most suitable for gripping CFRP plates 

Material selection process is conducted to select the optimal materials for the sleeves, the wedges 

and the barrel of the anchorage.  

An FEM model of the wedge anchorage is developed using ABAQUS finite element package. 

An optimization process is performed to find the optimal dimensions of the anchorage through 

which the anchoring strength and the reusability of the anchorage are improved.  The effect of the 

presetting distance on the performance of the optimized anchorage is investigated. Several failure 

theories are used to investigate the likelihood of CFRP premature failure. Two new analytical 

models are developed to verify the accuracy of the FEM model. The results of the analytical 

models are compared well to the FEM results.  
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The optimized wedge anchorage is then manufactured and experimentally tested. Eight tensile 

tests are performed to evaluate the performance of the optimized anchorage by gripping the sides 

of the CFRP plates using the optimized anchorage and a larger dead-end anchorage. Five tests are 

performed by presetting the optimized anchorage using presetting rig, two of which use hard 

copper sleeves. The other three tests are conducted by hammering the optimized anchorage.  The 

dead-end is presetted in every test to avoid CFRP slipping. The optimized anchorage system is 

capable to carry the guaranteed ultimate tensile strength of the CFRP plate when soft sleeves are 

used. The effect of presetting distance on the CFRP slipping is investigated. Damage analysis is 

performed after conducting eight tensile tests to examine the reusability of the optimized wedge 

anchorage. 
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1.2 Thesis Structure     3 
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1.1. General Background 

A significant number of concrete structures worldwide are currently degraded and in need of 

repair and strengthening. This is mainly attributed to the degradation of concrete structures due to 

reinforcement corrosion, creep and fatigue. In addition, most concrete structures are increasingly 

subjected to higher loads than their designed capacity. Replacement of concrete structures is 

considerably expensive and time consuming; thus, repair and strengthening these structures with 

fiber reinforced polymer (FRP) elements, such as carbon FRP (CFRP) plates, is more practical.  

Prestressing FRP elements is one of the most economical used solution due to its effect on 

utilizing the high strength of the FRP materials while improving the performance of structural 

elements. In order to prestress the FRP component, gripping using anchorages must be provided 

at both ends. However, anchoring FRP plates is challenging due to its vulnerability to lateral 

loading; therefore, specially designed anchorage systems are required to grip FRP plates 

effectively to avoid any premature failure. Hence, several anchorage systems including wedge 

anchorages, clamp anchorages, and resin potted anchorages are developed to anchor FRP elements 

effectively.  

Although a number of anchorages have been designed by researchers, most of these anchorages 

are far from being optimal as there is still a huge area of improvement in terms of  

• cutting down its cost,  

• reducing its weight, and  

• improving its gripping performance and reusability.  
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In order to design the optimal anchorage for CFRP plates, a comprehensive investigation of 

the factors that can affect the performance and the reusability of the anchorage is conducted. A 

complete optimization process is then performed to identify the ideal materials and dimensions of 

the anchorage. The designed anchorage is experimentally tested to examine its performance. 

1.2. Thesis Structure 

The presented work investigates the development and optimization of an innovative anchorage 

system for CFRP plates in terms of increasing the gripping capacity, enhancing the reusability, 

and minimizing the cost. Wedge anchorage system is selected, optimized analytically and 

numerically, manufactured and experimentally tested. The thesis consists of seven chapters. 

Chapter 1 introduces the general background of the problem statement along with the thesis 

structure.  

The literature review presented in Chapter 2 provides a comparison between fiber reinforced 

polymer (FRP) materials and steel as well as an assessment of wedge anchorage system, clamp 

anchorage system and resin potted anchorage system. The different failure modes of an FRP 

anchorage are briefly described.  

A material selection process is presented in Chapter 3. 440C stainless steel is selected as the 

optimal material for manufacturing the wedges and the barrel. Annealed copper sleeves are used 

to enhance the gripping strength of the anchorage. The mechanical properties of the CFRP plate, 

the annealed copper sleeves, and the 440C stainless steel barrel and wedges are presented. 
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An FEM model is developed in Chapter 4 via ABAQUS software, and a convergence analysis 

is conducted. An optimization process is performed to design a wedge anchorage that can 

effectively grip CFRP plates without experiencing plastic deformation. Failure analysis is 

conducted using various FRP failure theories to confirm the unlikelihood of CFRP premature 

failure. The effect of the presetting distance on the performance of the anchorage is investigated. 

Two new analytical models are created in Chapter 5 to validate the accuracy of the FEM model. 

The two models are based on different assumptions. Model 1 is mathematically more complex 

than model 2; however, both models are proven to be exceptionally accurate. 

The optimized wedge anchorage is manufactured and experimentally tested as presented in 

Chapter 6. The test elements and the testing procedure are briefly described. The results of the 

experimental tests illustrate the performance and the reusability of the optimized anchorage. The 

reusability of the optimized anchorage is studied by examining the plastic deformation induced 

after conducting eight tests. The self-seating feature of the optimized anchorage is tested by 

effectively gripping the CFRP plate by hammering the wedges only. The experimental results are 

utilized to validate the FEM results. 

Chapter 7 provides the conclusion and the recommendations for future work. 
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2.1. Introduction 

This chapter introduces FRP materials along with their application in concrete structures and 

mechanical properties. Mechanical gripping and resin bonding anchoring mechanisms are 

discussed. A comparison between wedge anchorages, clamp anchorages, and resin potted 

anchorages as well as the common anchorage failure modes are presented. The chapter is 

concluded by selecting the most suitable anchorage system and identifying the critical mechanical 

properties that can affect its performance. 

2.2. FRP Plate Materials 

Fiber reinforced polymer (FRP) is a composite material made of a polymer matrix, such as a 

thermosetting resin, or resin that is reinforced with fibers as shown in Figure 2.1, which specifically 

depicts a continuous unidirectional FRP element. The polymer matrix is often made of vinylester  

or epoxy that is reinforced with fiber filaments such as glass fibers, aramid fibers or carbon fibers 

[1], [2]. The manufacturing process of an FRP element can be briefly described as a pultrusion of 

fiber filaments followed by fiber impregnation with polymer resin [1]–[3]. The typical mechanical 

properties of some fiber filaments and resins are shown in Table 2.1 and Table 2.2 respectively. 

Unidirectional FRP elements are orthotropic due to the fact that the reinforcing fiber filaments 

have much higher strength and stiffness along the axial direction than along the transverse 

directions [1], [2], [4]. While fiber filaments reinforce and enhance the strength of the reinforced 

resins, polymer resins not only improve the transformability of the applied loads to the reinforcing 

fibers but also protect the fibers from corrosion and detrimental environments [2], [4], [5] 
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Figure 2.1: Illustration of Unidirectional FRP Element 

 

Table 2.1: Typical Mechanical Properties of Carbon, Aramid and Glass Fibers 

Property 

Carbon Fibers Aramid Fibers Glass Fibers 

High 

Modulus 

Intermediate 

Modulus 

Low 

Modulus 
Kevlar Technora Twaron E-Glass S-Glass 

Tensile 

Strength (GPa) 
2.411  2.91 5.651 3.41-3.61 3.51 2.32-31 1.83–2.73 3.43–4.83 

Tensile 

Modulus (GPa) 
7581  3901 2901 821-1791 741 701-1452 653–733 853–903 

Ultimate Strain 

(%) 
0.23-0.321 0.53-0.71 1.23-1.81 1.91-2.81 4.61 22-2.52 4.53 5.43 

Density (g/cm3) 2.151 1.81 1.81  1.451 1.391 1.451 2.584 2.55 

1 Academic paper titled “Aramid and carbon fibre-reinforced plastic prestressed ground anchors 
and their field applications” [2] 
2 Academic paper titled “Glass Concrete Thin Sheets Prestressed with Aramid Fiber Mesh” [6] 
3 Canadian Standards Association [7] 
4 Academic paper titled “Model of concrete confined by fiber composites” [8] 
5 Academic paper titled “Chemical treatments of natural fiber for use in natural fiber-reinforced 
composites: a review” [9] 
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Table 2.2: Typical Mechanical Properties of Epoxy and Vinyl Ester Resins [2] 

Property Epoxy  Vinyl ester 

Tensile Strength (MPa) 55-130 73–81 

Tensile Modulus (GPa) 2.75–4.10 3.0–3.5 

Ultimate Strain (%) 1-9 3.5–5.5 

Poisson’s Ratio 0.20–0.33 0.37 

Density (g/cm3) 1.2–1.3 1.12–1.32 
 

FRP materials are utilized to enhance the flexural strength of concrete as it is susceptible to 

flexural failure as illustrated in Figure 2.2. The flexural strength of reinforced concrete can be 

improved further by prestressing processes as they induced compressive stress within the concrete.  

The most common FRP elements used to reinforce concrete structures are carbon fiber reinforced 

polymer (CFRP), aramid fiber reinforced polymer (AFRP) and glass fiber reinforced polymer 

(GFRP) [2]. FRP elements have been studied for decades to replace prestressing steel since steel 

is heavy, difficult to handle, and vulnerable to corrosion [10]. The typical mechanical properties 

of CFRP, AFRP, GFRP and prestressing steel are shown in Table 2.3. FRP elements, such as 

CFRP, are superior compared to steel in terms of being lightweight and having relatively high 

axial strength, relatively low axial thermal expansion, excellent corrosion resistance and 

outstanding fatigue properties [4], [11], [12]. However, FRP elements have some drawbacks such 

as having a high cost, a low modulus of elasticity, an inadequate fracture strain, and a weak 

resistance to ultraviolet radiation [12], [13]. CFRP, as shown in Table 2.3, has exceptional 

mechanical properties compared to other prestressing materials making it preferable for 

prestressing concrete structures; however, it is relatively more expensive. Therefore, it is used in 

small quantities to reinforce concrete structures [4].  
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FRP materials used in structural applications are available in different forms such as circular 

tendons, sheets, and plates. Although, all forms have been used in repair and strengthening, 

attaching FRP plates to concrete structures is easier and more preferred in the field. FRP plates 

have relatively high axial tensile strength yet low transverse strength; thus, they are susceptible to 

premature failure caused by transverse loadings [14], [15]. As a result, while prestressing processes 

are crucial for enhancing the flexural strength of the concrete and preventing separation failure 

mode shown in Figure 2.2, they are difficult to perform as proper anchoring of FRP plates is 

challenging [13], [16]. Thus, anchorage systems designed especially for FRP plates are utilized to 

allow the implementation of prestressing processes. 

 

Figure 2.2: Flexural and Separation Failure Modes of Concrete Structure [17] 

Table 2.3: Typical Mechanical Properties of Commercially Available FRP Plates [7] 

Property CFRP AFRP GFRP Prestressing Steel 

Tensile Strength (MPa) 14001–20001 10501–17001 6901–14001 13791–18621 

Tensile Modulus (GPa) 1171–1451 1001–1251 351–481 1861–2001 

Yield Strength (MPa) ----- ----- ----- 10341–13961 

Yield Strain (%) ----- ----- ----- 1.41–2.51 

Ultimate Strain (%) 11–1.51 21–31 21–31 41 

Coefficient of Thermal 

Expansion (10
−6𝒎

𝒎 𝑪 
𝒐 ) 

0.22 −5.72 72 11.123 

Density (g/cm3) 1.51–1.61 1.251–1.41 1.251–2.41 7.91 
1 Canadian Standards Association [7] 
2 Academic paper titled “FRP reinforcement for concrete structures” [12] 
3 Academic paper titled “Measurement of the thermal expansion coefficient of AISI 420 stainless 
steel between 20 and 293 K” [18] 
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2.3. FRP Anchorage Systems  

FRP anchorage systems are utilized to perform prestressing processes which can increase the 

efficiency of concrete strengthening by maintaining tensile stress within the FRP  plates, thus, 

enhancing the load carrying capacity of the concrete structure in addition to preventing or delaying 

debonding induced by interfacial cracking [19]. Several anchorages are developed to improve the 

anchoring effectiveness of FRP elements [13], [15], [20]–[22]; however, there is still an area of 

improvement through minimizing the weight and the total cost of the anchorage while maintaining 

its anchoring effectiveness. The followings are the main requirements of successful anchoring of 

FRP elements [13], [23]: 

• An FRP element must be able to sustain at least 95% of its axial tensile strength after being 

anchored. 

• During the entire service life of an FRP element, the anchorage system should not experience 

considerable creep or fatigue damage that might lead to its failure. 

• The anchorage system must maintain high performance throughout its service life; therefore, 

corrosion and environmental erosion should not occur within the system. 

 

2.4. FRP Anchoring Mechanisms  

Two fundamental anchoring mechanisms of FRP plates are mechanical or friction gripping 

and resin bonding.   
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2.4.1. Friction Gripping  

Utilizing friction between the surfaces of the FRP plate and the anchorage system is the 

essential concept of mechanical anchoring. The friction gripping force is greatly influenced by the 

area of contact, the contact pressure, the hardness of the associated elements and surface ploughing 

[24]. Since the area of contact and the contact pressure are self-explanatory, the hardness and the 

surface ploughing are briefly described. 

2.4.1.1. Hardness 

Hardness is defined as the resistance of an element to penetration [25]. Hardness is expressed 

as the ratio of the applied load over the projected area of indentation  [26]. Rockwell Hardness 

Test (HR), Vickers Hardness Test (VHT), Brinell Hardness Test (HBW), or Knoop Hardness Test 

(HK) are different tests performed to measure the hardness of a material by applying penetrative 

load via a certain indenter over a small area [25]–[27]. The elements of an anchorage must have 

sufficiently high hardness to minimize local plastic deformation as that would maintain the 

performance and enhance the reusability of the anchor. 

2.4.1.2. Surface Ploughing 

Surface ploughing is defined as the continuous penetration of a surface of a hard material into 

a surface of a softer material as one element slides on the other due to the existence of asperities 

as shown in Figure 2.3. Asperities can cause local penetration, ploughing and tearing of the softer 

element causing local plastic deformation [24].  

In general, surface ploughing and friction within a mechanical anchorage can be minimized by 

manufacturing the anchor’s elements with materials of similar hardness,  and  smoothing and 

lubricating the sliding surfaces [28].  
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However, applying lubrication with caution is critical since the friction between the FRP plate 

and the anchorage is desired to prevent slippage of the FRP plate unlike the friction between the 

wedges and the barrel of the wedge anchorage. 

 

 

Figure 2.3: Illustration of Surface Asperities [29] 

2.4.2. Resin Bonding 

Resin bonding anchoring mechanism is based on a non-mechanical adhesive bond that is 

created by pouring a resin between the FRP plate and the sleeve of the resin potted anchorage. The 

roughness of the adhered surface of the sleeve is crucial for enhancing the bond between the resin 

and the sleeve. Unlike mechanical gripping, resin bonding does not induce lateral loads on the FRP 

plate, so the occurrence of premature failure within the FRP plate is unlikely. However, the 

strength of the resin bonding is crucially affected by the curing temperature, the curing period and 

the surrounding environment and temperature [30]; thus, resin bonding is unreliable in terms of 

long-term usage.  
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2.5. Common FRP Anchorage Systems  

There are numerous existing anchorages; however, the main and most common anchorage 

systems are clamp anchorages, wedge anchorages and resin potted anchorages. These anchorages 

utilize different mechanisms to produce the required anchoring strength as described in detail in 

the following subsections. 

2.5.1. Clamp Anchorage System 

Clamp anchorage system, shown in Figure 2.4, is mainly made of two relatively thick clamping 

plates fastened together by a certain number of bolts [14]. The FRP plate is first inserted between 

the clamping plates then the bolts are fastened such that the desired contact pressure is created 

between the FRP plate and the clamping plates. Normally two thin sleeves made of a soft material, 

such as copper, are placed between the FRP plate and the clamping plates to improve gripping 

[20].  

The anchoring mechanism of a clamp anchorage is based on uniform gripping of the FRP plate 

via friction induced by a uniform contact pressure between the FRP plate and the clamp anchorage 

as shown in Figure 2.5. A clamp anchorage can produce a non-uniform contact pressure across the 

FRP plate by fastening the bolts differently; however, controlling the induced lateral stress across 

the FRP plate is complex. Thus, the uniform contact pressure produced by the clamp anchorage 

can cause stress concentration at the loading edge of the FRP plate leading to premature failure. 

Despite its simple design, clamp anchorages are also relatively large, heavy and hard to install as 

regular bolt refastening is required to maintain the contact pressure. 
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Figure 2.4: 3D View (A) and Front View (B) of a Clamp Anchorage 

 

 

 

 

Figure 2.5: Tensile Load and Contact Pressure Distribution across the Length of the FRP Plate for Clamp Anchorage 
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2.5.2. Wedge Anchorage System 

Wedge anchorage system, shown in Figure 2.6, often consists of two major elements which 

are a barrel and a certain number of wedges. Wedge anchorage system is commonly utilized to 

anchor FRP tendons; however, wedge anchorage can be designed to anchor FRP plates as well. 

The wedge anchorage is assembled by placing the FRP plate between the wedges before presetting 

the wedges into the barrel. Contact pressure is induced on the FRP plate due to the existing 

interference between the wedges and the barrel. Two thin sleeves made of a soft material can be 

inserted between the FRP plate and the wedges to enhance gripping [20].  

Unlike the clamp anchorage system, the anchoring mechanism of the wedge anchorage system 

can produce a precise non-uniform distribution of contact pressure across the FRP plate. This 

ability gives wedge anchorage an advantage over clamp anchorage as premature failure of FRP 

plate can be prevented. As illustrated in Figure 2.7, wedge anchorage can minimize the contact 

pressure at the loading edge of the FRP plate and maximize it around the other edge. This feature 

allows wedge anchorage to increase the overall gripping strength per contact length without risking 

premature failure of the FRP plate.  

