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Abstract 

Structures can undergo deterioration with age due to the loss of material 

properties, exposure to severe environmental conditions or increases in service loads. 

CFRP is a smart material, which has been popular in the fields of strengthening and 

rehabilitation of structures because of its excellent material properties, such as high 

strength-to-weight ratio, high stiffness-to-weight ratio and ease of application. The 

literature confirms that CFRP can be effectively used to enhance the structural 

performance of steel structures. However, knowledge on the durability of CFRP 

strengthening systems is very limited and it is crucial to evaluate the durability 

aspects of CFRP-steel composite systems. This thesis presents the results of an 

experimental program, aimed to determine the bond properties, durability 

performance and associated failure modes of CFRP-steel composite systems. The 

experimental results were used to validate the developed finite element models, 

which were extended to evaluate the effects of different important parameters. 

In this research, extensive experimental tests and numerical simulations were 

conducted on the CFRP-steel bonded double strap joints to investigate the bond 

properties and durability performances of CFRP-steel composite systems. In 

addition, the structural behaviour of degraded CFRP strengthened steel beams was 

studied. The deterioration process of CFRP-steel composite systems was accelerated 

using an accelerated corrosion cell where the specimens were submerged in an 

aqueous solution of 5% sodium chloride. Different bond-related parameters were 

studied to evaluate the durability performance of CFRP-steel composite systems and 

the effects of surface preparation method, primer coat, number of CFRP layers, bond 

length and embedded GFRP layer under accelerated environmental conditions are 
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evaluated. Durability performance of CFRP-steel bonded joints was evaluated using 

the load vs. deflection behaviour, joint strength and fracture energy along with an 

investigation of the associated failure modes as the response parameters.  In addition, 

shear stress-slip responses of degraded CFRP-steel bonded joints were evaluated and 

compared with those at ambient conditions.  

The results of the experimental program revealed that the CFRP material can 

undergo deterioration in accelerated environmental conditions. Failure modes are 

significantly different from those at ambient conditions. Bond-slip behaviour of 

adhesively bonded CFRP-steel double strap joint is significantly affected by the 

environmental conditioning. The numerical study showed that the degradation levels 

of CFRP and adhesive are critical parameters in a strengthening system.  Tested 

beams revealed that the load carrying capacity of CFRP strengthened beams is 

affected by accelerated environmental conditions. Direct exposure of CFRP material 

to the aggressive environments can cause CFRP material degradation, and can be 

identified through visual observations.  

The findings of this research provide a significant contribution to the 

knowledge of CFRP-steel strengthening systems subjected to accelerated 

environmental conditions which can be used to evaluate the durability performance 

of CFRP-steel strengthening systems effectively. 
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Chapter 1: Introduction 1 

Chapter 1: Introduction 

1.1 BACKGROUND 

Existing civil engineering structures degrade with age, due to the loss of 

material properties, exposure to severe environmental conditions, or increased 

service loads. Figure 1.1 shows corrosion damage in steel bridges. Carbon fibre 

reinforced polymer (CFRP) has become very popular for the strengthening and 

rehabilitation of structural members in bridges and buildings because of its excellent 

material properties, including its high strength-to-weight ratio, high stiffness-to-

weight ratio and ease of application in the field.  

Majority of rehabilitation works have been carried out to retrofit old 

deteriorating structures, rectify damage due to seismic activities and other natural 

hazards. Structural strengthening is also required because of degradation problems 

which may arise from environmental exposure, inadequate design, poor quality 

construction and a need to meet current design requirement. Therefore, structural 

repair and strengthening has received much attention over the past two decades 

throughout the world. Recent experimental and analytical researches have 

demonstrated that the use of composite materials for retrofitting existing structural 

components is more cost-effective and requires less effort and time than the 

traditional means. Table 1.1 presents a summary of some CFRP-strengthened bridges 

[1]. Early research work confirmed that CFRP can be effectively used in 

strengthening steel sections [2-6]. In such strengthening systems durability is a main 

concern, because the service life depends on the durability of the system. However, 

despite its widespread use in strengthening and rehabilitation, [7-18] knowledge of 

the durability of CFRP systems remains very limited. 
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Under normal conditions, the strength degradation of the CFRP-steel bonded 

joints occurs due to the diffusion of water through the adhesive layer [19, 20]. 

Research to evaluate the bond properties of CFRP-steel interface [11, 19, 21] has 

found that CFRP material properties can be significantly affected by environmental 

conditions such as moisture, the marine environment and chemical attack. In 

addition, galvanic corrosion can result in CFRP degradation in certain applications 

such as marine pipe systems and offshore structures [7-9, 11]. 

 

 

 

 

 

 

 

 

 

Figure 1.1: Deteriorated steel structural members 

The Second Ave Nine Mile Run bridge, 
Pittsburgh  

Akron, Ohio 
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Table 1.1:  Summary of CFRP-strengthened bridges 

Strengthening context  Strengthening method  Purpose 

Tickford Bridge, 
England (1999) 

Bonding of pre-impregnated 
CFRP laminas with polyester 
underlay. 

Reduction of stresses in the 
original material. 

Hythe Bridge, 
England (2000) 

Pre-stressing of CFRP laminas. Elimination of tensile stress 
in girders due to variation of 
loading conditions. Traffic 
up to 40t. 

Slattocks Canal Bridge, 
England (2000) 

Bonding of CFRP laminas. Increased load bearing 
capacity. Traffic up to 40t. 

King Street Bridge, 
England (2000) 

Bonding of pre-impregnated 
CFRP and GFRP laminas 
longitudinally and transversely, 
respectively. 

Increased load bearing 
capacity. Traffic up to 40t. 

Acton Bridge, 
England (2000) 

Bonding of CFRP laminas. Reduction of strain in the 
original material, increase in 
service life and fatigue 
resistance. 

Corona Bridge, 
Italy (2002) 

Bonding of aramid tri-axial 
laminas and mono-directional 
strips. 

Reduction of vulnerability 
to thermal shocks and 
impact loading. 

Christina Creek Bridge, 
USA (2000) 

Bonding of CFRP laminas. A pilot project to analyse 
fatigue resistance and 
sensitivity to environmental 
agents. 

Ashland Bridge, 
USA (2002) 

Bonding of CFRP laminas. Stress reduction in the 
original material to increase 
fatigue life. 

7838.5S092 Bridge, 
USA (2003) 

Bonding of CFRP laminas. Stress reduction in original 
material to increase fatigue 
life. 

 

Most research on the durability of CFRP-steel strengthening systems considers 

a maximum of 18 months of environmental exposure to marine environments, or the 

degradation of steel is simulated by mechanically reducing the steel thickness [13, 

19, 21-30]. Such short exposure durations do not represent the complete service life 

of a CFRP-steel composite system. Hence, the actual time-dependent material 

properties of CFRP-steel strengthening systems under severe environmental 

conditions such as marine environments are yet to be evaluated and the related 
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failure modes are yet to be identified. To address these issues, accelerated tests have 

been used to successfully simulate the complete deterioration of CFRP-steel 

strengthening systems [9, 11, 31-34]. Corrosion activity is accelerated by applying 

direct current (DC) to specimens, which gradually degrades the specimen, depending 

on the exposure time and the current. For example, Kim et al. [9] used DC to 

artificially degrade CFRP-steel bonded joints in sodium chloride (NaCl) solution to 

simulate severe environmental conditions and  showed that the CFRP-steel interface 

properties are significantly influenced by the simulated accelerated environmental 

conditions. Kabir et al. [11, 35] conducted experiments to study the durability 

performance of CFRP-strengthened beams under simulated sea-water environmental 

conditions and concluded that the tested environmental conditions adversely affect 

the durability. The above studies suggest that there may be material and/or bond 

degradation in CFRP-steel composite systems under simulated marine environmental 

conditions, and this should be investigated in detail to evaluate the failure modes, 

bond properties and structural performance of CFRP-steel systems.  

1.2 RESEARCH GAP 

Research on the durability of CFRP strengthening systems has been mainly 

restricted to studies on the individual performance and mechanical characteristics of 

CFRP, steel and adhesive materials under specific environmental conditions. Such 

approaches may be misleading because the actual CFRP-steel composite bond 

properties and material properties may be different from those influencing individual 

material behaviour. Most importantly, CFRP can undergo deterioration when it is in 

contact with metal in aggressive environments, such as in an offshore structures. 

There have been some studies related to the bond between the CFRP-steel interface 

and failure modes in ambient environmental conditions [36-40]. However, the 
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existing bond-slip models have restricted applicability because all were developed 

for non-degraded CFRP-steel systems. Furthermore, the failure modes under severe 

environmental conditions may differ significantly because of changes in the material 

and bond properties. Hence, the existing models are not capable of simulating the 

long-term durability performance of CFRP-strengthened steel composite systems. 

Therefore, the durability of CFRP-steel composite systems under different 

environmental conditions should therefore be studied in detail to evaluate the failure 

modes, bond characteristics and structural behaviour to understand the durability 

issues and structural performance of the CFRP-steel strengthening system.  