However, due to the existence of high contact pressure between the wedges and the barrel, the 

contacting surfaces of the wedge and the barrel must be as smooth as possible to the minimize 

shear stresses. Lubricants can be applied to minimize the friction between the wedges and the 

barrel even further [28]. While a wedge anchorage system is somewhat complicated to design, it 

is compact, light in weight, reliable and easy to install since no regular refastening is needed. 
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Figure 2.6: 3D View (A) and Bottom View (B) of Half-Section View of Wedge Anchorage 

 

 

 

 

 

 

Figure 2.7: Tensile Load and Contact Pressure Distribution across the Length of the FRP Plate for Wedge Anchorage 
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2.5.3. Resin Potted Anchorage System 

There is a significant number of resin potted anchorages; nevertheless, the common elements 

of a resin potted anchorage are an outer sleeve and a bonding resin such as cementite or epoxy. 

The outer sleeve can be designed as straight sleeve or contoured sleeve in order to manipulate the 

bonding resin distribution across the FRP element as shown in Figure 2.8 and Figure 2.9 

respectively. One main advantage of most bonded anchorages over mechanical anchorages is the 

fact that applying transverse loading on the FRP element is not a necessity to maintain gripping. 

However, some bonded anchorages use expansive material couplers such as expansive cement 

which can induce lateral loads on the FRP element [15].  

The resistance to surrounding environment as well as the shear strength of the bonding resin 

are critical factors that can crucially affect the gripping strength and durability of the resin potted 

anchorage. The roughness of the associated surface of the sleeve is important to enhance the bond 

between the sleeve and the resin. Controlling the stresses within a resin potted anchorage is 

difficult [14]; thus, a resin potted anchorage must be designed with caution if expansive materials 

are to be used as the induced lateral loads on the FRP plate can cause premature failure [15].  The 

sensitivity of the bonding resin to the surrounding environment and temperature, the lengthy curing 

time of the bonding material as well as the difficulty of controlling the induced lateral load 

distribution on the FRP element are the main weaknesses of the resin potted anchorages [14], [30].   
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Figure 2.8: 3D View (A) and Side View (B) of Half-Section View of Straight Sleeve Resin Potted Anchorage 

 

 

Figure 2.9: 3D View (A) and Side View (B) of Half-Section View of Contoured Sleeve Bonded Anchorage  
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2.6. FRP Anchoring Failure Modes   

There are several failure modes of an anchorage system. The anchorage failure modes can be 

divided into short-term and long-term failure modes.  

2.6.1. Short-Term Failure Modes  

The followings are some common short-term failure modes of FRP anchorage systems. 

• Tensile Fracture of FRP Plate  

This the optimal and the desired failure mode where the FRP plates sustain a load of at least 95% 

of the tensile strength before going though tensile failure [31], [32]. 

• Slipping of FRP Plate  

FRP plate slipping occurs in mechanical anchorages when the gripping strength is not sufficiently 

high to withstand the tensile load [32]. Slipping can be prevented by increasing the contacting area 

and the contact pressure on the FRP plate. 

• Debonding of FRP Plate  

Debonding failure happens when the tensile loading exceeds the bonding strength [33], [34]. The 

strength of the resin bond can be gradually deteriorated by the surrounding environment and 

temperature causing debonding failure during the service life of the resin potted anchorages. 

• Pre-mature Rupture of FRP Plate  

Premature failure of FRP plate occurs in mechanical anchorages when high transverse load is 

applied around the loading edge of the FRP plate, therefore, creating stress concentration [31]. 

Unlike tensile fracture of FRP plates, premature failure occurs inside the anchorage system.  
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• Fracture of Barrel 

This failure mode occurs in wedge anchorages when the induced tensile hoop stress within the 

barrel exceeds its strength. Explosive tensile fracture of the barrel is caused by low strength or 

insufficient thickness of the barrel. It can be prevented simply by increasing the thickness or 

manufacturing the barrel with a stronger material.  

2.6.2. Long-Term Failure Modes  

• Corrosion Failure 

Corrosion is an electro-chemical process of gradual deterioration of an element, usually a 

metal, because of its reaction with the surrounding environment through which electrons are 

extracted from the element and oxides are created [35], as shown in Figure 2.10. The surroundings 

of a corroding element may vary; however, the same essential factors must exist for corrosion to 

occur which are the existence of an electron-donating element, an electron-receiving element, an 

electrolyte and a driving force in the form of voltage difference [36]. Unlike the mechanical 

properties of a material, the corrosion resistance of an element is predominantly dependent on the 

environment it is exposed to [37]. As a result, selecting a material with an appropriate corrosion 

resistance for a specific application is critical as the material cost increases significantly as the 

corrosion resistance is improved. Corrosion failure can be prevented or delayed by using corrosion 

resisting materials, applying inhibitors or protective coatings, and utilizing a sacrificial anode [37]. 

 

Figure 2.10: Thickness reduction of a cylinder pipe because of corrosion [38] 
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• Fatigue Failure 

Fatigue is a process of gradual degradation of an element induced by repeated cyclic loading 

resulting in sudden and rapid fatigue rupture [39].  Cracks are created and propagated within the 

element during the cyclic loading to a point where concentrated stresses are higher than the static 

strength of a material; as a result, sudden ductile failure is caused as shown in Figure 2.11. There 

are three stages of crack growth during the fatigue process, which are microcrack initiation, 

macrocrack propagation, and final rupture [39]. Fatigue, unlike creep and corrosion, is not 

detectable; therefore, in addition to applying a sufficient factor of safety, it is important to estimate 

fatigue life of an element with a satisfactory accuracy.  There are several methods to predict the 

fatigue life of an element such as analyzing the stress/cycle and the strain/cycle curves [40], [41]. 

In general, any cyclic loading, no matter how low it is, can cause fatigue fracture after a certain 

number of cycles; however, this is not entirely true for materials that exhibit fatigue limit or 

endurance limit. Endurance limit is defined as the maximum cyclic loading that an element can be 

endure indefinitely [42]. The fatigue life under endurance limit cyclic loading is around 1x106 and 

1x107 cycles [40], [43]. It is worthy to note that fatigue failure might occur within the FRP 

anchorage instead of the CFRP plate which has excellent fatigue properties. 

 

Figure 2.11: Fatigue Rupture of a Rod [44] 
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• Creep Failure 

Creep is a phenomenon of time-dependent plasticity that occurs when a material is loaded at 

elevated temperatures during which plastic strain is induced and increased over time even when a 

relatively low constant load is applied [43], [45]. Creep occurs in metals and ceramics when a 

material is stressed at a temperature of 30-40% of its melting temperature [43]. The typical 

behaviour of the time-dependent plasticity of creep when a constant is applied can be divided into 

three stages which are primary creep, secondary or steady-state creep, and tertiary creep 

respectively [43], [45]. Creep failure is not experienced only by metals in the form of ductile 

failure, as shown in Figure 2.12, but also by FRP elements as well as resins [46].  

 

Figure 2.12: Creep Fracture Elements [47] 
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2.7. Conclusion 

Strengthening structural element, such as concrete beams and slabs, with FRP plates is 

essential as steel plates are susceptible to corrosion. FRP plates, especially CFRP plates, have an 

outstanding tensile strength to weight ratio, an excellent corrosion resistance and low stress 

relaxation; nevertheless, CFRP plates are vulnerable to lateral loads and expensive. To utilize the 

high strength of CFRP plate and enhance the performance of strengthened structural elements, 

anchorages systems are utilized to allow prestressing of FRP plates. FRP anchorages along with 

their anchoring mechanisms are assessed. Anchoring FRP plates with a resin potted anchorage is 

difficult to apply in the field mainly because of the long resin curing time, and large size. Clamp 

anchorage is smaller and easier to install than resin potted anchorage; however, regular bolt 

refastening is required to maintain the performance of the clamp anchorage which makes it 

expensive in terms of long-term usage. Wedge anchorage is superior to both resin potted anchorage 

and clamp anchorage as it is more compact, easier to install and handle and cheaper for long-term 

usage. Also, wedge anchorage can prevent premature failure by controlling the lateral load 

distribution across the FRP plate. Therefore, wedge anchorage is selected as the most reliable 

anchorage system. The performance of the wedge anchorage is enhanced by assembling two 

sleeves made of a soft material between the FRP plate and the wedges. Several failure modes of 

the anchorage system as well as the main factors that trigger them are discussed. These factors are 

considered in the material selection process and the optimization process performed in Chapter 3 

and Chapter 4 respectively. 
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3.1. Introduction 

The initial step in designing the optimal wedge anchorage for gripping CFRP plates is to select 

the most suitable materials for its elements, which are the wedges, the barrel and the sleeves. This 

chapter starts by presenting the mechanical properties of the anchored CFRP plate and introducing 

the material selection process of the sleeves, the barrel and the wedges of the anchorage. It 

concludes by summarizing the results of the material selection process.  

3.2. Mechanical Properties of Unidirectional CFRP Plate 

The anchored unidirectional CFRP plate, called Sika CarboDur type S [48], [49], is 

manufactured by Sika company. It is 1 m long, 50 mm wide and 1.2 mm thick. The mechanical 

properties of the CFRP plate are listed in Table 3.1. The mechanical properties of the carbon fiber 

filaments and the epoxy resin are used to compute the axial and transverse modulus of elasticity, 

the axial and transverse Poisson’s ratios, and the axial and transverse modulus of rigidity of the 

CFRP plate. The equation parameters presented throughout this section are defined in Table 3.2. 

Table 3.1: Provided Mechanical Properties of CFRP Plate 

 

 

1 Sika, Canada [48], [49]  
2 Academic paper titles “Effect of curing conditions on strength development in an epoxy resin 

for structural strengthening” [30] 

Mechanical Property Magnitude 
𝝈𝑻−𝑨𝒙𝒊𝒂𝒍 (𝑴𝑷𝒂) 28001 
𝝈𝑻−𝑳𝒂𝒕𝒆𝒓𝒂𝒍 (𝑴𝑷𝒂) 621 
𝝈𝑪−𝑳𝒂𝒕𝒆𝒓𝒂𝒍 (𝑴𝑷𝒂) 350 
𝝉𝒇−𝑨𝒙𝒊𝒂𝒍 (𝑴𝑷𝒂) 1002 

𝝐𝑼𝒍𝒕 (%) 1.7%1 
𝑬𝟏 (𝑴𝑷𝒂) 165,0001 

𝝆 (
𝒈

𝒄𝒎𝟑
) 1.51 

Volumetric Fraction of Fibers (%) >68%1 
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Table 3.2: Defined Equation Parameters 

Parameter Definition 
𝑽𝒇 Volumetric ratio of the carbon fibers to the composite lamina. 
𝑬𝟏 Axial modulus of elasticity of the composite lamina. 
𝑬𝟐 Transverse modulus of elasticity of the composite lamina. 
𝑬𝒇𝟏 Longitudinal modulus of elasticity of the carbon fibers. 
𝑬𝒇𝟐 Transverse modulus of elasticity of the carbon fibers. 
𝑬𝒎 Modulus of elasticity of the epoxy resin. 
𝒗𝟏𝟐 Longitudinal Poisson’s ratio of the composite lamina. 
𝒗𝟐𝟑 Transverse Poisson’s ratio of the composite lamina. 
𝒗𝒇𝟏𝟐 Longitudinal Poisson’s ratio of the carbon fibers. 
𝒗𝒎 Poisson’s ratio of the epoxy resin. 
𝑮𝟏𝟐 Axial modulus of rigidity of the composite lamina. 
𝑮𝟐𝟑 Transverse modulus of rigidity of the composite lamina. 
𝑮𝒇𝟏𝟐 Longitudinal modulus of rigidity of the carbon fibers. 
𝑮𝒎 Modulus of rigidity of the epoxy resin. 
𝝈𝑪−𝒎 Matrix compressive strength. 
𝝉𝒇−𝑨𝒙𝒊𝒂𝒍 In-plane shear strength. 
𝝈𝑪−𝑨𝒙𝒊𝒂𝒍 Axial compressive strength of CFRP plates. 

 

Table 3.3: Mechanical Properties of Carbon Fibers and Epoxy Resin 

Property Carbon Fibers Epoxy Resin 

𝝈𝑪 (𝑴𝑷𝒂) --------- 621 

𝑬𝟏 (𝑴𝑷𝒂) 230,0001 11,2001 (tensile) 

𝑬𝟐 (𝑴𝑷𝒂) 16,0002 9,6001 (compressive) 

𝒗𝟏𝟐 0.353 0.354 

𝑮𝟏𝟐 (𝑴𝑷𝒂) 89632 4148 

1 Sika, Canada [48], [49]  
2 Academic paper “Effect of curing conditions on strength development in an epoxy resin for 
structural strengthening” [30] 
3 Academic paper “The elastic properties of carbon fibres and their composites”  [50] 
4 Academic paper “Measurement of epoxy resin tension, compression, and shear stress-strain 
curves over a wide range of strain rates using small test specimens”  [51] 
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As listed in  Table 3.3, the carbon fiber filaments and epoxy resin have the same longitudinal 

Poisson’s ratio 𝑣12; thus, based on the rule of mixture given by equation (3.1), the longitudinal 

Poisson’s ratio of the CFRP plate is the same as that of the carbon fiber filaments and the epoxy 

resin [50]–[52]. The transverse modulus of elasticity of the CFRP plate is calculated by averaging 

the results of the Halpin-Tsai and the Hopkins-Chamis methods shown in equations (3.2) and (3.4) 

respectively where 𝜉 = 2  [30], [53]. 

 𝑣12 = 𝑣𝑓12(𝑉𝑓) + 𝑣𝑚(1 − 𝑉𝑓) (3.1) 

 𝐸2 = 𝐸𝑚(
1 + 𝜉𝜂𝑉𝑓

1 − 𝜂𝑉𝑓
) (3.2) 

 𝜂 =  

𝐸𝑓2
𝐸𝑚

− 1

𝐸𝑓2
𝐸𝑚

+ 𝜉

 (3.3) 

 𝐸2 = 𝐸𝑚 [(1 − √𝑉𝑓) + 
√𝑉𝑓

1 − √𝑉𝑓  (1 −
𝐸𝑚
𝐸𝑓2
)
] (3.4) 

Similarly, the longitudinal shear modulus of the CFRP plate is calculated by averaging the 

results of the Halpin-Tsai and the Hopkins-Chamis methods shown in equations (3.5) and (3.7) 

respectively where 𝜉 = 2 [30], [53]. 

 𝐺12 = 𝐺𝑚(
1 + 𝜉𝜂𝑉𝑓

1 − 𝜂𝑉𝑓
) (3.5) 

 𝜂 =  

𝐺𝑓12
𝐺𝑚

− 1

𝐺𝑓12
𝐺𝑚

+ 𝜉

 (3.6) 
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 𝐺12 = 𝐺𝑚 [(1 − √𝑉𝑓) + 
√𝑉𝑓

1 − √𝑉𝑓  (1 −
𝐺𝑚
𝐺𝑓12

)
] (3.7) 

The transverse Poisson’s ratio 𝑣23 and the transverse shear modulus 𝐺23 of the CFRP plate are 

computed using equations (3.8) and (3.10) respectively [54]. 

 𝑣23 = 𝑣12(
1 − 𝑣21
1 − 𝑣12

) (3.8) 

where 𝑣21 = 𝑣12(
𝐸2
𝐸1
) (3.9) 

 𝐺23 =
𝐸2

2(1 + 𝑣23)
 (3.10) 

The axial compressive strength of the CFRP plate is calculated using Chamis method shown in 

equation (3.11) [30]. 

 𝜎𝐶−𝐴𝑥𝑖𝑎𝑙 = 10 𝜏𝑓−𝐴𝑥𝑖𝑎𝑙 + 2.5𝜎𝐶−𝑚  (3.11) 

The results of the above theoretical analysis are shown in Table 3.4. Note that since the CFRP 

plate is transversely isotropic, its transverse Poisson’s ratio 𝑣23 is bounded between 0 and 1; 

therefore, it is acceptable for the transverse Poisson’s ratio to exceed a value of 0.5 [50], [55], [56]. 

Table 3.4: Calculated Mechanical Properties of CFRP Plate 

 

 

 

 

 

Mechanical Property Magnitude 

𝝈𝑪−𝑨𝒙𝒊𝒂𝒍 (𝑴𝑷𝒂) 1155 

𝑬𝟐,𝟑 (𝑴𝑷𝒂) 13580 

𝒗𝟏𝟐 𝒂𝒏𝒅 𝒗𝟏𝟑 0.35 

𝒗𝟐𝟑 0.523 

𝑮𝟏𝟐 𝒂𝒏𝒅 𝑮𝟏𝟑 (𝑴𝑷𝒂) 6386 

𝑮𝟐𝟑 (𝑴𝑷𝒂) 4458 
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3.3. Material Selection of Sleeves 

Most existing wedge anchorages use sleeves made of a soft material between the FRP element 

and the wedges to increase the actual contact area and enhance gripping [14], [57], [58]. Sleeves 

can be manufactured from aluminium or copper [14], [58]. On one hand, aluminium sleeves are 

vulnerable to corrosion, so they are unreliable for long-term applications. On the other hand, 

copper sleeves are corrosion resistant. Thus, copper sleeves are preferred for anchoring CFRP 

plates effectively throughout the service life of the wedge anchorage.  