1.3 AIM AND OBJECTIVES 

The aim of this research was to evaluate the environmental durability and bond 

characteristics of CFRP-strengthened structural steel members. In this research, the 

bond properties of degraded CFRP-steel composite systems were experimentally 

studied using steel-CFRP double strap joints. Numerical models were then developed 

based on the conducted experimental study, and the models were validated using the 

experimental results. A wide range of parametric studies were conducted using the 

validated finite element (FE) models to evaluate the structural behaviour of 

adhesively-bonded CFRP-steel joints.  In addition, CFRP-strengthened universal 

beam sections were tested to evaluate the structural behaviour and associated failure 

modes. The experimental program and the numerical study were planned to achieve 

the following objectives. 

1. To determine the effects of the surface preparation method and application 

of a primer coat for steel surfaces on the structural behaviour and bond 

properties of CFRP-steel composite systems. 
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2. To examine the durability of CFRP-steel double strap joints and investigate 

the associated failure modes under accelerated environmental conditions. 

3. To assess the durability performance of CFRP-steel composite systems 

with an embedded glass fibre reinforced polymer layer (GFRP). 

4. To determine the effects of various parameters such as the number of CFRP 

layers, CFRP bond length, CFRP degradation level and adhesive 

degradation level on the structural behaviour of CFRP-steel double strap 

joints. 

5. To characterise the shear stress-slip relationship of degraded CFRP-steel 

composite systems under accelerated environmental conditions and 

compare it with that under ambient conditions. 

6. To evaluate the structural behaviour and associated failure modes of 

degraded CFRP-strengthened universal beam sections subjected to 

accelerated environmental conditions.  

1.4 RESEARCH SIGNIFICANCE 

Strengthening of structural steel members using CFRP has become a popular 

method to strengthen and rehabilitate buildings and bridges in recent years. Previous 

research work confirms that the use of CFRP is an efficient method of strengthening, 

which enhances the structural performance regarding load-carrying capacity under 

different loading conditions. However, most existing studies have evaluated the 

structural performance of CFRP-steel composite systems under ambient conditions. 

Due to the growing applications of CFRP systems in different fields, such as 

underwater applications, offshore buildings and bridge structures, the durability of 

CFRP has become a major concern. The existing experimental durability studies are 



 

Chapter 1: Introduction 7 

limited to a short period compared to the design life of strengthening systems. In 

addition, the known failure modes and structural behaviour are based on short-term 

studies, whereas a real structure could be exposed to aggressive environmental 

conditions, such as marine environments for very long periods. Various 

environmental exposure conditions such as moisture, temperature and chemical 

attacks could lead to CFRP material degradation and result in failure modes that are 

different from the failure modes known to occur under ambient environmental 

conditions. The lack of studies on degraded CFRP-steel composite systems creates a 

knowledge gap in the field of the durability of CFRP-steel composite systems. 

This research addresses the existing knowledge gap by studying the degraded 

bond properties and structural performance of CFRP-steel systems subjected to 

accelerated environmental conditions. The bond properties and associated failure 

modes of degraded composite systems have been investigated using CFRP-steel 

double strap joints and CFRP-strengthened universal beam specimens. The proposed 

shear stress-slip models will help in the understanding of the structural behaviour of 

degraded CFRP-steel composite systems. Advanced FE models were developed to 

simulate the structural behaviour of degraded CFRP-steel systems and validated 

using experimental results with excellent correlations.  A comprehensive parametric 

study was then carried out using the developed FE models to evaluate the effects of 

critical parameters on the structural behaviour of CFRP-steel composite systems. The 

findings of this research will add new knowledge to the durability of CFRP-steel 

strengthening systems. 

1.5 THESIS OUTLINE 

Chapter 1 details the background, research gap, aims and objectives, 

significance and thesis outline. 
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Chapter 2 presents a comprehensive literature review of topics related to the 

context of the thesis. Firstly, general information related to CFRP systems is 

provided, along with the materials and surface preparation methods. Next, the failure 

modes and failure behaviour are discussed. This is followed by a detailed explanation 

of the research literature on CFRP-steel bond behaviour and current bond slip 

models. Environmental factors and their effects on the CFRP systems are presented 

next. A summary of accelerated environmental durability studies is discussed, and 

the current models for predicting the durability of CFRP-steel systems are listed. 

After that, some of the design guidelines and their applications are discussed within 

the relevant contexts. Finally, a detailed summary of FE analysis studies, and the 

improvements made through different modelling techniques, is presented. 

Chapter 3 details the experimental program conducted. The sub-sections are 

presented according to the three experimental series carried out. Furthermore, it 

describes the test specimens, specimen preparation, test scenarios and parameters 

involved in each series. 

Chapter 4 is focused on the experimental results and discussion. The durability 

of CFRP-steel strengthening systems is analysed and discussed, based on each 

parameter evaluated. Detailed explanations of the results are presented in line with 

the current literature.  

Chapter 5 explains the FE modelling and the results of CFRP-steel double strap 

joints. The developed FE models are validated with the experimental results and the 

validated models are used to conduct a comprehensive parametric study. The results 

of the evaluated parameters are then presented and their effects on the CFRP-steel 

double strap joint’s structural behaviour are discussed. 
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Chapter 6 summarises the main findings and conclusions of this research, and 

provides recommendations for future work.  
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Chapter 2: Literature Review 

2.1 INTRODUCTION 

This chapter presents and reviews the existing research on CFRP systems, bond 

behaviour, bond-slip models, environmental factors, accelerated environmental tests, 

current durability prediction models, design guidelines and finite element (FE) 

studies. These critical reviews of the literature detail the current knowledge related to 

the research topic and identify the gaps in the field of CFRP-steel strengthening 

systems.  

2.2 CFRP SYSTEMS 

CFRP is widely used in the strengthening and rehabilitation industry. Different 

types of CFRP systems have been developed based on the applications (Figure 2.1 

[41]). They are (i) fabrics, (ii) laminates and (iii) near-surface mounted (NSM) 

systems. 

 

 

 

 

 

 

 

 

 
Figure 2.1: CFRP systems  

(a) CFRP fabrics 

(b) CFRP laminates 

(c) Near surface mounted systems 

CFRP rods 
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Advantages 

The main advantages of CFRP materials over steel plates are their high 

strength and light weight, which make the installation process simple and quick. The 

material is easy to work with, and the flexibility of these CFRP materials also 

simplifies installation because:  

(i) Laps and joints are not required. 

(ii) The material can be used in irregularly shaped structures. 

(iii) The material can be installed behind existing services. 

(iv) Overlapping does not occupy a large space because of the small 

thickness of the material. 

These factors, in combination, have led to the development of a significantly simpler 

strengthening technique than other strengthening methods. The application of CFRP 

systems does not significantly increase the weight and the final dimensions of the 

structural members. This is an additional advantage for bridges, tunnels and other 

structures with limited clearance. 

Disadvantages 

Despite the several advantages, limited knowledge about CFRP systems has 

restricted the use of CFRP materials. In particular, the lack of durability data is the 

main disadvantage.  

2.2.1 Field applications 

CFRP materials have been successfully used for strengthening and retrofitting 

concrete, wood and steel structures in a wide range of field applications. Some 

examples are shown in Figures 2.2 and 2.3 [42].  
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(c) Bunbury bridge, Western Australia (b) A wooden bridge, Switzerland  

(a) Ibach bridge, Switzerland 

(a) The old Treasury building, Western 
Australia  

(b) Adelaide Convention Centre, 
South Australia   

Figure 2.3: CFRP-strengthened buildings 

Figure 2.2: CFRP strengthened bridges  
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2.2.2 Materials 

CFRP 

The most common fibre types used in strengthening systems are carbon, glass 

and aramid. These materials are known as elastic-brittle materials in the field of 

structural strengthening. During tensile loading, these materials follow a linear 

stress-strain relationship until failure. Figure 2.4 shows the stress-strain behaviour of 

CFRP materials under different strain rates [43]. The mechanical properties of 

commercially available fibres are shown in Table 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Stress-strain relationship of CFRP [41] 
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Table 2.1: Typical properties of FRP materials [44] 

Fibre Type 
Tensile 
strength 
(MPa) 

Young’s 
modulus 

(GPa) 

Ultimate 
tensile strain 

(%) 

Density 
(kg/m3) 

Glass 
E 3450 72.4 2.4 2500 
S 4580 85.5 3.3 2500 

Carbon 

High 
modulus 

2500-4000 350-650 0.5 1950 

High 
strength 3500 240 1.1 1750 

Aramid 

High 
modulus 

125-175 3000-4200 1.4-3.5 1400-1450 

Low 
modulus 

60-70 2750-3000 4.4 1350-1450 

 

Adhesives 

Adhesives are recognised as both a structural and protection component in a 

strengthening system. Most of the commonly available adhesives are two-part epoxy 

resins. These two chemicals are mixed at a certain ratio to form the bonding 

adhesive. The selection of adhesive type is crucial when designing a composite 

system, because this affects both the physical and mechanical properties of the 

strengthening system. The epoxy resin binds the reinforcing fibre together and 

creates a composite layer, which transfers and distributes the load to the fibres. In 

addition, it acts as a barrier against external environmental attack. Different types of 

adhesive are used as the bonding agent of CFRP to the steel surface. Widely-used 

commercially available adhesives are (i) Araldite (ii) Sika and (iii) MBrace. Figure 

2.5 shows the stress-strain relationship of linear and non-linear adhesives [36]. 