The anchoring strength achieved using annealed copper sleeves is proven to be higher than that 

reached using hard copper sleeves [58]. This is due to the fact that a softer sleeve would fill the 

surface asperities of the wedge and the CFRP plate; as a result, more shear, or gripping, is 

produced. Therefore, annealed copper is selected to manufacture the sleeves. Thin annealed copper 

sleeves are purchased from McMaster-Carr [59]. The copper sleeves are 75 mm long, 0.81 mm 

thick and 50 mm wide. The mechanical properties of the annealed copper sleeves are listed in 

Table 3.5.  

The occurrence of excessive plastic deformation within the sleeves is predicted since they are 

soft; thus, the sleeves must be replaced after each test to maintain the performance of the wedge 

anchorage. This is not a concern, however, as the annealed copper sleeves are low in cost compared 

to the overall cost of the wedge anchorage, and they do not require machining. 
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Table 3.5: Mechanical Properties of an Annealed Copper Sleeve 

Mechanical Property Magnitude 
𝝈𝑼𝒍𝒕 (𝑴𝑷𝒂) 236.491 
𝝈𝒀 (𝑴𝑷𝒂) 87.561 
𝝈𝑪 (𝑴𝑷𝒂) 87.561 
𝝉𝒇 (𝑴𝑷𝒂) 50.52 
𝝐𝑼𝒍𝒕 (%) 45%2 

𝑬𝟏, 𝑬𝟐 𝒂𝒏𝒅 𝑬𝟑 (𝑴𝑷𝒂) 117,2102 
𝒗𝟏𝟐 , 𝒗𝟏𝟑 𝒂𝒏𝒅 𝒗𝟐𝟑 0.33 

𝑮𝟏𝟐, 𝑮𝟏𝟑 𝒂𝒏𝒅 𝑮𝟐𝟑 (𝑴𝑷𝒂) 44,0001 

𝝆 (
𝒈

𝒄𝒎𝟑
) 8.9132 

1 Aurubis, Germany [60] 
2 McMaster-Carr, United States [59] 

 

3.4. Material Selection of Barrel and Wedges  

Manufacturing the barrel and the wedges of the anchorage with the most suitable materials is 

an extremely vital step as that will reflect on its anchoring strength, reusability, durability, weight 

and cost. The wedge anchorage must have sufficient stiffness to produce an adequate anchoring 

strength, high strength to endure the induced stresses, and suitable hardness to minimize local 

plastic deformation in addition to an excellent corrosion resistance to withstand detrimental 

environments. Minimizing the plastic deformation within an anchorage is critical to improve its 

reusability making it more cost-efficient. The corrosion resistance is an essential factor when 

dealing with corrosive environments as corrosion is crucially affected by the surrounding 

environment, and it is almost undetectable in the field which would result in a sudden failure of 

the wedge anchorage as well as the reinforced concrete structure. Creep and fatigue are considered 

as additional factors that can be considered in future investigations.  
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Different stainless-steel families are considered in the material selection process including 

austenitic stainless steel, ferritic stainless steel, and martensitic stainless steel. Some of the 

common stainless-steel grades along with their major properties are listed in Table 3.6. Since high 

corrosion resistance is desired, the corrosion resistant grades are picked for comparison. The yield 

strength and tensile strength of the corrosion resistant grades are shown in Table 3.7. Based on 

Table 3.7, the 440 grade of stainless steel has both an excellent corrosion resistance as well as 

superior yield and tensile strengths.  

This grade of stainless steel is divided into three different grades which are 440A, 440B and 

440C. While quenched 440C grade has slightly lower corrosion resistance compared to 440A and 

440B grades, it has the highest tensile strength and yield strength as shown in Table 3.8 [61]. The 

corrosion resistance of the 440C grade is suitable for usage in concrete structures as the 

surrounding environment is not highly corrosive. Thus, the 440C grade of stainless steel is selected 

as the optimal material for manufacturing the wedges and the barrel of the wedge anchorage. It is 

worth mentioning that regular steel with comparable mechanical properties can be used to examine 

the performance of the wedge anchorage. Note that the wedges and the barrel are manufactured 

with the same material to minimize surface ploughing. The mechanical properties of 440C 

stainless steel are summarized in Table 3.9.  
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Table 3.6: Common Stainless-Steel Grades [62] 

Austenitic Stainless Steel 
Basic Grade Property Grades 

304 

High Temperature Resistant 310 
Corrosion Resistant 316, 317 

Weld Stabilized 304L, 316L, 321 
Free Machining 303 

Ferritic Stainless Steel 
Basic Grade Property Grades 

430 
Corrosion Resistant 444 

High Toughness 409 
Free Machining 430F 

Martensitic Stainless Steel 
Basic Grade Property Grades 

410 
Corrosion Resistant 431, 440A, 440B, 440C 

High Hardness 420 
Free Machining 416 

 

Table 3.7: Yield Strength and Tensile Strength of Corrosion Resistant Stainless-Steel Grades 

Grade Yield Strength (MPa) Tensile Strength (MPa) 
3161 200 – 331 579 – 621 
3171 262 – 373 593 – 662 
4311 665 850 – 1000 
4401 414 – 1896 724 – 1965 
4442 360 515 

1 Atlas Steels Company [61], [63]  
2 AK Steel Holding Company [64] 

 

Table 3.8: Yield Strength and Tensile Strength of 440A, 440B and 440C Stainless-Steel Grades [61] 

 

 

Grade Yield Strength (MPa) Tensile Strength (MPa) 
440A 1655 1793 
440B 1862 1931 
440C 1896 1965 
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Table 3.9: Mechanical Properties of 440C Stainless Steel 

Mechanical Property Magnitude 

𝝈𝑼𝒍𝒕 (𝑴𝑷𝒂) 19651 

𝝈𝒀 (𝑴𝑷𝒂) 18961 

𝝉𝒇 (𝑴𝑷𝒂) 9483 

𝝐𝑼𝒍𝒕 (%) 2%1 

𝑬𝟏, 𝑬𝟐 𝒂𝒏𝒅 𝑬𝟑 (𝑴𝑷𝒂) 200,0002 

𝒗𝟏𝟐 , 𝒗𝟏𝟑 𝒂𝒏𝒅 𝒗𝟐𝟑 0.282 

𝑮𝟏𝟐, 𝑮𝟏𝟑 𝒂𝒏𝒅 𝑮𝟐𝟑 (𝑴𝑷𝒂) 78,1253 

𝝆 (
𝒈

𝒄𝒎𝟑
) 7.82 

1 Nickel Development Institute, Canada [61]  
2 AZoM online publication for the Materials Science community [65] 
3 Calculated analytically 

 

3.5. Summary 

This chapter introduced the material selection process for the sleeves as well as the wedges 

and the barrel of the wedge anchorage. Annealed copper is selected the preferable sleeve material 

as it is soft and corrosion resistant. Several stainless-steel grades are considered for manufacturing 

the wedge and the barrel of the wedge anchorage. The 440C grade of stainless steel is found as the 

most suitable material as it has an excellent corrosion resistant and outstanding yield and tensile 

strengths. The mechanical properties of the CFRP plate, the annealed copper sleeves, and the 440C 

stainless-steel barrel and wedges are presented. These mechanical properties are used throughout 

this thesis. 
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4.1. Introduction 

This chapter introduces the development process of the FEM model as well as its role in the 

optimization of the wedge anchorage. It starts by discussing several parameters considered in 

constructing the FEM model. Convergence analysis is conducted to identify the most suitable mesh 

size through which accurate results are obtained in a timely manner. An optimization process is 

performed to identify the optimal dimensions of the wedge anchorage in terms of improving the 

gripping strength, enhancing the reusability and minimizing the size and cost of the wedge 

anchorage. The occurrence of premature failure within the CFRP plate is investigated using several 

FRP failure theories. Finally, the effect of the presetting distance on the contact pressure across 

the CFRP plate and the stresses within the wedge anchorage is investigated. 

4.2. Parameters of Finite Element Model 

4.2.1. Model Configuration  

The designed wedge anchorage consists of a CFRP plate, two annealed copper sleeves, two 

440C stainless steel wedges and a 440C stainless steel barrel, as shown in Figure 4.1. The outer 

surface of the wedges and the inner surface of the barrel are made of two profiles which are a 

circular profile and a linear profile. The configuration parameters of the constructed wedge 

anchorage are listed below: 

𝑬𝒅𝒈𝒆 𝟏 : The loading edge of the wedge anchorage. 

𝑬𝒅𝒈𝒆 𝟐 : The presetting edge of the wedge anchorage. 

𝒓    : The radius of the circular profile of the barrel and the wedges. 

𝑳𝟏  : The length of the circular segment of the barrel and the wedges. 

𝑳𝟐  : The length of the linear segment of the barrel and the wedges. 
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𝑾𝟏: The diameter of the wedges including the thickness of the CFRP plate and the two sleeves at 

the loading edge (edge 1). 

𝑾𝟐: The diameter of the wedges including the thickness of the CFRP plate and the two sleeves at 

the intersection between the circular profile and the linear profile. 

𝑾𝟑: The diameter of the wedges including the thickness of the CFRP plate and the two sleeves at 

the presetting edge (edge 2). 

𝑩𝟏 : The inner diameter of the barrel at the loading edge (edge 1). 

𝑩𝟐 : The inner diameter of the barrel at the intersection between the circular profile and the linear 

profile. 

𝑩𝟑 : The inner diameter of barrel at the presetting edge (edge 2). 

𝑻   : The thickness of the CFRP plate and the two sleeves combined. 

𝒕    : The thickness of the barrel at the presetting edge (edge 2). 

𝜽𝑾 : The slope angle of the linear profile of the wedges. 

𝜽𝑩 : The slope angle of the linear profile of the barrel. 

 

Figure 4.1: (A) Configuration of Wedges, CFRP Plate and Sleeves. (B) Configuration of Barrel. 
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The FEM model of the wedge anchorage, shown in Figure 4.2, is developed using ABAQUS 

software. Both the standard program and the explicit program of ABAQUS can accurately simulate 

a quasi-static wedge anchorage system; nevertheless, the explicit program is used as it requires 

less disk storage and computational power compared to the standard program [66]. Using 

symmetry, a quarter section of the wedge anchorage is modelled. Hence, half-thickness CFRP 

plate, one sleeve and one wedge are assembled inside the barrel such that the closest distance 

between the wedge and the barrel is less than 10 𝜇𝑚 to increase the precision of the presetting 

distance analysis. 

 

 

Figure 4.2: 3D View (A) and Side View (B) of Wedge Anchorage 
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4.2.2. Material Properties 

The mechanical properties of the CFRP plate, the annealed copper sleeves, and the 440C 

stainless steel wedges and barrel, previously shown in Chapter 3, are listed in Table 4.1. 

Table 4.1: Mechanical Properties of CFRP Plate, Annealed Copper Sleeves and 440C Stainless Steel Wedges and Barrel 

Properties CFRP Plate 
Annealed Copper 

Sleeves 
440C Stainless Steel 

Wedges/Barrel 

𝝈𝑻−𝑨𝒙𝒊𝒂𝒍 (𝑴𝑷𝒂) 28001 236.492 19654 

𝝈𝑪−𝑨𝒙𝒊𝒂𝒍 (𝑴𝑷𝒂) 11557 236.492 19654 

𝝈𝑻−𝑳𝒂𝒕𝒆𝒓𝒂𝒍 (𝑴𝑷𝒂) 621 236.492 19654 

𝝈𝑪−𝑳𝒂𝒕𝒆𝒓𝒂𝒍 (𝑴𝑷𝒂) 350 236.492 19654 

𝝈𝒀 (𝑴𝑷𝒂) ----- 87.562 18964 

𝝉𝒇 (𝑴𝑷𝒂) 1006 43.787 9487 

𝝐𝑼𝒍𝒕 (%) 1.7%1 45%3 2%4 

𝑬𝟏 (𝑴𝑷𝒂) 165,0001 117,2103 200,0005 

𝑬𝟐,𝟑 (𝑴𝑷𝒂) 135807 117,2103 200,0005 

𝒗𝟏𝟐 𝒂𝒏𝒅 𝒗𝟏𝟑 0.357 0.337 0.285 

𝒗𝟐𝟑 0.5237 0.337 0.285 

𝑮𝟏𝟐 𝒂𝒏𝒅 𝑮𝟏𝟑 (𝑴𝑷𝒂) 63867 44,0002 78,1257 

𝑮𝟐𝟑 (𝑴𝑷𝒂) 44587 44,0002 78,1257 

𝝆 (
𝒈

𝒄𝒎𝟑
) 1.51 8.9133 7.85 

Volumetric Fraction 
of Fibers (%) 

>68%1 NA NA 

1 Sika, Canada [48], [49]  
2 Aurubis, Germany [60] 
3 McMaster-Carr, United States [59] 
4 Nickel Development Institute, Canada [61] 
5 AZoM online publication for the Materials Science community [65] 
6 Academic paper titles “Effect of curing conditions on strength development in an epoxy resin 
for structural strengthening” [30] 
7 Calculated analytically as explained in Chapter 3. 
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4.2.3. Boundary Conditions 

In general, the loading edge (edge 1) of the barrel, shown in Figure 4.3 (A), is theoretically the 

only part of the anchorage that is fixed during the presetting and loading processes. In real life 

applications, the anchorage might be constrained more for safety purposes; however, that should 

not affect the performance of the anchorage greatly. In order to minimize the computational power 

needed, the symmetry of the wedge anchorage across the transverse axes is utilized, and two roller 

boundary conditions are introduced as illustrated in Figure 4.3 (B and C). 

 

Figure 4.3: (A) Fixed Loading Edge of the Barrel. (B) Roller Boundary Condition Along the Horizontal Transverse Axis. (C) Roller 
Boundary Condition Along the Vertical Transverse Axis 
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4.2.4. Surface Contact Conditions 

Three surface interactions are modelled between the four components of the FEM model. The 

surface interactions are between the top surface of the CFRP plate and the bottom surface of the 

sleeve, the top surface of the sleeve and the bottom surface of the wedge, the outer surface of the 

wedge and the inner surface of the barrel as shown in Figure 4.4 (A, B and C) respectively. While 

a rough friction model is applied at the wedge-sleeve interface, friction coefficients of 0.39 and 

0.05 are applied at the CFRP-sleeve interface and the lubricated barrel-wedge interface, 

respectively [67], [68]. A hard contact is applied to all interacting surfaces to minimize penetration 

[69]. The surface contact conditions of the interacting surfaces are summarized in Table 4.2. 

 

 

Figure 4.4: Surface Interactions Between Top Surface of CFRP plate and Bottom Surface of Sleeve (A), Top Surface of Sleeve and 
Bottom Surface of Wedge (B), and Outer Surface of Wedge and Inner Surface of Barrel (C).
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Table 4.2: Contact Conditions of Interacting Conditions 

Property Interaction 1 Interaction 2 Interaction 3 
Master Surface Sleeve – Bottom Wedge – Bottom Barrel – Inner 
Slave Surface CFRP Plate – Top Sleeve – Top Wedge – Outer 

Normal Behavior Hard Contact Hard Contact Hard Contact 
Tangential Behavior Penalty Rough Penalty 
Friction Coefficient 0.39 ----- 0.05 

 

4.2.5. Steps of FEM Model 

As discussed in Chapter 2, the anchoring process of a CFRP plate with a wedge anchorage is 

composed of two steps which are presetting the wedges into the barrel and applying tensile loading 

on the CFRP plate. Thus, the anchoring process of the wedge anchorage is modelled as two steps, 

namely: presetting and loading steps. During the presetting step, the wedge is pushed into the 

barrel through controlled displacement, as shown in Figure 4.5 (A). The insertion distance during 

the presetting step is critical as high presetting can significantly intensify the internal stresses 

within the anchorage leading to excessive plastic deformation. The presetting distance is initially 

assumed as 6 mm during the anchorage optimization process explained in Section 4.4; however, 

the effect of the presetting distance is further investigated in Section 4.5.4 where different 

presetting distances ranging from 2 mm to 10 mm are applied. During the loading step, a linearly 

increasing tensile loading is applied on the cross-sectional area of CFRP plate as shown in Figure 

4.5 (B).  

The time periods of the presetting step and loading step are 5 seconds and 10 seconds 

respectively. A mass scaling of 500,000 is applied throughout both steps to shorten the running 

time of the program. In order to minimize the dynamic error, it is important to maintain the model 

in a quasi-static condition [70]. The quasi-static condition of the FEM model is tested by plotting 

the internal energy and the kinetic energy as shown in Figure 4.6.  
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The kinetic energy of the model is negligible compared to its internal energy; therefore, the 

model is in a quasi-static condition. The properties of the presetting step and the loading step are 

summarized in Table 4.3.  

 

Figure 4.5: (A) Wedge Insertion During Presetting Step. (B) Applying Tensile Loading on the CFRP Plate During the Loading Step 

 

Table 4.3: Properties of Presetting Step and Loading Step 

Property Presetting Step Loading Step 
Step Period (s) 5 10 
Loading Type Displacement Uniform Tensile Stress 

Load Magnitude 6 mm 2800 MPa 
Mass Scaling 500,000 500,000 

 
Figure 4.6: The Internal Energy and Kinetic Energy vs Total Step Time of the FEM Model 
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4.3. Convergence Analysis  

Performing convergence analysis is important to identify the optimal mesh size through which 

accurate results are obtained in a timely manner. Different mesh sizes ranging from 4 mm to 1 mm 

are tested using 8-node linear brick elements (C3D8), and the von Mises stress within the barrel 

and the wedges is recorded to confirm convergence of the FEM model. Note that stress 

concentration exists within the wedge; therefore, the results obtained from the stress concentration 

region are divergent. Thus, the von Mises stress within the wedge is collected from an area that is 

affected slightly by the stress concentration. The von Mises stress within the barrel and the wedge 

computed using different mesh sizes is shown in Figure 4.7 and Figure 4.8 respectively. It is clear 

that the von Mises stress within the barrel is much more convergent than the von Mises stress 

within the wedge due to the absence of stress concentration. However, the stresses in both parts 

appear to converge as the mesh size is reduced from 3 mm to 1 mm.  