Polyester, vinyl ester and polyurethane adhesives (Table 2.2) are alternatives to 

epoxy adhesives and have certain drawbacks. The mechanical properties of these 

adhesives are listed in Table 2.3. 
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Table 2.2: Adhesive types and their drawbacks [44] 

Adhesive 
type 

Drawbacks 

Polyester  High curing shrinkage, high coefficient of thermal expansion, can be 
subjected to alkaline hydrolysis and difficult to bond when hardened 

Vinyl ester Curing shrinkage and badly affected by moisture 
Polyurethane High curing shrinkage, affected by moisture and difficult to bond 
 

Table 2.3: Typical mechanical properties of adhesives [44] 

Property Matrix 
Polyester Epoxy Vinyl ester 

Density (kg/m3) 1200 - 1400 1200 - 1400 1150 - 1350 
Tensile strength (MPa) 34.5 - 104 55 - 130 73 -81 

Longitudinal modulus(GPa)   2.1 - 3.45 2.75 - 4.10 3.0 - 3.5 
Poisson’s coefficient 0.35 - 0.39 0.38 - 0.40 0.36 - 0.39 

Thermal expansion coefficient (10-6/oC) 55 - 100 45 - 65 50 - 75 
Moisture content (%) 0.15 - 0.60 0.08 - 0.15 0.14 - 0.30 

 

 

 

 

A- Sika 30 
B- Sika 330 
C- Araldite 2015 
D- Araldite 420 

Figure 2.5: Stress-strain relationships of different types of adhesives [36] 
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2.2.3 Surface preparation methods  

Abrasive blasting 

Abrasive grit blasting or sandblasting is a commonly-used industrial surface 

pre-treatment method. This method has been widely used by researchers for 

specimen preparation [11, 13, 19, 23]. The steel surface is subjected to a stream of 

abrasive materials under high pressure through a blasting nozzle. Sand and metal grit 

are the most commonly-used abrasive materials and are available in different sizes. 

Most of the metallic grits primarily consist of Al2O3.  The abrasive materials are 

mainly divided into two categories: (1) non-metallic abrasives and (2) metallic 

abrasives. 

Non-metallic abrasives 
Naturally-occurring non-silica or heavy mineral sands such as magnetite, 

olivene rutile and straurolite are used to clean new steel surfaces. Flint, garnet, 

novaculite and zircon are used in specific cleaning applications because of their high 

cost. Some industrial by-products such as slag, or agricultural by-products such as 

corncobs, peach pits and walnut shells, are used to blast-clean new, rusted or painted 

surfaces.  Aluminium oxide, glass beads and silicon carbide are synthetic abrasives 

widely used in abrasive blast-cleaning in addition to those mentioned above. These 

synthetic abrasives can be manufactured in various shapes varying hardness and 

toughness. Typically, synthetic abrasives result in non-rusting substrate. 

Metallic abrasives 
Iron, aluminium, copper and zinc are commonly-used metallic materials to 

manufacture metallic abrasives. These metallic abrasives are available in two forms: 

(1) shot and (2) grit. Metallic shot materials are produced by spraying or blowing 

molten metal into a water bath or appropriate media. These are considered to be 

much more durable and are typically reclaimed and re-used. 
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Mechanical grinding 

Mechanical grinding is the simplest form of abrasive surface preparation. Sand 

paper, belt sanders or mechanical rotating grinders are used to remove the coating 

materials on the steel surface.  This method has been used as a surface preparation 

method by different researchers [45]. For example, Fawzia [5, 38-40, 46] used 

abrasive grinding as the surface preparation method to fabricate double-strap joint 

specimens and circular hollow specimens. In a recent study, Kim et al. [9, 47] used 

mechanical grinding as the surface preparation method to fabricate double-strap joint 

specimens.  

Studies of surface preparation methods 

 
Fernando et al. [48] studied the effect of surface preparation methods using 

CFRP-steel single lap joint specimens. Different steel surface preparation methods 

were used to evaluate the bond properties. Solvent cleaning, hand grinding and grit 

blasting were the steel surface preparation methods used in this study. Surface 

energy, surface chemical composition and surface roughness and topography were 

the three key parameters investigated. The results showed that the grit-blasted 

surfaces had pore patterns that were much more densely distributed than the surfaces 

produced by the other two surface preparation methods. The hand-ground samples 

showed a scratchy finish and no pores were visible. The highest surface energy 

values were observed in the grit-blasted surfaces. Overall, the grit blasted surfaces 

were shown to have the optimum parameters for adhesive bonding and grit blasting 

was recommended as the steel surface preparation method before adhesive bonding. 

The grit size was shown to have no significant effect on the adhesion strength.  