To make convergence analysis more precise, the maximum von Mises stress within the barrel 

and the wedge is plotted against the number of elements of the associated part, and the results are 

displayed in Figure 4.9 and Figure 4.10 respectively. It can be concluded that the FEM model is 

convergent, and the optimal mesh size is 2 mm in terms of acquiring accurate results while 

requiring minimal computational power. Thus, the optimal mesh size is used throughout this 

chapter. 
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Figure 4.7: Maximum von Mises Stress Across the Length of the Barrel at Different Mesh Sizes 

 

 

Figure 4.8: von Mises Stress Across the Length of the Wedge at Different Mesh Sizes 
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Figure 4.9: Maximum von Mises Stress Within the Barrel at Different Mesh Sizes 

 

 
Figure 4.10: Maximum von Mises Stress Within the Wedge at Different Mesh Sizes 
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4.4. Optimization Process of Wedge Anchorage 

An initial anchorage model is designed then optimized with respect to three optimization 

parameters which are the slope of linear segments, the radius of circular segments, and the lengths 

of linear and circular segments. Different sequences of the optimization parameters are used; 

however, the same optimized design is reached. Each model is evaluated based on the averaged 

gripping strength of the anchorage, the maximum von Mises stress in both the barrel and the 

wedges, and the maximum strain of the CFRP plate. This strain is used as a quick method to predict 

premature failure during the optimization process only. Various FRP failure criteria are applied in 

Section 4.5.5 to confirm that premature failure of the CFRP plate is unlikely. 

4.4.1. Optimization of Slope of Linear Segment 

The effect of the slope of the linear segments of the barrel and the wedges is investigated. 

Several FEM models are developed with different combination of slopes of the linear segments. 

The radius of the circular profiles (r), the length of the circular segments (L1), and the length of 

the linear segments (L2) are assumed as 1500 mm, 50 mm, and 20 mm respectively. The remaining 

dimensions of the FEM models are summarized in Table 4.4.  

Table 4.4: Dimensions of Models Considered in the Optimization of Linear Segment Slope 

Model W1 
(mm) 

W2 
(mm) 

W3 
(mm) 

𝜽𝑾 
(Degrees) 

B1 
(mm) 

B2 
(mm) 

B3 
(mm) 

𝜽𝑩 
(Degrees) 

1 25.55 26.766 27.165 1.146 25.5 26.333 26.67 0.945 
2 25.55 26.766 27.588 2.353 25.5 26.333 27 1.909 
3 25.55 26.766 28.01 3.56 25.5 26.333 27.34 2.873 
4 25.55 26.766 27.433 1.909 25.5 26.333 27 1.909 
5 25.55 26.766 27.588 2.353 25.5 26.333 27.16 2.353 

The slopes of the linear segments of Model 2 are parallel to that of the circular profiles. The 

slopes of the linear segments are decreased and increased slightly to design Model 1 and Model 3, 

respectively.  
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Model 4 and Model 5 are designed such that the interference between the barrel and the wedges 

is uniform across the linear segments, which is achieved by designing the barrel and the wedges 

with the same linear segment slope. The slope of the linear segment of the barrel of Model 2 is 

used for the linear segment of the wedge to design Model 4 while the slope of the linear segment 

of the wedges of Model 2 is used for the linear segment of the barrel to design Model 5.  

The averaged anchoring strength of the anchorage, the maximum von Mises stress in both the 

barrel and the wedges, and the maximum strain of the CFRP plate are calculated at a loading of 

95% of the tensile strength of the CFRP plate, and the results are shown in Table 4.5. 

Table 4.5: Evaluation Parameters of Models Considered in the Optimization of Linear Segment Slope  

Model Averaged CFRP Contact 
Pressure (MPa) 

Barrel Max. Mises 
Stress (MPa) 

Wedge Max. Mises 
Stress (MPa) 

Max. 
Strain (%) 

1 193.364 2210 857 1.628 
2 211.246 1846 664 1.708 
3 181.187 1784 752 1.704 
4 200.763 1202 721 1.714 
5 180.285 985 573 1.697 

As can be seen from Table 4.5, Model 5 is the optimal design in terms of minimizing the 

maximum von Mises stress within the barrel and wedges as well as the maximum strain of the 

CFRP plate while maintaining a sufficient gripping strength. Model 5 is selected for further 

optimization as it prevents CFRP plate premature failure and improves the reusability of the wedge 

anchorage.  

4.4.2. Optimization of Radius of Circular Segment 

The effect of the radius of the circular profile is studied. Different models are designed with a 

profile radius ranging from 1000 mm to 3000 mm. The length of the circular segment (L1), the 

length of the linear segment (L2) and the minimum thickness of the barrel (t) are assumed as 50 

mm, 20 mm and 11.2 mm respectively.  The remaining dimensions of the designed models are 

summarized in Table 4.6. 
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Table 4.6: Dimensions of Models Considered in the Optimization of Radius of Circular Segment 

Model r 
(mm) 

W1 
(mm) 

W2 
(mm) 

W3 
(mm) 

𝜽𝑾 
(Degrees) 

B1 
(mm) 

B2 
(mm) 

B3 
(mm) 

𝜽𝑩 
(Degrees) 

5 1500 25.55 26.77 27.59 2.35 25.5 26.33 27.16 2.35 
6 1000 25.545 27.27 28.46 3.41 25.5 26.75 27.94 3.41 
7 1625 25.545 26.69 27.45 2.19 25.5 26.27 27.03 2.19 
8 1750 25.545 26.62 27.33 2.05 25.5 26.21 26.93 2.05 
9 1875 25.545 26.56 27.23 1.93 25.5 26.17 26.84 1.93 
10 2000 25.545 26.51 27.14 1.81 25.5 26.13 26.76 1.81 
11 2250 25.545 26.42 26.99 1.64 25.5 26.06 26.63 1.64 
12 2500 25.545 26.35 26.87 1.49 25.5 26.00 26.52 1.49 
13 2750 25.545 26.29 26.76 1.37 25.5 25.96 26.43 1.37 
14 3000 25.545 26.24 26.68 1.27 25.5 25.92 26.36 1.27 

The averaged gripping strength of the anchorage, the maximum von Mises stress in both the 

barrel and the wedges, and the maximum strain of the CFRP plate are calculated at a loading of 

95% of the tensile strength of the CFRP plate, and the results are shown in Table 4.7. 

Table 4.7: Evaluation Parameters of Models Considered in the Optimization of Radius of Circular Segment  

Model Averaged CFRP Contact 
Pressure (MPa) 

Barrel Max. Mises 
Stress (MPa) 

Wedge Max. Mises 
Stress (MPa) 

Max. 
Strain 
(%) 

5 193.146 1050 622 1.711 
6 252.975 1337 757 1.721 
7 176.182 978 571 1.697 
8 192.5 1045 596 1.712 
9 192.634 1048 602 1.709 
10 193.146 1050 622 1.711 
11 202.691 1091 617 1.721 
12 216.121 1173 651 1.724 
13 219.007 1185 636 1.728 
14 216.929 1172 664 1.727 
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Figure 4.11: Averaged CFRP Contact Pressure and Maximum Axial Strain for Models Associated with Radius Optimization of 
Circular Profile 
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4.4.3. Optimization of Lengths of Linear and Circular Segments 

The final optimization process focuses on the lengths of the linear and the circular segments. 

Different designs are studied by shifting the length of the circular segment while fixing the total 

length of the anchorage. The dimensions of the models considered in this step of the optimization 

process are listed in Table 4.8 where the circular profile radius (r) and the minimum barrel 

thickness (t) are 1750 mm and 11.2 mm respectively. 

Table 4.8: Dimensions of Models Considered in Optimization of the Length of Circular Segment 

Model 
L1 

(mm) 
L2 

(mm) 
W1 

(mm) 
W2 

(mm) 
W3 

(mm) 
𝜽𝑾 

(Degrees) 
B1 

(mm) 
B2 

(mm) 
B3 

(mm) 
𝜽𝑩 

(Degrees) 
8 50 70 25.55 26.62 27.33 2.05 25.5 26.21 26.93 2.05 
15 45 70 25.55 26.45 27.27 1.88 25.5 26.08 26.90 1.84 
16 55 70 25.55 26.80 27.38 2.21 25.5 26.36 26.94 2.21 
17 60 70 25.55 27.00 27.42 2.38 25.5 26.53 26.94 2.38 

The averaged gripping strength of the anchorage, the maximum von Mises stress in both the 

barrel and the wedges, and the maximum strain of the CFRP plate are computed at a loading of 

95% of the tensile strength of the CFRP plate, and the results are shown in Table 4.9. 

Table 4.9: Evaluation Parameters of Models Considered in the Optimization of the Length of Circular and Linear Segments 

Model 
Averaged CFRP 
Contact Pressure 

(MPa) 

Barrel Max. Mises 
Stress (MPa) 

Wedge Max. Mises 
Stress (MPa) 

Max. Strain 
(%) 

8 192.5 1105 631 1.712 
15 190.745 997 604 1.715 
16 188.164 1093 616 1.702 
17 184.506 1110 615 1.705 

 

As shown in Table 4.9, Model 16 is the optimal design mainly because the maximum strain of 

CFRP plate is minimized so that CFRP premature failure is less likely to occur. It is later shown 

in Section 4.5 that no CFRP premature failure is expected to happen. Thus, Model 16 is selected 

to be manufactured and tested. 



51 

4.5. Results of Finite Element Model 

The results of the optimal model, Model 16, including the von Mises stress throughout the 

barrel and the wedge and the contact pressure across the CFRP plate are recorded after presetting 

the wedge by 6 mm and applying a tensile loading of 95% of the tensile strength of the CFRP 

plate. Several FRP failure criteria are tested to study the occurrence of CFRP plate premature 

failure. The effect of the presetting distance on the von Mises stress within the wedge anchorage 

as well as the contact pressure on the CFRP plate is investigated.  

4.5.1. Von Mises Stress Distribution within Barrel 

The von Mises stress distribution throughout the barrel is shown in Figure 4.12. As it can be 

seen from Figure 4.12, designing the linear segments of the barrel and the wedges with the same 

slope proved to be useful in smoothing the internal stresses within the barrel throughout the linear 

segment. However, based on Figure 4.13, the maximum von Mises stress occurs at a 55 mm 

distance from the loading edge (edge 1) of the barrel, which is the point of profile change from 

circular to linear, then decreases slightly along the linear segment. This is due to the decrease of 

the barrel thickness along its length as shown in Figure 4.1. The maximum von Mises stress within 

the barrel is 1,141 MPa which is much lower than its yield strength of 1896 MPa; therefore, plastic 

deformation can be theoretically avoided within the barrel during both the presetting process as 

well as the loading process.  
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Figure 4.12: Side View of von Mises Stress Distribution (MPa) Across the Barrel 

 

Figure 4.13: Maximum von Mises Stress Distribution (MPa) Across the Length of the Barrel (mm) 
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4.5.2. von Mises Stress Distribution within Wedge 

The von Mises stress distribution within the wedges is shown in Figure 4.14. The maximum 

von Mises stress is 640 MPa; thus, no plastic deformation is expected within the wedges. As 

observed from Figure 4.14, the maximum von Mises stress occurs at the outer surface of the wedge 

at its contact with the copper plate. This is because of the existence of stress concentration between 

the wedge and the CFRP plate and the copper sleeve due to the fact that the width of the wedges 

is increasing along the length while the width of the CFRP plate and the copper sleeve is constant. 

Because of stress concentration, the stress distribution shown in Figure 4.15 is not as smooth as 

that shown in Figure 4.13. 

 

Figure 4.14: (A) 3D View of von Mises Stress Distribution (MPa) across the Wedge. (B) Side View of von Mises Stress Distribution 
(MPa) across the Wedge 
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Figure 4.15: Maximum Von Mises Stress Distribution (MPa) along the Length of the Wedge (mm) 
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Figure 4.16: Contact Pressure Distribution (MPa) across the Anchored Length of CFRP Plate 

 

 

Figure 4.17: Averaged Contact Pressure Distribution (MPa) across the Anchored Length of CFRP Plate (mm) 
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4.5.4. Effect of Presetting Distance 
 

The presetting distance is defined as the insertion displacement of the wedges into the barrel 

during the presetting process. Analysing the effect of the presetting distance is crucial as it can 

affect the slipping and the contact pressure of the CFRP plate as well as the von Mises stress within 

the barrel and the wedges. There are two different levels of presetting which are moderate 

presetting and high presetting. Moderate presetting is preferred in the field as the wedges are 

hammered into the barrel; however, moderate presetting induces low contact pressure on the CFRP 

plate, so more CFRP slipping is likely to occur while the anchorage preseat itself during the tensile 

loading application in a self-seating process. High presetting, on the other hand, requires usage of 

machinery; therefore, it is harder to perform in the field. High presetting is important to minimize 

CFRP slipping to very low levels as the CFRP plate is fully anchored even before applying any 

tensile load. Nevertheless, high presetting will increase the stresses within the barrel and the 

wedges possibly leading to plastic deformation. 

Different presetting distances ranging from 2 mm to 10 mm are simulated to study the effect 

of the presetting distance and to identify the point of transition from moderate presetting to high 

presetting. The effect of the presetting distance on the induced contact pressure across the CFRP 

plate, the von Mises stress within the barrel and the von Mises stress within the wedges is analysed 

before and after applying the tensile load and the results are illustrated in Figure 4.18 and Figure 

4.19, Figure 4.20 and Figure 4.21, and Figure 4.22 and Figure 4.23 respectively.  
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Based on these figures, the following points can be concluded: 

• The moderate presetting distance of up to 7 mm does not affect the contact pressure on the 

CFRP plate nor the von Mises stress within the barrel and the wedges once the tensile load 

is applied as can be seen from Figure 4.19, Figure 4.21 and Figure 4.22.  

• Operating within the range of moderate presetting distance is generally safer and more 

recommended since the stresses within the anchorage are minimized; however, since the 

contact pressure on the CFRP plate is reduced as well then CFRP slipping is more likely 

to occur as the presetting distance is decreased. 

• A presetting distance of 7mm is the transition point from moderate presetting to high 

presetting as the magnitudes of the CFRP contact pressure and the von Mises stress within 

the barrel and the wedges are not changing during the loading process which is a sign of 

high presetting. However, the induced CFRP contact pressure and von Mises stress within 

the barrel and the wedges are the same as those produced after loading moderately presetted 

anchorages. Thus, it is concluded that a presetting distance of 7mm is the neutral transition 

point between moderate presetting and high presetting. 

• The high presetting distance, ranging from 7mm and more, can significantly increase the 

CFRP contact pressure and the stresses within the barrel and the wedges; therefore, the 

occurrence of plastic deformation within the wedge anchorage is more likely. While high 

presetting is not generally desired due to the need of machinery usage, it is quite useful for 

diminishing CFRP slipping.  



58 
 

 

Figure 4.18: Averaged CFRP Contact Pressure (MPa) before Applying Tensile Load at Different Presetting Distances (mm) 

 

  

Figure 4.19: Averaged CFRP Contact Pressure (MPa) after Applying Tensile Load at Different Presetting Distances (mm) 
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Figure 4.20: Maximum von Mises Stress (MPa) within the Barrel before Applying Tensile Load at Different Presetting Distances 

 

 

Figure 4.21: Maximum von Mises Stress (MPa) within the Barrel after Applying Tensile Load at Different Presetting Distances  
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Figure 4.22: Maximum von Mises Stress (MPa) within the Wedge before Applying Tensile Load at Different Presetting Distances 

 

 

Figure 4.23: Maximum von Mises Stress (MPa) within the Wedge after Applying Tensile Load at Different Presetting Distances 
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4.5.5. CFRP Plate Failure Analysis 

Several composite failure criteria are tested to confirm that CFRP premature failure is unlikely 

to occur. The examined failure criteria are maximum stress theory, maximum strain theory, Tsai-

Hill theory, and Hashin’s theory. The axial strength, the transverse strength and the shear strength 

as well as the ultimate tensile strain of the CFRP plate previously shown in Section 4.2.2 are listed 

in Table 4.10. The computed averaged axial stress, transverse stress and shear stress along the 

width of the CFRP plate after moderately presetting the wedges and applying 95% of the total 

tensile loading are listed in Table 4.11 and used in the following subsections to investigate the 

likelihood of the CFRP plate premature failure. 

Table 4.10: Axial, Transverse and Shear Strengths of CFRP Plate 

Property  Magnitude 

Axial Tensile Strength (𝑺𝒕𝒆𝒏−𝑨) 2800 MPa 

Axial Compressive Strength (𝑺𝒄𝒐𝒎−𝑨) 1155 MPa 

Transverse Tensile Strength (𝑺𝒕𝒆𝒏−𝑻) 62 MPa 

Transverse Compressive Strength (𝑺𝒄𝒐𝒎−𝑻) 350 MPa 

In-Plane Shear Strength (𝑺𝒔𝒉)  100 MPa 

Ultimate Axial Tensile Strain (𝜺𝒖𝒍𝒕) 1.7% 
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Table 4.11: Averaged Axial, Transverse, and In-Plane Shear Stresses Along the Width of the CFRP Plate at 95% of Tensile Loading 

Distance from Loading 
Edge (Edge 1) (mm) 𝝈𝟏𝟏 (MPa) 𝝈𝟐𝟐 (MPa) 𝝉𝟏𝟐 (MPa) 𝝉𝟏𝟑 (MPa) 

0 2656.87 -6.97 0.73 1.46 
2 2651.19 -25.64 5.61 1.86 
4 2609.24 -45.64 11.23 2.32 
6 2532.32 -63.62 16.20 3.02 
8 2433.38 -80.64 20.77 3.58 
10 2310.74 -95.85 24.80 3.53 
12 2166.20 -108.24 27.93 2.94 
14 2005.03 -118.54 30.19 2.09 
16 1825.23 -129.31 32.03 1.64 
18 1631.31 -142.89 34.46 1.52 
20 1423.98 -157.85 37.47 0.74 
22 1190.53 -172.30 40.29 1.04 
24 940.10 -186.28 41.43 2.19 
26 672.01 -201.14 42.83 2.00 
28 401.41 -216.25 36.81 1.47 
30 229.16 -228.41 16.39 1.10 
32 162.06 -236.68 8.31 0.97 
34 130.85 -242.91 3.10 0.56 
36 117.06 -248.93 2.26 0.71 
38 105.63 -254.99 1.59 0.56 
40 99.14 -260.12 0.57 0.37 
42 102.50 -263.31 1.16 1.14 
44 106.65 -264.33 0.44 3.05 
46 107.57 -263.27 0.80 4.26 
48 110.62 -259.60 0.46 5.29 
50 106.06 -252.64 1.44 6.10 
52 104.84 -242.22 0.75 6.76 
54 101.48 -228.81 2.37 7.51 
56 88.15 -213.04 1.90 7.86 
58 87.25 -195.22 0.34 8.74 
60 90.04 -175.92 1.71 12.88 
62 79.61 -154.93 2.99 11.35 
64 61.38 -133.14 3.37 18.27 
66 45.60 -112.93 3.80 15.96 
68 31.72 -90.08 5.70 21.26 
70 14.31 -51.55 2.95 16.09 
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4.5.5.1. Tsai-Hill Theory 

Tsai-Hill theory, which is based on von Mises yield criterion, predicts that failure within CFRP 

plate will occur once the condition shown in equation (4.1) is met [71]. The axial stress, the 

transverse stress, and the shear stress listed in Table 4.11 are substituted into the equation, and the 

results of Tsai-Hill equation are shown in Figure 4.24. The maximum value obtained through 

equation (4.1) is 0.91 as shown in Figure 4.24; therefore, according to Tsai-Hill theory, CFRP 

premature failure is unlikely to occur. 

 𝜎1
2

𝑆𝑡𝑒𝑛−𝐴
2 +

𝜎2
2

𝑆𝑐𝑜𝑚−𝑇
2 +

𝜏12
2

𝑆𝑠ℎ
2 −

𝜎1𝜎2

𝑆𝑡𝑒𝑛−𝐴
2 = {

≥ 1    𝐹𝑎𝑖𝑙𝑢𝑟𝑒
     < 1   𝑁𝑜 𝐹𝑎𝑖𝑙𝑢𝑟𝑒

 (4.1) 

 

 

Figure 4.24: Results of Tsai-Hill Failure Criteria 
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4.5.5.2. Tsai-Wu Theory 

Tsai-Wu theory is used to investigate the likelihood of CFRP premature failure. Based on this 

theory, failure will occur when the equivalent shown in equation (4.2) exceeds a value of 1 [72]. 

The axial stress, the transverse stress, and the shear stress listed in Table 4.11 are substituted into 

the equation, and the results are shown in Figure 4.25. As illustrated in Figure 4.25, the maximum 

value computed from equation (4.2) is 0.81; thus, based on the Tsai-Wu failure criterion, premature 

failure is improbable.  

 𝑓1𝜎1 + 𝑓11𝜎1
2 + 𝑓2𝜎2 + 𝑓22𝜎2

2 + 2𝑓12𝜎1𝜎2 + 𝑓66𝜏12
2 = {

≥ 1    𝐹𝑎𝑖𝑙𝑢𝑟𝑒
 < 1   𝑁𝑜 𝐹𝑎𝑖𝑙𝑢𝑟𝑒

 (4.2) 

Where 

𝑓1 = 
1

𝑺𝒕𝒆𝒏−𝑨
−

1

𝑺𝒄𝒐𝒎−𝑨
   𝑓11 = 

1

𝑺𝒕𝒆𝒏−𝑨𝑺𝒄𝒐𝒎−𝑨
   𝑓2 = 

1

𝑺𝒕𝒆𝒏−𝑻
−

1

𝑺𝒄𝒐𝒎−𝑻
 

𝑓22 = 
1

𝑺𝒕𝒆𝒏−𝑻𝑺𝒄𝒐𝒎−𝑻
  𝑓12 = 

−1

2
√𝑓11𝑓22   𝑓66 = 

1

𝑺𝑺𝒉
𝟐  

 

Figure 4.25: Results of Tsai-Wu Failure Criterion 
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4.5.5.3. Hashin Theory 

Tensile fiber failure criteria of Hashin theory is applied to predict premature tensile failure 

within the CFRP plate. Based on this theory, failure will occur when the condition shown in 

equation (4.3) is encountered [72]. The axial stress, the transverse stress, and the shear stress listed 

in Table 4.11  are substituted into the equation, and the results are shown in Figure 4.26. As shown 

in Figure 4.26, the maximum value computed from equation (4.3) is 0.9; thus, based on the tensile 

fiber failure criterion, premature failure is improbable.  

 (
𝜎11
𝑆𝑡𝑒𝑛−𝐴

)
2

+
𝜏12

2 + 𝜏13
2

𝑆𝑠ℎ
2 = {

≥ 1    𝐹𝑎𝑖𝑙𝑢𝑟𝑒
     < 1   𝑁𝑜 𝐹𝑎𝑖𝑙𝑢𝑟𝑒

 (4.3) 

 

 

Figure 4.26: Results of Hashin Failure Criterion 
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4.5.5.4. Hoffman Theory 

Hoffman theory is used to investigate the likelihood of CFRP premature failure. Based on this 

theory, failure will occur when the equivalent shown in equation (4.4) exceeds a value of 1 [72]. 

The axial stress, the transverse stress, and the shear stress listed in Table 4.11 are substituted into 

the equation, and the results are shown in Figure 4.27. As illustrated in Figure 4.27, the maximum 

value computed from equation (4.4) is 0.75; thus, based on the Hoffman failure criterion, 

premature failure is not expected.   

 

𝜎1
2

𝑆𝑡𝑒𝑛−𝐴 𝑆𝐶𝑜𝑚−𝐴
−

𝜎1𝜎2

𝑆𝑡𝑒𝑛−𝐴 𝑆𝐶𝑜𝑚−𝐴
+

𝜎2
2

𝑆𝑡𝑒𝑛−𝑇 𝑆𝐶𝑜𝑚−𝑇
−
(𝑆𝑡𝑒𝑛−𝐴−𝑆𝐶𝑜𝑚−𝐴)

𝑆𝑡𝑒𝑛−𝐴 𝑆𝐶𝑜𝑚−𝐴
𝜎1 −

(𝑆𝑡𝑒𝑛−𝑇−𝑆𝐶𝑜𝑚−𝑇)

𝑆𝑡𝑒𝑛−𝑇 𝑆𝐶𝑜𝑚−𝑇
𝜎2 + (

𝜏12

𝑆𝑆ℎ
)
2

= {
≥ 1    𝐹𝑎𝑖𝑙𝑢𝑟𝑒

 < 1   𝑁𝑜 𝐹𝑎𝑖𝑙𝑢𝑟𝑒
  

(4.4) 

 

 

Figure 4.27: Results of Hoffman Failure Criterion 
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4.6. Summary 

In this chapter, a finite element model of the wedge anchorage system is developed in 

accordance to the modelling parameters approved by published academic papers. The performed 

convergence analysis confirmed the convergence of the FEM model where the computed optimal 

mesh size is 2 mm. The FEM model is then optimized by investigating the effects of the slope of 

the linear segments, the radius of the circular profile and the lengths of the circular and linear 

segments on the CFRP contact pressure and the von Mises stress within the barrel and the wedge. 

The optimization process revealed that Model 16 is the optimal design in terms of reducing the 

von Mises stress within the barrel and the wedge and minimizing the axial strain of the CFRP plate 

to prevent CFRP premature failure while maintaining a high anchoring strength of the wedge 

anchorage. The effect of the presetting distance of the wedges into the barrel on the CFRP contact 

pressure and the von Mises stress within the barrel and the wedge is then examined. It can be 

concluded that the range of moderate presetting is up to 7 mm which is taken into consideration in 

the experimental testing introduced in Chapter 6. CFRP failure analysis is performed by applying 

various FRP failure theories. All the failure theories confirmed that the occurrence of the CFRP 

premature failure is unlikely.  
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5.1. Introduction 

In order to verify the accuracy of the results obtained from the FEM model, an analytical model 

has been developed. This chapter presents the development of two new analytical models for 

wedge anchorages used to anchor FRP plates. The chapter starts by introducing the parameters 

considered and the challenges encountered in the analytical modelling. The assumptions and steps 

followed in creating each analytical model are discussed in detail. The interference equations are 

then derived, and the results of the two analytical models are compared to that of the FEM model. 

5.2. Challenges of Analytical Modelling 

Creating an analytical model of the wedge anchorage utilized to grip FRP plates is challenging due 

to the following reasons. 

• The FRP plate and the sleeves create discontinuity of the circular cross-section of the two 

wedges; as a result, a non-uniform deformation of the wedges and the barrel is expected.  

Therefore, “thick-walled cylinder” assumption cannot be used directly. 

• While the width of the FRP plate and the sleeves is constant, the diameter of the wedges is 

increasing along the anchorage; thus, stress concentration is anticipated at the edges of the FRP 

plate and the wedges as discussed in Chapter 4.  

5.3. Interference Equations 

The first step in creating the analytical model is computing the interference between each 

wedge and the barrel; therefore, the profile equations of the outer surface of each wedge and the 

inner surface of the barrel must be derived. 
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5.3.1. Parameters of Interference Equations 

The parameters considered in deriving the interference equations are defined in Table 5.. 

Table 5.1: Parameters of Interference Equations 

Parameter Definition 

𝑿𝟏 Axial coordinate of the loading edge (edge 1) of the wedges and the barrel 

which is used as a reference point and given a value of zero. 

𝑿𝟐 Axial coordinate of the profile change from circular to linear for the wedges 

and the barrel. It is equivalent to the length of the circular segment of the 

anchorage. 

𝑿𝟑 Axial coordinate of the presetting edge (edge 2) of the wedges and the barrel. 

It is equivalent to the length of the anchorage. 

𝑿𝒐 Shift of the center of the circular profile of the wedges along the x-axis. 

𝒀  Vertical component of the profile radius of the wedges and the barrel. 

𝒙𝒆𝒙𝒕𝒓𝒂 Extra length of the wedges and the barrel that is not being used after the 

loading process. 

𝜹𝒊𝒏𝒕 Initial non-corrected interference. 

𝒓 Radius of the circular profile of the wedges and the barrel. 

𝒓𝟏 Total radius of half-thickness FRP plate, one sleeve and one wedge combined. 

𝒓𝟐 Barrel inner radius. 

𝒓𝟑 Barrel outer radius. 

𝒓𝒊𝒏𝒊𝒕𝒊𝒂𝒍−𝒃𝒂𝒓𝒓𝒆𝒍 Initial inner radius of the barrel at the loading edge (edge 1). 

𝒎𝟏 Slope of the linear profile of the wedge. 

𝒎𝟐 Slope of the linear profile of the barrel. 
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5.3.2. Inner Surface Profile of Barrel  

The profile of the inner surface of the barrel is constructed from two parts which are a circular 

profile and a linear profile as shown in Figure 5.1. For the circular profile section of the barrel 

(X1 ≤ X ≤ X2), the profile radius (𝑟) is given by 𝑟 =  √𝑋2 + 𝑌2  which is rewritten as 𝑌 =

 √𝑟2 − 𝑋2. Therefore, the inner radius of the barrel (𝑟2) can be written as shown in equation (5.1). 

As for the linear profile ( 𝑋2 ≤ 𝑋 ≤ 𝑋3), the inner radius of the barrel in the linear segment is a 

simple equation of a straight line given by equation (5.2). 

𝑟2 = 𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑏𝑎𝑟𝑟𝑒𝑙 + 𝑟 − 𝑌 
 

 𝑟2 = 𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑏𝑎𝑟𝑟𝑒𝑙 + 𝑟 − √(𝑟)2 − (𝑋)2 (5.1) 

 𝑟2 = 𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑏𝑎𝑟𝑟𝑒𝑙 + 𝑟 − √(𝑟)2 − (𝑋2)2 +𝑚2(𝑋 − 𝑋2) (5.2) 

 

Figure 5.1: Inner Profile of Barrel 



72 
 

5.3.3. Outer Surface Profile of Wedge  

Similar to the inner surface of the barrel, the outer surface profile of the wedge is constructed 

from a circular profile and a linear profile as shown in Figure 5.2. The equation of the circular 

profile of the wedges (𝑋1 ≤ 𝑋 ≤ 𝑋2) is based on the fact that the center of the circular profile of 

the wedges is shifted by 𝑋𝑜 along the x-axis. Hence, the profile radius (𝑟) is given by 𝑟 =

 √(𝑋 + 𝑋𝑜)2 + 𝑌2  which can be rewritten as 𝑌 =  √𝑟2 − (𝑋 + 𝑋𝑜)2. Therefore, the radius of each 

wedge (𝑟1) is given by equation (5.3). 

𝑟1 = 𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑏𝑎𝑟𝑟𝑒𝑙 + 𝑟 − 𝑌 
 𝑟1 = 𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑏𝑎𝑟𝑟𝑒𝑙 + 𝑟 − √(𝑟)2 − (𝑋 + 𝑋𝑜)2 (5.3) 

As for the linear segment of the wedges (𝑋2 ≤ 𝑋 ≤ 𝑋3), the radius of each wedge in the linear 

segment is a simple equation of a straight line given by equation (5.4). 

 𝑟1 = 𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑏𝑎𝑟𝑟𝑒𝑙 + 𝑟 − √(𝑟)2 − (𝑋2 + 𝑋𝑜)2 +𝑚1(𝑋 − 𝑋2) (5.4) 

 

Figure 5.2: Outer Profile of Wedge 
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5.3.4. Interference between wedge and barrel 

The interference between the wedges and the barrel can be calculated simply by subtracting 

the radius of the wedge by the inner radius of the barrel; however, some minor changes need to be 

done on the profile equations in case of incomplete insertion of the wedges into the barrel. If the 

wedges are inserted partially into the barrel then there is an extra length 𝑥𝑒𝑥𝑡𝑟𝑎 of the wedges and 

the barrel that is not being used. It is possible to divide the interference across the length of the 

anchorage into 3 different segments which are circular profile interference, circular-linear profile 

interference, and linear profile interference. 

The circular profile interference (0 ≤ 𝑋 ≤ 𝑋2 − 𝑋𝑒𝑥𝑡𝑟𝑎) is defined as the interference between 

the circular segments of the barrel and the wedges.  The circular profile equation of the barrel (5.1) 

is modified by including 𝑋𝑒𝑥𝑡𝑟𝑎 to obtain equation (5.5) which takes into account the effect of 

partial insertion of the wedges. The circular profile equation of the wedge is given by equation 

(5.3). Therefore, the interference equation of the circular profile region is calculated by equation 

(5.7). 

 𝑟2 = 𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑏𝑎𝑟𝑟𝑒𝑙 + 𝑟 − √(𝑟)2 − (𝑋 + 𝑋𝑒𝑥𝑡𝑟𝑎)2 (5.5) 

 𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝛿𝑖𝑛𝑡 = 𝑟1 − 𝑟2 (5.6) 

 𝛿𝑖𝑛𝑡 = √(𝑟)2 − (𝑋 + 𝑋𝑒𝑥𝑡𝑟𝑎)2 −√(𝑟)2 − (𝑋 + 𝑋𝑜)2 (5.7) 
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The circular-linear profile interference (𝑋2 − 𝑋𝑒𝑥𝑡𝑟𝑎 ≤ 𝑋 ≤ 𝑋2) is defined as the interference 

between the circular segment of the wedges and the linear segment of the barrel. The circular 

profile equation of the wedge is given by equation (5.3). 𝑋𝑒𝑥𝑡𝑟𝑎 is included in equation (5.2) to 

find the linear profile equation of the barrel in case of partial insertion of wedges which is given 

by equation (5.8). Therefore, the interference is estimated by equation (5.9). 