Amada and Satoh [49] conducted an experimental study followed by fractal 

analysis to evaluate the effect of the blasting angle of surfaces roughened by grit 
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blasting. Grit blasting was carried out for 6s at a distance of 150 mm at 5 kg/cm2 

pressure, varying the blasting angle from 450 to 900. It was concluded that the fractal 

dimension reached a maximum value at a blasting angle of 750, which was the same 

angle at which the adhesion strength of the coating reached its maximum value. 

Harris and Beevers [50] conducted research to evaluate the effects of grit 

blasting with different alumina grits on the surface characteristics of mild steel and 

aluminium alloy substrates. Surface texture and surface energy were measured for 

each sample and the adhesion characteristics were investigated by testing single lap 

joints. Different sizes of grits were used to evaluate the effect of grit size on the 

adhesive strength. The results showed that there was no significant difference in 

strength between the surfaces prepared with fine and coarse grits. 

Careful surface preparation is fundamental for a good adhesive bond between 

the CFRP materials to the steel substrate. Necessary steps mentioned in the Italian 

guidelines,  recommended by the National Research Council committee report [1] 

are listed below: 

1. Remove coatings, slag and other corrosion products 

This operation can be carried out mechanically using wire brushing or grit blasting. 

Particular care should be taken in the case of brittle members (cast iron) to avoid 

damage to the surface of the substrate. 

2. Degrease with solvent 

A suitable solvent can be used to remove grease. 

3. Abrasion 

Dry or wet sandblasting can be used to expose a chemically active surface prior to 

bonding and debris should be removed using only water.  
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4. Drying the surface 

If the surface is wet at the end of the abrasion process and the cleaning phase, it must 

be immediately dried to avoid the formation of oxide layers on the blasted surface. 

5. Chemical etching 

In the case of formation of oxide layers (galvanised steel or stainless steel), acid 

etching and neutralisation of etching products are required. 

6. Primer application 

A primer layer can be used to make the existing metallic surface compatible to 

bonding with CFRP material. The first layer of adhesive should be applied as soon as 

possible after cleaning of the substrate surface. 

2.3 BOND BEHAVIOUR OF CFRP SYSTEMS 

Failure modes of CFRP systems greatly depend on the bond properties and the 

type of materials used. A bonded joint can fail in many ways [51]. Generally, the 

failure modes of bonded joints are categorised into three types: cohesive, adhesive 

and adherend. 

2.3.1 Cohesive failure 

Cohesive failure takes place within the adhesive layer. In this failure mode, the 

presence of adhesive can be observed on both the bonded regions of the adherends. 

Shear loads are the main reason for cohesive failure to occur in an adhesively-bonded 

joint. A combination of different resultant stresses also can initiate cohesive zone 

failure. Poor fabrication can result in cohesive failure as a consequence of the porous 

adhesive layer. This failure mode normally results in very low joint capacities. A 

schematic representation of cohesive failure extracted from ASTM [52] is shown in 

Figure 2.6. 
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2.3.2 Adhesive failure 

Adhesive failure occurs on the interface of the adhesive and the adherend. This 

failure mode is commonly identified as debonding failure mode. Poor surface 

preparation, curing and contamination can result in adhesive failure of the CFRP-

steel joint. It is common that cohesive and adhesive failure occur together. This 

combination type of failure is classified as adhesive failure when the adherend 

surface is visible and a fractured adhesive layer can be observed very close to the 

adherend surface. A schematic representation of adhesive failure extracted from 

ASTM [52] is shown in Figure 2.7. 

 

 

 

 

2.3.3 Adherend failure 

Adherend failure occurs in the CFRP material on the bonded joint. Different 

types of failure mode can be expected as a result of the complexity involved with 

CFRP composite materials [36, 53]. Two types of failures are identified in the 

Figure 2.6: Cohesive failure - ASTM D5573-99 

(a) Cohesive failure  (b) Thin-layer cohesive failure 

Figure 2.7: Adhesive failure - ASTM D5573-99 
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literature: (i) interlaminar failure and (ii) fibre rupture. These failure modes can be 

further classified as (i) tensile fibre rupture, (ii) compressive fibre failure and (iii) 

matrix failure. A schematic representation of adherend failure extracted from ASTM 

[52] is shown in Figure 2.8. 

 

 

 

 

 

2.3.4 Enhancing the bond properties of adhesively bonded joints 

The application of adhesive promoter (primer) materials has been 

recommended in order to produce a strong and durable adhesive joint between 

different substrates [54-56]. This type of surface pre-treatment can increase the bond 

strength by altering the substrate surface in various ways: (i) increasing surface 

tension, (ii) increasing surface roughness and (iii) changing surface chemistry [57]. 

In addition, primer material can be applied to the bonded steel surface to protect the 

steel surface until bonding is carried out, to increase the wettability, to prevent the 

occurrence of pores, as a protective layer and as a coupling agent that is capable of 

forming better chemical bonds with the adherend and the adhesive. 

Marsh et al. [58] assessed the effects of various steel pre-treatment methods on 

the bond properties and resistance to corrosion on adhesively-bonded surfaces. The 

experimental results showed that using a silane strongly improved wet and dry 

adhesion, but substantially reduced resistance to corrosion.  

Figure 2.8: Adherend failure – ASTM D5573-99 

(a) Fibre-tear   (b) Light-fibre-tear   (c) Stock-break   
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Dawood et al. [27] studied the effects of a silane coupling agent on the 

durability of CFRP-steel double strap joints under marine environmental conditions. 

The specimens were subjected to this environmental conditioning up to six months. 

No strength degradation was recorded after six months of exposure in the specimens 

treated with primer. The results showed that the application of silane coupling agent 

helped to increase the durability of CFRP-steel bonded joints. 

2.4 LITERATURE ON CFRP-STEEL BOND 

In concrete-CFRP bonded applications, the CFRP-to-concrete surface is the 

weak link. In contrast, one of the interfaces between the adhesive and adherends 

(steel and CFRP) is the weak link in CFRP-steel composite systems. However, the 

existing literature shows that the failure modes and bond behaviour may vary 

significantly because of the implementation of different test methods and test 

specimens during the experiments.  

Early studies carried out using CFRP as a strengthening material for bridges 

reported several issues [59, 60], including bond development length, peel stresses at 

the plate ends, durability and failure modes.  

Fawzia et al. [39] conducted an experimental series using double strap CFRP-

steel joints (two steel plates adhesively bonded with three CFRP layers on both sides 

of the plate) to study the bond properties between CFRP and steel surface. Load vs. 

axial displacement response, strain variation for different bond length and effective 

bond length were investigated using FE models validated using experimental results. 

Nozaka et al. [45] conducted experiments to examine the effective bond length 

of CFRP laminates bonded to steel I-girders. Several types of adhesives and bond 

configurations were investigated, and the effective bond length was found to be 200 
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mm, based on the experimental results. The experimental results also indicated that 

an adhesive with relatively large ductility is required to redistribute the stresses 

successfully within the adhesive layer during increased loading. An analytical 

solution was proposed to estimate the effective bond length. 

Xia and Teng [61] studied the direct shear effects of CFRP-steel bonded joints 

through a series of pull-off tests. Based on the test results a bond-slip model was 

developed. Yue et al. [62] studied the stress distribution along the CFRP-steel bond 

using CFRP adhesively-bonded onto a steel plate and found that the effective bond 

length for the specimens was 100 mm. 

Colombi and Poggi [63] conducted experiments to study the effectiveness of 

CFRP-strengthened steel plates and the strain variation along the bond length of the 

specimens. Failure modes and failure criteria were examined and compared. They 

extended their studies [64] to investigate the structural characteristics of CFRP-

strengthened H-shaped steel beams with different CFRP configurations bonded to a 

tension flange. It was found that the effect of using a single layer of CFRP at the 

bottom flange is negligible and two CFRP layer configurations increased the elastic 

stiffness by 13.8%. 

Hollaway et al. [65] compared the suitability of a prepreg (a fibrous material 

pre-impregnated with a particular synthetic resin) composite and a compatible film 

adhesive in a CFRP-steel composite system. Both the methods resulted in the 

development of a good bond and good compaction under a vibration load. It was 

found that a more ductile material was needed to fully mobilise the resistance of the 

steel beam. Photiu et al. [51] conducted a similar type of experiment, and four types 

of failure mode were observed in the tested samples: (i) cohesive, (ii) interlaminar, 

(iii) interfacial and (iv) ultimate failure of CFRP. 
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Schnerch et al. [3, 4] conducted research on CFRP-steel double-strap joints and 

CFRP-steel I-girders to study the bond behaviour and failure modes. Based on the 

results design guidelines were proposed. 

The effect of CFRP on strengthening I-girders was studied by Deng and Lee 

[66]. The effects of different types of CFRP, tapers at the plate end, and spew fillets 

beyond the plate were investigated. Three types of failure mode were observed: (i) 

beam flange buckling, (ii) CFRP plate debonded but not detached totally from the 

steel beam, and (iii) CFRP plate totally detached from the steel beam. The 

recommendation was to use longer and tapered CFRP plates to improve the 

efficiency of the CFRP-steel composite system. 

Fawzia et al. [5] studied the structural behaviour and bond characteristics of 

circular tubes strengthened by CFRP subjected to axial tension. The effects of bond 

length and number of CFRP layers were investigated. Strain variation was found to 

decrease along the CFRP bond length far from the joint and the strain through the 

thickness of the CFRP layers decreased from top to bottom.  