 
𝑟1 = 𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑏𝑎𝑟𝑟𝑒𝑙 + 𝑟 − √(𝑟)2 − (𝑋2 + 𝑥𝑒𝑥𝑡𝑟𝑎)2

+𝑚2(𝑋 − (𝑋2 + 𝑥𝑒𝑥𝑡𝑟𝑎)) 
(5.8) 

 

 
𝛿𝑖𝑛𝑡 = √(𝑟)2 − (𝑋2 + 𝑥𝑒𝑥𝑡𝑟𝑎)2 −√(𝑟)2 − (𝑋 + 𝑋𝑜)2

−𝑚2(𝑋 − (𝑋2 + 𝑥𝑒𝑥𝑡𝑟𝑎)) 
(5.9) 

The linear profile interference (𝑋2≤ X ≤𝑋3 − 𝑥𝑒𝑥𝑡𝑟𝑎) is defined as the interference between the 

linear segments of the wedges and the barrel. The linear profile equation of the wedges and the 

barrel are given by equations (5.4) and (5.8) respectively. Therefore, the interference is calculated 

by equation (5.10) 

 
𝛿𝑖𝑛𝑡 = √(𝑟)2 − (𝑋2 + 𝑥𝑒𝑥𝑡𝑟𝑎)2 −√(𝑟)2 − (𝑋2 + 𝑋𝑜)2 +𝑚1(𝑋 − 𝑋2)

− 𝑚2(𝑋 − (𝑋2 + 𝑥𝑒𝑥𝑡𝑟𝑎)) 
(5.10) 
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5.4. Analytical Model 1 

5.4.1. Assumptions and Methodology of Model 1 

Model 1 is an iterative analytical model that is based primarily on the thick-walled cylinder 

assumption. Its iterative nature stems from the fact that the FRP plate and the sleeves are initially 

assumed to be part of the wedges in the 1st step in order to simplify the calculation of the initial 

interference between the wedge and the barrel. The thick-walled cylinder assumption is then 

applied to calculate the initial contact pressure on the FRP plate and the sleeve. Although the initial 

contact pressure obtained in the 1st step is somewhat inaccurate, it can still be used to calculate the 

transverse deformation of the half-thickness FRP plate and the sleeve caused by the initial contact 

pressure calculated in the 1st step.  

The transverse deformation is then used in the 2nd step to modify the interference equations to 

take into account the deformation of the half-thickness FRP plate and the sleeve during the press-

fitting process. The corrected contact pressure is then calculated by applying the thick-walled 

cylinder assumption on the modified interference equations. The accuracy can then be enhanced 

by utilizing the iterative ability of model 1. Note that a small number of iterations will be required 

to optimize the accuracy of the model due to the fact that the thicknesses of the FRP plate and the 

sleeves are relatively very small compared to the wedges. The methodology of model 1 is 

summarized in the flowchart shown in Figure 5.3. 
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Figure 5.3: Flowchart of the Methodology of Model 1 
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5.4.2. Parameters of Model 1 

The parameters considered in the development of the analytical model 1 are defined in Table 5.2. 

Table 5.2: Parameters of Analytical Model 1 

Parameter Definition 

𝜹𝒊𝒏𝒕 Initial non-corrected interference. 

𝜹𝒊𝒏𝒕−𝒎𝒐𝒅 Modified and corrected interference. 

𝒓𝟏 Total radius of half-thickness FRP plate, one sleeve and one wedge combined. 

𝒓𝟐 Barrel inner radius. 

𝒓𝟑 Barrel outer radius. 

𝒗𝟏 Poisson' s ratio of the wedges. 

𝒗𝟐 Poisson' s ratio of the barrel. 

𝑬𝟏 Modulus of elasticity of the wedges. 

𝑬𝟐 Modulus of elasticity of the barrel. 

𝑬𝑭𝑹𝑷 Transverse modulus of elasticity of the FRP plate. 

𝑬𝑺 Modulus of elasticity of the sleeve. 

𝒕𝑭𝑹𝑷 Thickness of half-thickness FRP plate. 

𝒕𝑺 Thickness of the sleeve. 

𝑾 Width of the FRP plate or the sleeve. 

𝑷𝒊𝒏𝒕 Stress induced by interference between the wedge and the barrel. 

𝑷𝒊𝒏𝒕−𝒎𝒐𝒅 Stress induced by the corrected interference between the wedge and the barrel. 

𝑵𝒗 Averaged vertical load distribution on the FRP plate and the sleeve. 

𝑵𝒗−𝒎𝒐𝒅 Corrected averaged vertical load distribution on the FRP plate and the sleeve. 

𝑷𝒄 Contact pressure on the FRP plate and the sleeve. 

𝑷𝒄−𝒎𝒐𝒅 Corrected contact pressure on the FRP plate and the sleeve. 

𝒅𝑭𝑹𝑷 Transverse deformation of half-thickness FRP plate. 

𝒅𝑺 Transverse deformation of the sleeve. 

𝒅𝑾 Transverse deformation of half-thickness FRP plate and sleeve when modelled 
as part of the wedge 

𝒅𝒕𝒐𝒕 Total transverse deformation of half-thickness FRP plate and the sleeve 
combined. 
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5.4.3. Analysis of Model 1 

The thick-walled cylinder assumption is applied to compute the initial interference stresses 

between the barrel and each wedge which is then used to determine the initial contact pressure on 

the FRP plate and the sleeves. According to Qiu and Zhou [73], the stress induced by press-fitting 

a cylinder into another thick hollow cylinder is given by the equation (5.11). 

 𝑃𝑖𝑛𝑡 = 
−𝛿𝑖𝑛𝑡

𝑟1 (
𝑣1 − 1
𝐸1

) +
𝑟2
𝐸2
(
𝑟22(𝑣2 − 1) − 𝑟32(1 + 𝑣2)

𝑟3
2 − 𝑟2

2 )
 (5.11) 

The averaged vertical load distribution on the FRP plate and the sleeves at any point X across the 

length can be calculated by performing the integration shown in equation (5.12). 

 𝑁𝑉(𝑋) =
𝑑𝐹(𝑋)

𝑑𝑋
= ∫ 𝑃𝑖𝑛𝑡𝑟1 sin(𝜃) 𝑑𝜃

𝜃2

𝜃1

 (5.12) 

Where the limit of the angle 𝜃 is 0 ≤ 𝜃 ≤ 𝜋. 

Therefore, the initial averaged vertical load distribution is given by equation (5.13). 

 
𝑁𝑉(𝑋) =

𝑟1 ∗ (𝑐𝑜𝑠(𝜃2) − 𝑐𝑜𝑠(𝜃1)) ∗ (𝑟1  −  𝑟2)

𝑟1 ∗ (𝑣 −  1)
𝐸 +

𝑟2 ∗ (𝑟22(𝑣 −  1) − 𝑟32( 1 +  𝑣))

𝐸 ∗ (𝑟32 − 𝑟22)

 (5.13) 

Note that in equation (5.12), the stress is multiplied with 𝑟1𝑑𝜃 to calculate the load distribution 

then multiplied by sin(𝜃) to determine only the vertical component of the load distribution. The 

contact pressure on the FRP plate and the sleeve at any point X across the length can then be 

estimated simply by dividing the averaged vertical load distribution by the width of the FRP plate 

or the sleeve. The initial contact pressure (𝑃𝑐) is given by equation (5.15). 

 
 𝑃𝑐 =

𝑁𝑉
𝑊

 (5.14) 
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𝑃𝑐(𝑋) =

𝑟1 ∗ (𝑐𝑜𝑠(𝜃2) − 𝑐𝑜𝑠(𝜃1)) ∗ (𝑟1 −  𝑟2)

(
𝑟1 ∗ (𝑣 −  1)

𝐸 −
𝑟2 ∗ ((𝑣 −  1) ∗ 𝑟22 + (− 𝑣 −  1) ∗ 𝑟32)

𝐸 ∗ (𝑟22 −  𝑟32)
)  𝑊

 (5.15) 

Since the same contact pressure is applied on both the FRP plate and the sleeve then total transverse 

deformation of the half-thickness FRP plate and the sleeve can be calculated as follows. 

 𝑃𝑐 = 𝐸2−𝐹𝑅𝑃 𝜖𝐹𝑅𝑃 = 𝐸𝑆 𝜖𝑆 (5.16) 

The transverse engineering strain is given by equation (5.17). 

  𝜖 = 
𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
=
𝑑

𝑡
 (5.17) 

Therefore, the total transverse deformation of the half-thickness FRP plate and the sleeve is given 

by equations (5.18) and (5.19). 

 𝑑𝑡𝑜𝑡 = 𝑑𝐹𝑅𝑃 + 𝑑𝑆 − 𝑑𝑊 (5.18) 

 𝑑𝑡𝑜𝑡 = 𝑃𝑐  (
𝑡𝑆
𝐸𝑆
+
𝑡𝐹𝑅𝑃
𝐸𝐹𝑅𝑃

−
𝑡𝐹𝑅𝑃−𝑆
𝐸1

) (5.19) 

Thus, the modified radius of each wedge at any angle 𝜃 can be determined by the following steps. 

The x and y components of the radius of each wedge are 

𝑥 = 𝑟1 cos(𝜃) 

𝑦 = 𝑟1 sin(𝜃) 

The total transverse deformation of the half-thickness FRP plate and the sleeve is included in the 

y component of the radius as shown in equation (5.20). 

 𝑦 = 𝑟1 sin(𝜃) − 𝑑𝑡𝑜𝑡 (5.20) 

Hence, the modified radius of each wedge is given by equation (5.21). 

𝑟1−𝑚𝑜𝑑 = √𝑥2 + 𝑦2 = √(𝑟1 cos(𝜃))2 + (𝑟1 sin(𝜃) − 𝑑𝑡𝑜𝑡)2 

 𝑟1−𝑚𝑜𝑑 = √𝑟12 − 2𝑟1𝑑𝑡𝑜𝑡 sin(𝜃) + 𝑑𝑡𝑜𝑡
2 (5.21) 
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The modified interference is then calculated by equation (5.22). 

 𝛿𝑖𝑛𝑡−𝑚𝑜𝑑 = 𝑟1−𝑚𝑜𝑑 − 𝑟2 (5.22) 

The corrected interference stress is computed by substituting equation (5.22) into equation (5.11) 

to obtain equation (5.23). 

 𝑃𝑖𝑛𝑡−𝑚𝑜𝑑 = 
−𝛿𝑖𝑛𝑡−𝑚𝑜𝑑

𝑟1−𝑚𝑜𝑑 (
𝑣1 − 1
𝐸1

) +
𝑟2
𝐸2
(
𝑟22(𝑣2 − 1) − 𝑟32(1 + 𝑣2)

𝑟32 − 𝑟22
)
 (5.23) 

Thus, the corrected averaged vertical load distribution is calculated by equation (5.24) 

 𝑁𝑣𝑚𝑜𝑑 = ∫  
−𝛿𝑖𝑛𝑡−𝑚𝑜𝑑 𝑟1−𝑚𝑜𝑑 sin(𝜃) 𝑑𝜃

𝑟1−𝑚𝑜𝑑 (
𝑣1 − 1
𝐸1

) +
𝑟2
𝐸2
(
𝑟22(𝑣2 − 1) − 𝑟32(1 + 𝑣2)

𝑟32 − 𝑟22
)

𝜃2

𝜃1

 (5.24) 

The corrected contact pressure given by equation (5.25) is obtained by substituting equation (5.24) 

into equation (5.14). 

 𝑃𝑐−𝑚𝑜𝑑(𝑋) = ∫  
−𝛿𝑖𝑛𝑡−𝑚𝑜𝑑  𝑟1−𝑚𝑜𝑑 sin(𝜃) 𝑑𝜃

𝑊 (𝑟1−𝑚𝑜𝑑 (
𝑣1 − 1
𝐸1

) +
𝑟2
𝐸2
(
𝑟22(𝑣2 − 1) − 𝑟32(1 + 𝑣2)

𝑟32 − 𝑟22
))

𝜃2

𝜃1

 (5.25) 

The integration given in equation (5.25) is not analytically possible to perform even with 

advanced mathematical software such as MATLAB. Therefore, this integration is performed 

numerically via MATLAB, and the results are shown in Section 5.6.2. The complex form of 

equation (5.25) is shown in Appendix A. 
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Note that this model has an iterative ability; thus, the accuracy of the results can enhanced 

further simply by substituting the corrected contact pressure calculated from equation (5.25) into 

equation (5.19) and following the exact same procedure. Note that the results obtained will 

converge after few iterations due to the fact that the thicknesses of the half-thickness FRP plate 

and the sleeve are much less than the thickness of the wedge; therefore, there is an optimal number 

of iterations that offers the highest accuracy with minimum computational power.  

5.5. Analytical Model 2 
 

5.5.1. Assumptions and Methodology of Model 2 

Model 2 is a mathematically simplified model that is based on a combination of the thick-

walled cylinder assumption and a new innovative assumption of varying mechanical properties. 

The assumption of varying mechanical properties is a modelling technique created to convert the 

wedge anchorage system into a much more simplified system that consists of one homogenous 

cylinder (barrel) and one non-homogenous cylinder (the FRP plate, the sleeves and the wedges 

combined). Both the modulus of elasticity and the Poisson’s ratio of the non-homogenous cylinder 

are varying along the angle θ of the circular cross-section. The 1st step of this model is to apply the 

assumption of varying mechanical properties to convert the FRP plate, the sleeves and the wedges 

into a single non-homogenous cylinder with an equivalent modulus of elasticity and an equivalent 

Poisson’s ratio. The 2nd step is using the thick-walled cylinder on the homogenous barrel and the 

non-homogenous inner cylinder to obtain the contact pressure on the FRP plate and the sleeve. 

The methodology of model 2 is summarized in the flowchart shown in Figure 5.4. 
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Figure 5.4: Flowchart of the Methodology of Model 2 
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5.5.2. Parameters of Model 2 

The parameters considered in the development of the analytical model 2 are defined in Table 5.3. 

Table 5.3: Parameters of Analytical Model 2 

Parameter Definition 
𝜹𝒊𝒏𝒕 Initial non-corrected interference. 

𝒓𝟏 Total radius of half-thickness FRP plate, one sleeve and one wedge combined. 

𝒓𝟐 Barrel inner radius. 

𝒓𝟑 Barrel outer radius. 

𝒓𝑭𝑹𝑷 Equivalent radius of half-thickness FRP plate. 

𝒓𝑺 Equivalent radius of one sleeve. 

𝒓𝑭𝑹𝑷−𝑺 Equivalent radius of half-thickness FRP plate and one sleeve combined. 

𝒓𝑾 Equivalent radius of one wedge 

𝒗𝟏 Poisson' s ratio of the wedges. 

𝒗𝟐 Poisson' s ratio of the barrel. 

𝒗𝑭𝑹𝑷 Poisson' s ratio of the FRP plate. 

𝒗𝑺 Poisson' s ratio of the sleeve. 

𝒗𝒆𝒒 Equivalent Poisson' s ratio of half-thickness FRP plate, a sleeve and a wedge. 

𝑬𝟏 Modulus of elasticity of the wedges. 

𝑬𝟐 Modulus of elasticity of the barrel. 

𝑬𝑭𝑹𝑷 Transverse modulus of elasticity of the FRP plate. 

𝑬𝑺 Modulus of elasticity of the sleeve. 

𝑬𝒆𝒒 Equivalent modulus of elasticity of half-thickness FRP plate, one sleeve and 
one wedge combined. 

𝒕𝑭𝑹𝑷 Thickness of half-thickness FRP plate. 

𝒕𝑺 Thickness of the sleeve. 

𝒕𝑭𝑹𝑷−𝑺 Thickness of half-thickness FRP plate and the sleeve combined. 

𝑾 Width of the FRP plate or the sleeve. 

𝑷𝒊𝒏𝒕 Stress induced by interference between the wedge and the barrel 

𝑵𝒗 Averaged vertical load distribution on the FRP plate and the sleeve. 

𝑷𝒄 Contact pressure on the FRP plate and the sleeve. 
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5.5.3. Analysis of Model 2 

After deriving the interference equations in Section 5.3.4, the next step is to calculate the 

equivalent radii of the half-thickness FRP plate, the sleeve and the wedge as a function of the angle 

(𝜃) as shown in Figure 5.5 by using equations (5.26), (5.28) and (5.29) respectively.  

 𝑟𝐹𝑅𝑃 =
𝑡𝐹𝑅𝑃
sin(𝜃)

 

 

(5.26) 

 𝑟𝐹𝑅𝑃−𝑆 =
𝑡𝐹𝑅𝑃−𝑆
sin(𝜃)

 

 

(5.27) 

 𝑟𝑆 =
𝑡𝐹𝑅𝑃−𝑆
sin(𝜃)

−
𝑡𝐹𝑅𝑃
sin(𝜃)

=
𝑡𝑆

sin(𝜃)
 

 

(5.28) 

 𝑟𝑊 = 𝑟1 − 
𝑡𝐹𝑅𝑃−𝑆
sin(𝜃)

 (5.29) 

The limit of the angle 𝜃 is given by equation (5.30) 

 𝑡𝑎𝑛−1 (
2 𝑡𝐹𝑅𝑃−𝑆
𝑊

) ≤ 𝜃 ≤ 𝜋 − 𝑡𝑎𝑛−1 (
2 𝑡𝐹𝑅𝑃−𝑆
𝑊

) (5.30) 

Therefore, by applying the “Rule of Mixtures”, the equivalent modulus of elasticity at any angle 

𝜃 can be estimated by equation (5.32). 

 
1

𝐸𝑒𝑞
=
1

𝑟1
((
𝑟𝐹𝑅𝑃
𝐸𝐹𝑅𝑃

) + (
𝑟𝑆
𝐸𝑆
) + (

𝑟𝑊
𝐸1
)) (5.31) 

 
1

𝐸𝑒𝑞
=

𝑡𝐹𝑅𝑃
𝑟1𝐸𝐹𝑅𝑃sin(𝜃)

+
𝑡𝑆

𝑟1𝐸𝑆sin(𝜃)
+
𝑟1 sin(𝜃) − 𝑡𝐹𝑅𝑃−𝑆
𝑟1𝐸1 sin(𝜃)

 (5.32) 

By following the same concept, the equivalent Poisson’s ratio is given by equation (5.33). The 

results of equation (5.31) and (5.33) are shown in Figure 5.6. 

 
1

𝑣𝑒𝑞
=

𝑡𝐹𝑅𝑃
𝑟1𝑣𝐹𝑅𝑃sin(𝜃)

+
𝑡𝑆

𝑟1𝑣𝑆sin(𝜃)
+ 
𝑟1 sin(𝜃) − 𝑡𝐹𝑅𝑃−𝑆
𝑟1𝑣1 sin(𝜃)

 (5.33) 
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Figure 5.5: Illustration of Parameters of Varying Mechanical Properties Assumption 

 

 

Figure 5.6: Equivalent Modulus of Elasticity and Poisson's Ratio of Non-Homogenous Cylinder 
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The thick-walled cylinder assumption is applied to compute the interference stresses between 

the barrel and the inner non-homogenous cylinder. By substituting the equivalent modulus of 

elasticity and the equivalent Poisson’s ratio of the non-homogenous cylinder calculated by 

equations (5.32) and (5.33) respectively into equation (5.11), the interference stress can then be 

determined by equation (5.34). 

 𝑃𝑖𝑛𝑡 = 
−𝛿𝑖𝑛𝑡

𝑟1 (
𝑣𝑒𝑞 − 1
𝐸𝑒𝑞

) +
𝑟2
𝐸2
(
𝑟22(𝑣2 − 1) − 𝑟32(1 + 𝑣2)

𝑟32 − 𝑟22
)

 (5.34) 

The averaged vertical load distribution on the FRP plate and the sleeve at any point X across the 

length can be found by performing the integration shown in equation (5.35). 

 𝑁𝑉(𝑋) =
𝑑𝐹(𝑋)

𝑑𝑋
= ∫ 𝑃𝑖𝑛𝑡 𝑟1 sin(𝜃) 𝑑𝜃

𝜃2

𝜃1

 
(5.35) 
 
 
 Note that in equation (5.35), the stress is multiplied with 𝑟1𝑑𝜃 to calculate the load distribution 

then multiplied by sin(𝜃) to calculate only the vertical component of the load distribution. The 

contact pressure on the FRP plate and the sleeve at any point X across the length can then be 

calculated simply by dividing the averaged vertical load distribution by the width of the FRP plate 

as shown in equation (5.14). Therefore, the FRP plate contact pressure (𝑃𝑐) is given by equation 

(5.36). 

 
𝑃𝑐(𝑋) = ∫

− 𝑟1 𝛿𝑖𝑛𝑡 sin(𝜃) 𝑑𝜃

𝑊 (𝑟1 (
𝑣𝑒𝑞 − 1
𝐸𝑒𝑞

) +
𝑟2
𝐸2
(
𝑟22(𝑣2 − 1) − 𝑟32(1 + 𝑣2)

𝑟32 − 𝑟22
))

𝜃2

𝜃1

 (5.36) 

 

Note that the integration given in equation (5.36) is not analytically possible to perform even 

with advanced mathematical software such as MATLAB. Therefore, this integration is performed 

numerically via MATLAB, and the results are shown in Section 5.6.2. The complex form of 

equation (5.36) is shown in Appendix B. 
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5.6. Verification of Analytical Models 

5.6.1. Inputs of the Verification Process 

In order to confirm the accuracy of the results obtained from the FEM analysis, the two 

analytical models are tested using the results of three different FEM models. Note that all three 

FEM models are made of the same essential elements and dimensions; however, the presetting 

distance of the wedges into the barrel is varied. The considered mechanical properties, previously 

shown in Chapter 3, are listed in Table 5.4. A brief summary of the dimensions of both the wedges 

and the barrel considered in the analytical models is shown in Table 5.5. The presetting distance 

and the extra length used for each tested model are provided in Table 5.6. 

Table 5.4: Mechanical Properties Considered in the Analytical Models 

Element Modulus of Elasticity (MPa) Poisson’s Ratio 

CFRP plate 13,580 0.523 

Annealed Copper Sleeve 117,210 0.33 

Steel Wedge 200,000 0.28 

Steel Barrel 200,000 0.28 
 

Table 5.5: Summary of the Dimensions of the Wedges and the Barrel Considered in the Analytical Models 

 Wedge Barrel 

Inner Radius (mm) -------- 25.5 

Outer Radius (mm) 25.545 38.12963 

Radius of Circular Profile (mm) 1750 1750 

Length of Circular Segment (𝑿𝟐)  (mm) 55 55 

Slope of Linear Profile 0.03862958 0.03862958 

Total Anchorage Length (𝑿𝟑) (mm) 70 70 
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Table 5.6: Presetting Distances and Extra Lengths of Tests Considered for Verifying the Accuracy of the Analytical Models 

Test No. Presetting Displacement (mm) 𝒙𝒆𝒙𝒕𝒓𝒂 (𝒎𝒎) 

Test 1 6 8.3 

Test 2 9 5.3 

Test 3 12 2.3 
 

5.6.2. Results of the Verification Process 

The contact pressure on the FRP plate and the sleeve is computed through the numerical FEM 

model as well as the two analytical models, and the results are shown in Figure 5.7. The root-

mean-squared error of the results is calculated by the equation (5.37) and listed in Table 5.7 [74]. 

Note that performing only two iterations on model 1 is sufficient to converge its outcomes as 

illustrated in Table 5.8. It is worth mentioning that although model 1 and model 2 are based on 

completely different assumptions, both models provide almost identical results. This fact confirms 

the creditability of the analytical models. 

 
 

 
𝑅𝑀𝑆𝑎𝑣𝑔 𝐸𝑟𝑟𝑜𝑟 =  

1

𝑁
 √∑(

𝑃𝐶_𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 − 𝑃𝐶_𝐹𝐸𝑀

𝑃𝐶_𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙
)

𝑁

𝑖=1

 (5.37) 

 

Table 5.7: RMS Error of the Tests Considered for Verifying the Accuracy of the Analytical Models 

Test No. RMS Error Model 1 

(Before Iteration) 

RMS Error Model 1 

(After Iteration) 

RMS Error Model 2 

Test 1 5.671% 5.658% 5.656% 

Test 2 4.842% 5.025% 4.989% 

Test 3 5.383% 5.604% 5.576% 
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Figure 5.7: Averaged CFRP Plate Contact Pressure Curves for both FEM Model and Analytical Models 

 

Table 5.8: RMS Error of Model 1 of the Tests Considered After Performing Iteration 

Iteration No. Test 1 Test 2 Test 3 

No Iteration 5.671% 4.842% 5.383% 

Iteration 1 5.658% 5.046% 5.624% 

Iteration 2 5.658% 5.023% 5.602% 

Iteration 3 5.658% 5.025% 5.604% 

Iteration 4 5.658% 5.025% 5.604% 

Iteration 5 5.658% 5.025% 5.604% 
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5.7. Summary 

Analytical modelling of a wedge anchorage utilized for anchoring FRP plates is a challenging 

process due to the existence of contact discontinuity and stress concentration between the wedges, 

the sleeves and the FRP plate. Two analytical models are created in this chapter. While model 1 is 

solely based on the thick-walled cylinder assumption, model 2 is based on the thick-walled 

cylinder assumption in addition to the new assumption of varying mechanical properties.  

Both analytical models proved their potentials and credibility by providing almost identical 

results with excellent accuracy. Both models consist of mathematically sophisticated equations 

which are solved numerically through MATLAB. Even though the two analytical models are used 

solely to confirm the accuracy of the FEM results, both models have the potential to be utilized to 

optimize a wedge anchorage more efficiently as they can predict the gripping strength of an 

anchorage in a matter of seconds instead of hours using FEM analysis.  
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6.1. Introduction 

After selecting the most suitable materials for the wedge anchorage (Chapter 3), designing the 

wedge anchorage with the optimal dimensions (Chapter 4), and verifying the results of the FEM 

model using two analytical models (Chapter 5), the optimized wedge anchorage is manufactured 

and tested. This chapter describes the assembling, presetting, loading processes performed and 

instruments employed in each test. Several successful tensile loading tests are conducted to 

investigate the performance of the wedge anchorage. The experimental outcomes are compared to 

the FEM results to validate the accuracy of the FEM model. The effect of the presetting distance 

on the CFRP plate slipping is studied. Damage analysis is performed to examine the reusability of 

the optimized wedge anchorage.   

6.2. Objectives 

The main objectives of the experimental analysis are as follows: 

• Investigating the performance of the optimized wedge anchorage, 

• Validating the accuracy of the FEM model by comparing its results with the experimental 

results, 

• Studying the effect of the presetting distance on the CFRP plate slipping, and 

• Examining the reusability of the optimized wedge anchorage by investigating the induced 

plastic deformation within the wedge anchorage. 
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6.3. Test Elements 

The elements involved in each experimental test are one CFRP plate, four annealed and heat-

treated copper sleeves, a relatively larger reusable dead-end wedge anchorage, and the optimized 

wedge anchorage. The larger reusable dead-end anchorage is used solely to anchor one side of the 

CFRP plate; thus, all test elements, except for the larger dead-end wedge anchorage, are briefly 

described.  

6.3.1. CFRP Plate 

The tested CFRP plate, shown in Figure 6.1,  is manufactured by SIKA with a reported tensile 

strength of 2,800 MPa [48]. The length, the width and the thickness of the CFRP plate are 1 m, 50 

mm and 1.2 mm, respectively.  

 

Figure 6.1: CFRP Plate 

 

6.3.2. Annealed Copper Sleeves 

Annealed copper sleeves, shown in Figure 6.2, are purchased from McMaster Carr [59]. Two 

copper sleeves are used in each anchorage. The length, the width and the thickness of the sleeves 

of the optimized anchorage are 75 mm, 50 mm and 0.81 mm, respectively. The sleeves are 

softened further by heat-treatment for an hour at a temperature of 500 𝐶 𝑜 .  
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Figure 6.2: Annealed Copper Sleeves Before and After Heat-Treating 

 
 

6.3.3. Optimized Wedge Anchorage 

The optimized wedge anchorage, shown in Figure 6.3, is machined using “VF-4 CNC Vertical 

Mill” machine for high cutting precision. Since steel and stainless-steel grades have almost 

identical mechanical properties but with different yield, shear and tensile strengths then 

manufacturing the wedge anchorage from any steel grade should not affect its performance as long 

as the yield strength of the steel grade is higher than the maximum von Mises stress within the 

optimized anchorage. Thus, the optimized wedge anchorage is manufactured from heat-treated 

4140 steel instead of 440C stainless steel for economical consideration. The mechanical properties 

of the heat-treated 4140 steel and 440C stainless steel are listed in Table 6.1. The second end of 

the CFRP plate is gripped using a larger reusable wedge anchorage system that is made of hardened 

steel. 
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Table 6.1: Mechanical Properties of 4140 Steel and 440C Stainless Steel 

Properties 4140 Steel 440C Stainless Steel 
𝝈𝑼𝒍𝒕 (𝑴𝑷𝒂) 14501 19652 
𝝈𝒀 (𝑴𝑷𝒂) 13401 18962 
𝝉𝟏𝟐 (𝑴𝑷𝒂) 7734 10944 
𝝐𝑼𝒍𝒕 (%) 15%1 2%2 

𝑬𝟏, 𝑬𝟐 𝒂𝒏𝒅 𝑬𝟑 (𝑴𝑷𝒂) 200,0003 200,0003 
𝒗𝟏𝟐 , 𝒗𝟏𝟑 𝒂𝒏𝒅 𝒗𝟐𝟑 0.2853 0.2853 

𝑮𝟏𝟐, 𝑮𝟏𝟑 𝒂𝒏𝒅 𝑮𝟐𝟑 (𝑴𝑷𝒂) 77,8214 77,8214 

𝝆 (
𝒈

𝒄𝒎𝟑
) 7.83 7.83 

1 Book Chapter Titled “Ultrahigh Strength Steel: Development of Mechanical Properties 

Through Controlled Cooling”  [75] 
2 Nickel Development Institute, Canada [61] 
3 AZoM online publication for the Materials Science community [65], [76] 
4 Calculated Analytically 

 

 

Figure 6.3: Optimized Wedge Anchorage 

 



96 
 

6.4. Testing Procedure  

Three main processes are performed in each experimental test which are assembling, presetting 

and loading processes. Each process along with the employed apparatus are discussed in detail.  

6.4.1. Assembling Process 

The first step of the assembling process is cleaning the CFRP plate, the sleeves, the wedges 

and the barrels using acetone. The CFRP plate, the sleeves and the wedges of each anchorage are 

assembled together as shown in Figure 6.4. A high pressure lubricant (Molykote G-n Metal 

Assembly Paste) is then applied on the interior surface of each barrel as well as the exterior 

surfaces of the wedges to facilitate wedges movement into the barrel [77]. Lubrication must be 

applied carefully as placing lubricant on the sleeve-wedge interface and/or the CFRP plate-sleeve 

interface would deteriorate the anchoring strength of the wedge anchorage leading to CFRP plate 

slipping or premature failure.  

The CFRP plate, the sleeves and the wedges are then carefully inserted into the barrel. Full 

attention has been paid to the insertion process to avoid any misalignment, such as inserting one 

wedge more than the other or shifting the CFRP plate to one side of the wedge anchorage. The 

wedges are then hammered into the barrel to fix the assembled elements together. The assembled 

wedge anchorages are shown in Figure 6.5.  
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Figure 6.4: Assembled Wedges before Lubrication 

 

 

Figure 6.5: Assembled Wedge Anchorages and CFRP Plate 
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6.4.2. Presetting Process  

After assembling the two wedge anchorages to the CFRP plate, the wedges are push further 

into the barrels by a specific presetting distance using the presetting rig shown in Figure 6.6 (A). 

The wedge anchorage is placed on top of the supports such that the presetting edge (edge 2) of the 

anchorage is facing the pressing head of the rig, as shown in Figure 6.6 (B). Two short steel rods 

of the same length are used to equally push the wedges into the barrel. The applied hydraulic 

pressure and the presetting distance are measured using a pressure gauge and a caliper respectively. 

In some tests, the presetting rig is not used and replaced by the light hammering of the wedges.  

 

Figure 6.6: (A) Presetting Rig Apparatus (B) Setup of the Anchorage in the Presetting Rig Apparatus 
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6.4.3. Tensile Loading Process 

The loading test rig, shown in Figure 6.7 (A), is utilized to test the performance of the 

optimized wedge anchorage by applying a displacement-controlled loading of 0.6 mm/min. Note 

that the reusable large dead-end anchorage is placed at the bottom since its sole purpose is gripping 

one side of the CFRP plate; therefore, no measurement is collected at this end. On the other hand, 

the optimized wedge anchorage is placed at the top where more space is provided for displacement 

measurement instrumentations. Two Linear Variable Differential Transducers (LVDTs) are 

installed to measure the relative displacement of the anchorage components with respect to the 

barrel as shown in Figure 6.7 (B). The first LVDT is used to measure the insertion distance of the 

wedges into the barrel as the tensile loading is applied. The other LVDT is used to measure 

accumulative slipping of the CFRP plate and wedges. Preliminary investigation shows no relative 

displacement between sleeve and wedges. Therefore, the CFRP slipping is computed by 

subtracting the readings of both LVDTs.  

 

Figure 6.7: (A) Loading Test Rig (B) Setup of the LVDTs 
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6.5. Results 

6.5.1. General  

A total of eight tensile loading tests are conducted. The first two tests, tests 1 and 2, are 

conducted using hard copper sleeves. The remaining six tests are performed using heat-treated 

copper sleeves. The optimized wedge anchorage is presetted by the presetting rig in the first five 

tests. In the last three tests, the presetting rig is not used; instead, the optimized wedge anchorage 

is simply hammered. The applied presetting distances are listed in Table 6.2. The reusable dead-

end wedge anchorage is presetted via the presetting rig in every test to minimize CFRP plate 

slipping using a presetting load ranging between 200 kN-240 kN. A displacement-controlled 

loading of 0.6 mm/min is applied until failure.  An explosive fracture of the CFRP plate shown in 

Figure 6.8 is observed in every test. The fractured CFRP plate, shown in Figure 6.9, confirms that 

failure occurs outside the anchored area of the CFRP plate once the tensile strength of the CFRP 

plate is reached. Based on failure observation of the plate at both anchorages, it seems that the 

CFRP fracture is initiated at the dead-end wedge anchorage in every test indicating that the full 

gripping strength of the optimized wedge anchorage can be higher than that reported results. 

Advanced monitoring, such as high-quality video recording, can be considered in the future to 

obtain better understanding of the failure process of the CFRP plate. The deformed sleeves, shown 

in Figure 6.10, prove that no slipping occurred between the sleeves and the wedges as the top 

surface of each sleeve is not scratched. The general behaviour of the experimental results is shown 

in Figure 6.11. Higher presetting of the wedge anchorage would result in a less displacement of 

components; thus, test 5 is predicted to the smallest induced displacement compared to the other 

tests. 
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Table 6.2: Presetting Distances of Tests Performed 

Test No. Presetting Method Presetting Distance (mm) 
1 Presetting Rig 2.9 
2 Presetting Rig 4.6 
3 Presetting Rig 3.4 
4 Presetting Rig 4.17 
5 Presetting Rig 4.89 
6 Hammering 1.8 
7 Hammering 1.8 
8 Hammering 1.85 

    

 

  

Figure 6.8: CFRP Plate Explosive Fracture 
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Figure 6.9: Fractured CFRP Plate 

 

Figure 6.10: Damaged Copper Sleeves after Testing 

 

Figure 6.11: General Load vs Wedge Displacement Behavior of the Results 
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6.5.2. Experimental Results 

The experimental results are presented in two separate sections based on the presetting method 

performed.  

6.5.2.1. Presetting via Presetting Rig 

Three tests are conducted using different presetting distances. The applied hydraulic pressure 

(𝑃) on the shaft of the presetting rig is measured using pressure gauge. The shaft diameter (𝐷) of 

the presetting rig is 101 mm. Thus, the presetting load (𝐹) is given by equation (6.1). The 

presetting load applied on the optimized anchorage and the resulted presetting distance for each 

test are summarized in Table 6.3. A presetting load of 200 kN is applied on the reusable dead-end 

anchorage. CFRP premature failure occurred in tests 1 and 2 at a tensile loading of 91% and 94% 

of the tensile strength respectively when hard copper sleeves are used. CFRP premature failure is 

overcomed in the other tests by softening the copper sleeves with heat treatment.  

The recorded wedge displacement of the optimized anchorage as tensile loading is applied for 

tests 3,4 and 5 is shown in Figure 6.12 along with the FEM results. The CFRP plate displacement 

for tests 3,4 and 5 is plotted against the wedge displacement in Figure 6.13. As illustrated in Figure 

6.12, there is an excellent agreement between the experimental results and the FEM results. The 

maximum tensile loading reached and the recorded CFRP plate slipping of each test are listed in 

Table 6.4. The effect of the presetting distance on the CFRP slipping is shown in Figure 6.14. As 

illustrated in Figure 6.14, the presetting distance is inversely proportional to the CFRP slipping; 

however, the effect of the presetting distance on the CFRP slipping becomes almost redundant 

once the presetting distance exceeds 4.45 mm. 

 𝐹 = 𝑃 (𝜋
𝐷2

4
) (6.1) 
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Table 6.3: The Applied Presetting Pressure (Presetting Load) and the Induced Presetting Distance of the Optimized Anchorage 

Test No. Presetting Pressure 
(bar) 

Presetting Load 
(kN) 

Presetting Distance 
(mm) 

1 20 13.5 2.9 
2 130 104 4.6 
3 50 40.1 3.4 
4 100 80.1 4.17 
5 150 120.2 4.89 

Table 6.4: The Presetting Distance of the Optimized Anchorage, the Maximum Tensile Load Reached and CFRP Slipping Recorded 

Test 
No. 

Presetting 
Distance (mm) 

Maximum Tensile 
Load (kN) 

Load to Strength 
Ratio (%) 

CFRP Slipping 
(mm) 

Using Hard Sleeve 
1 2.9 151.92 90.43% 2.128 
2 4.6 157.04 93.5% 0.446 

Using Soft Sleeve 
3 3.4 173.98 103.6% 0.6 
4 4.17 171.94 102.4% 0.287 
5 4.89 167.8 99.9% 0.253 

 

 
Figure 6.12: Tensile Load (kN) VS Wedge Displacement (mm) of High Presetting Levels Using Presetting Rig 
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Figure 6.13: CFRP Plate Displacement VS Wedge Displacement (mm) of Presetted Tests through Presetting Rig 

 

 

Figure 6.14: Effect of Presetting Distance on CFRP Slipping 
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6.5.2.2. Presetting by Hammering 

Three tests are performed by hammering the optimized wedge anchorage. The presetting 

distance for each test is summarized in Table 6.5. The dead-end anchorage is presetted with a 

presetting load of 200 kN in tests 6 and 7 while a presetting load of 240 kN is applied in test 8. 

The recorded wedge displacement as tensile loading is applied is shown in Figure 6.15 along with 

the FEM results. The CFRP plate displacement is plotted against the wedge displacement in Figure 

6.16. As illustrated in Figure 6.15, there is a good agreement between the experimental results and 

the FEM results; however, the experimental results of Test 6 is not as accurate as the other tests 

which is believed be due to wedge misplacement caused by hammering one wedge more than the 

other. It is crucial to mention that the maximum tensile loading reached is 183.622 kN (109.3%) 

which is achieved by presetting the dead-end anchorage with a presetting load of 240 kN. This 

gives an indication that harder presetting of the dead-end anchorage would improve its 

performance and allow reaching higher tensile loading without inducing CFRP failure. Since 

CFRP failure is likely caused by the dead-end anchorage in each test then it is possible to conclude 

that the optimized anchorage can effectively grip CFRP plate without inducing CFRP failure until 

a tensile loading of at least 183.622 kN (109.3%) is applied.  

Table 6.5: The Presetting Distance of the Optimized Anchorage, the Maximum Tensile Load Reached and CFRP Slipping Recorded 

Test 
No. 

Presetting 
Distance (mm) 

Maximum 
Tensile Load (kN) 

Load to Strength 
Ratio (%) 

CFRP Slipping 
(mm) 

6 1.85 166.893 99.34% 2.28 
7 1.8 167.331 99.6% 0.906 
8 1.8 183.622 109.3% 0.596 
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Figure 6.15: Tensile Load (kN) VS Wedge Displacement (mm) of Presetted Tests through Hammering 

 

Figure 6.16: CFRP Plate Displacement VS Wedge Displacement (mm) of Low Presetting Using Hammering 
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6.5.3. Damage Analysis 

After performing a total of eight tests, the plastic deformation within the wedges and the barrel 

of the optimized wedge anchorage is observed. The deformed wedge and barrel are shown in 

Figure 6.17 and Figure 6.18 respectively. As illustrated in Figure 6.17 and Figure 6.18, minor 

plastic deformation occurred at the loading edge of the wedges and the barrel; however, this plastic 

deformation does not affect the performance of the wedge anchorage as most of the induced 

interference stress is within the linear segments of the wedges and the barrel. Note that the 

machining pattern is still visible in the wedges and the barrel which proves the absence of plastic 

deformation. Since minor plastic deformation is induced after performing eight tests then it is 

possible to conclude that the optimized wedge anchorage has a high reusability which may exceed 

10 times of usage. 

 

Figure 6.17: Deformed Wedge 
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Figure 6.18: Deformed Barrel 

 

6.6. Discussion 

A total of eight experimental tests are conducted.  CFRP premature failure occurred in two 

tests when hard copper sleeves are used. Softening the copper sleeves by heat-treatment for an 

hour at a temperature of 500 𝐶 𝑜  is sufficient to prevent premature failure of the CFRP plate. The 

optimized wedge anchorage illustrated its high performance by successfully gripping the CFRP 

plate until the occurrence of tensile failure. The tensile loading reached in the presented tests is 

ranging from 99.34% to 109.3% of the tensile strength of the CFRP plate and the recorded CFRP 

slipping is 0.25-0.6 mm when presetting process is performed; thus, it is possible to conclude that 

the optimized anchorage can effectively grip the CFRP plate by utilizing the full reported tensile 

strength of the CFRP plate without inducing premature failure.  
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The effect of the presetting distance on the CFRP plate slipping is investigated and shown in 

Figure 6.14. The presetting distance is inversely proportional to the CFRP plate slipping; however, 

once the presetting distance exceeds 4.45 mm, the effect of the presetting distance on the CFRP 

slipping becomes almost redundant.  

The experimental results are compared to the FEM results in Figure 6.12 and Figure 6.15. It is 

clear from the figures that there is an excellent agreement between the experimental results and 

the FEM results which verifies the accuracy of the FEM model developed in Chapter 4. The 

experimental results of Test 6 shown in Figure 6.15 is not as accurate as the other tests which is 

likely due to an existing wedge misplacement created during the hammering process. It is worth 

mentioned that despite the existence of wedge misplacement, the reported CFRP tensile strength 

is reached which illustrates the outstanding performance of the optimized anchorage. 

After performing eight tests, damage analysis is conducted to investigate the reusability of the 

optimized wedge anchorage. Minimal plastic deformation in the form of surface scratching is 

observed mainly at the loading edge of the wedges and the barrel as shown in Figure 6.17 and 

Figure 6.18 respectively; however, this plastic deformation is not expected to affect the 

performance of the optimized wedge anchorage since the interference and the induced stress within 

the barrel and the wedges are minimum at the loading edge.  
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6.7. Summary 

The optimized wedge anchorage and the dead-end wedge anchorage are manufactured with a 

heat-treated 4140 steel. Eight tensile tests are performed Hard copper sleeves are used in the first 

two tests while heat-treated copper sleeves are employed in the other six tests. The dead-end 

anchorage is presetted using a presetting rig in every single test to prevent CFRP slipping. The 

optimized anchorage is presetted using presetting rig in the first five tests and hammered in the 

other three tests. CFRP premature failure occurred when hard copper sleeves are used. Softening 

the copper sleeves by heat-treatment for an hour at a temperature of 500 𝐶 𝑜  is sufficient to avoid 

CFRP premature failure. The maximum recorded tensile strength is 3,060.4 MPa representing 

109.3% of the reported tensile strength of the CFRP plate. The recorded CFRP slipping is 0.25-

0.6 mm when presetting process is performed. The accuracy of the FEM model is verified by 

comparing its results to the experimental results. The effect of the presetting distance on the CFRP 

plate slipping is investigated, and it is found that the effect of the presetting distance is almost 

redundant once the presetting distance exceeds 4.45 mm. Finally, damage analysis is conducted 

after performing eight tensile tests to confirm the reusability of the optimized wedge anchorage. It 

is observed that minimal plastic deformation occurred at the loading edge of the barrel and the 

wedges which is not expected to affect the performance of the optimized wedge anchorage as 

minimum stress is induced within the barrel and the wedge at the loading edge. Thus, it is 

concluded that the optimized anchorage has an excellent reusability that might exceed 10 times of 

usage.  
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7.1. General 

The presented work investigates the development and optimization of an innovative anchorage 

to grip CFRP plates that is reliable, reusable, compact and light in weight. To fulfil these 

requirements, a wedge anchorage is chosen as the most suitable system. Material selection process 

is conducted to select the optimal materials for the sleeves, the wedges and the barrel of the 

anchorage. 440C stainless steel is selected as the most suitable material for the wedges and the 

barrel due to its high yield strength and excellent corrosion resistance. Soft and hard annealed 

copper sleeves are used to improve the gripping strength of the optimized anchorage. 

An FEM model of the wedge anchorage is developed using ABAQUS finite element package. 

An optimization process is performed to find the optimal dimensions of the anchorage through 

which the anchoring strength and the reusability are improved.  The effect of the presetting distance 

on the performance of the optimized anchorage is studied. Several failure theories are used to 

investigate the likelihood of CFRP premature failure. Two new analytical models are developed 

to verify the accuracy of the FEM model. The results of the analytical models are compared well 

to the FEM results.  

The optimized wedge anchorage is manufactured and tested to evaluate its performance by 

gripping its ends using the optimized anchorage and a larger dead-end anchorage. The dead-end 

anchorage is presetted in every test to avoid CFRP slipping. The optimized anchorage system is 

capable to carry the reported ultimate tensile strength of the CFRP plate when soft sleeves are 

used. The effect of presetting distance on the CFRP slipping is investigated. Damage analysis is 

performed after conducting eight tensile tests to examine the reusability of the optimized wedge 

anchorage. 
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7.2. Conclusions 

7.2.1. Optimization Analysis 

• The designed wedge anchorage is optimized by studying the effect of varying the slope of its 

linear segments, the radius of its circular segments and the lengths of each segment.  

• The optimal wedge anchorage is selected based on its gripping strength as well as the 

maximum von Mises stress within the wedge anchorage. 

• The optimal slope of the linear segment is parallel to the slope of the circular profile. 

• The same slope of the linear segment is used for the barrel and the wedges to maintain a 

uniform interference across the linear segments.  

7.2.2. Tensile Tests 

• The optimized wedge anchorage is machined using 4140 steel instead of 440C stainless steel 

for economical consideration because the yield strength of 4140 steel is higher than the 

maximum estimated von Mises stress within the anchorage. 

• Eight tensile tests are conducted. Five tests are performed by presetting the optimized 

anchorage using presetting rig, two of which use hard copper sleeves. The other three tests are 

conducted by hammering the optimized anchorage. 

• Using hard copper sleeves induced CFRP premature failure at a tensile loading representing 

91% and 94% of the reported tensile strength of the CFRP plate. 

• Softening the copper sleeves by heat-treatment at 500 𝐶 𝑜  for an hour is sufficient to improve 

the performance of the optimized anchorage and prevent CFRP premature failure.  

• The three tests conducted by hammering the optimized anchorage confirmed its self-seating 

feature. 

• The average tensile loading is 102.4% of the reported tensile strength of the CFRP plate. 
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7.2.3. Presetting Effect Analysis 

• The effect of presetting distance on the performance of the wedge anchorage is investigated 

using both the FEM model and the experimental tests.  

• Although increasing the presetting distance would generally increase the CFRP contact 

pressure and the von Mises stress within the barrel and the wedges, this is not entirely true 

once the tensile loading is applied. The FEM model revealed that any moderate presetting 

distance of up to 7 mm would produce almost the same stresses within the anchorage after 

applying the tensile loading. Nevertheless, applying high presetting distance of more than 7 

mm would increase the CFRP contact pressure and von Misses stress within the wedge 

anchorage accordingly.  

• Based on the experimental results, the presetting distance is inversely proportional to the CFRP 

slipping; however, the effect of the presetting distance on the CFRP slipping diminishes once 

the presetting distance exceeds 4.45 mm.  

7.2.4. CFRP Plate Failure Analysis  

• CFRP plate failure analysis is conducted analytically using several failure theories. Tsai-Hill 

theory, Tsai-Wu theory, Hashin theory, and Hoffman theory confirmed that CFRP premature 

failure is unlikely to occur. 

• Experimental tests verified the unlikelihood of CFRP premature failure as the reported tensile 

strength is fully utilized. 

• CFRP failure seems to occur at the dead-end anchorage in every test. 
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7.2.5. Wedge Anchorage Damage Analysis  

• Damage analysis is performed after conducting eight tensile tests. Minor plastic deformation 

is recorded at the loading end of the barrel and the wedges. 

• The minor plastic deformation is not expected to affect the performance of the wedge 

anchorage since the induced stress within the anchorage is minimum at the loading end. 

• The reusability of the optimized wedge anchorage is confirmed by maintaining excellent 

performance after performing eight tensile tests. It is believed that the reusability of the 

anchorage might exceed ten times of usage. 

7.3. Recommendations 

• The performance of the optimized wedge anchorage can be investigated more accurately by 

gripping both sides of the CFRP plate using two optimized anchorages. 

• The effect of the transferred bending loading between the CFRP plate and the concrete 

structure can be studied by applying lateral loading across the length of the CFRP plate.  

• The performance of the optimized anchorage under cyclic loading needs to be studied. 

• The optimized anchorage can be machined from mild steel if the anchorage is going to be used 

in a non-corrosive environment. 

• The wedges and the barrel of the wedge anchorage can be made of dissimilar materials to 

reduce the material cost since the stress induced on the wedges is relatively low. 

• Further optimization on the wedge anchorage can be achieved by investigating the effect of 

different geometric configurations such as the location of the center of the circular profiles of 

the wedges and the barrel. 
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Appendix A. Analytical Model 1 

The complex form of the CFRP contact pressure equation (5.25) is shown below. 

𝑃𝑐(𝑋) = ∫
𝑠𝑖𝑛(𝜃) ∗ (𝑟2  −  (𝑟1

2 + 𝐴 + 𝐵)
1
2) ∗ (𝑟1

2 + 𝐴 + 𝐵)
1
2 𝑑𝜃

(𝑣 −  1) ∗ (𝑟1
2 + 𝐴 + 𝐵)

1
2

𝐸 +
𝑟2 ∗ ((𝑣 −  1) ∗ 𝑟2

2 − ( 𝑣 +  1) ∗ 𝑟3
2)

𝐸 ∗ (𝑟3
2 − 𝑟2

2)

𝜃2

𝜃1

 

Where 

𝐴 = (

 
 𝑟1∗(𝑟1 − 𝑟2)∗(𝑐𝑜𝑠(𝜃1)−𝑐𝑜𝑠(𝜃2))

𝑟1∗(𝑣 − 1)
𝐸

+
𝑟2∗((𝑣 − 1)∗𝑟2

2+ (− 𝑣 − 1)∗𝑟3
2)

𝐸∗(𝑟3
2− 𝑟2

2) )

 
 

2

∗(
𝑡𝑝

𝐸𝑝
−
𝑡𝑝 + 𝑡𝑠

𝐸
+
𝑡𝑠

𝐸𝑠
)
2

𝑤2
  

𝐵 =

2∗𝑟1∗𝑠𝑖𝑛(𝜃)∗

(

 
 𝑟1∗(𝑟1 − 𝑟2)∗(𝑐𝑜𝑠(𝜃1)−𝑐𝑜𝑠(𝜃2))

𝑟1∗(𝑣 − 1)
𝐸

+
𝑟2∗((𝑣 − 1)∗𝑟2

2− ( 𝑣+ 1)∗𝑟3
2)

𝐸∗(𝑟3
2− 𝑟2

2) )

 
 
∗(
𝑡𝑝

𝐸𝑝
−
𝑡𝑝 + 𝑡𝑠

𝐸
+
𝑡𝑠

𝐸𝑠
)

𝑤
  

Appendix B. Analytical Model 2 

The complex form of the CFRP contact pressure equation (5.36) is given below. 

𝑃𝑐(𝑋) = ∫
𝑟1 ∗ 𝑠𝑖𝑛(𝜃) ∗ (𝑟2  −  𝑟1) 𝑑𝜃

𝑊(𝐴 ∗ 𝐵 + 𝐶)

𝜃2

𝜃1

 

Where 

𝐴 = (
𝑟1

𝑟1∗𝑠𝑖𝑛(𝜃)−(𝑡𝑝 + 𝑡𝑆)
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𝑣𝑆∗𝑠𝑖𝑛(𝜃)
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+
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𝐶 = (
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