Linghof et al. [67] conducted experiments using CFRP-strengthened I-girders 

and adhesively-bonded CFRP-steel joints to study the structural performance 

enhancement of CFRP systems. Strengthened beams showed about 20% capacity 

enhancement due to the CFRP strengthening effect, and the failure mode of the 

strengthened beams was reported to be compression flange buckling. Based on the 

joints tested, it was concluded that the strength performance of a bonded joint 

depends to a great extent on the quality of the surface preparation and workmanship. 

Yu et al. [36]  experimentally studied the bond behaviour of CFRP-to-steel 

bonded interfaces through the testing of a series of single-lap joints. The effects of 

material properties, adhesive thickness and axial rigidity of CFRP were studied. The 
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results showed that the bond strength of the joints strongly depends on the interfacial 

fracture energy. It was demonstrated that non-linear adhesives with lower elastic 

modulus and high strain capacity possess a much higher interfacial energy than the 

linear adhesives. The bond-slip responses observed proved to have a triangular shape 

and a trapezoidal shape for the linear and non-linear adhesives, respectively. 

Fernando et al. [48] conducted an experimental series to investigate the effects 

of different surface preparation methods and associated roughness parameters on the 

structural and bond behaviour of CFRP-steel double-strap joints. The test results 

showed that adhesion failure at the steel/adhesive interface can be avoided if the steel 

surface is carefully grit-blasted prior to bonding with an adhesive. 

Al-Mosawe et al. [68] studied the effects of CFRP properties and sections on 

the bond between CFRP laminate and steel adherend under quasi-static loading. 

Based on the results, it was concluded that small CFRP sections are highly sensitive 

to bond properties and ultra-high modulus CFRP with low tensile strength has a 

significant effect on the bond behaviour. 

The research summarised above suggests that the bond behaviour and the 

associated failure modes of CFRP-steel systems in ambient conditions are very 

complex for several reasons summarised below. 

1. Usage of different types of CFRP and CFRP thicknesses 

2. Different surface preparation methods 

3. Usage of different types of adhesives and adhesive thicknesses  

4. Installation methods 

5. Types of application 
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2.5 BOND-SLIP MODELS 

The bond behaviour of adhesively bonded materials is often studied using 

bond-slip models [25, 36, 40, 69].  

Bond-slip model (Xia and Teng) 

Xia and Teng [61] conducted an experimental test series to develop a bilinear 

bond-slip model (see Figure 2.9) for FRP to steel interfaces. Single lap CFRP-steel 

joints were used in this experimental study. Two failure modes were observed: (i) 

cohesive failure and (ii) a combination of plate delamination and cohesive failure. 

Different adhesive thicknesses were considered, ranging from 1 mm to 6 mm. 

 

 

The ultimate load of a bonded joint can be approximated by Equation 2.1. 

𝑃𝑢𝑢𝑢 = 𝑏𝑝�2𝐺𝑓𝐸𝑝𝑡𝑝    (2.1) 

Then the interfacial fracture energy for a bilinear bond-slip model is calculated 

using Equation 2.2. 

𝐺𝑓 = 0.5𝜏𝑓𝛿𝑓     (2.2) 

Figure 2.9: Bilinear bond-slip model [59] 
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Hence, Equation 2.1 is modified as follows: 

𝑃𝑢𝑢𝑢 = 𝑏𝑝�2𝐸𝑝𝑡𝑝𝜏𝑓𝛿𝑓    (2.3) 

In the experiments, it was observed that the value of local bond strength 𝜏𝑓 did 

not vary with the adhesive thickness and the bond strength was approximated by 

Equation 2.4. 

𝜏𝑓 = 0.8𝑓𝑡,𝑎     (2.4) 

Then, the interfacial fracture energy was found to be related to the tensile 

strength (𝑓𝑡,𝑎), the shear modulus (𝐺𝑎) and the thickness of the adhesive 𝑡𝑎. The 

product of  𝜏𝑓𝛿𝑓 was approximated by the following expression (Equation 2.5), based 

on the test data: 

𝜏𝑓𝛿𝑓 = 62 �𝑓𝑡,𝑎
𝐺𝑎
�
0.56

𝑡𝑎0.27   (2.5) 

Therefore, the slip 𝛿1 at the peak shear stress was defined as 𝛿𝑓 = 𝜏𝑓/𝑘𝑎 

where 𝑘𝑎 =  𝐺𝑎/𝑡𝑎. 

Bond-slip model (Yu et al.) 

Yu et al. [36] conducted an experimental study on the behaviour of CFRP-to 

steel bonded surfaces by testing a series of single-lap bonded joints. Based on the 

experimental results, the bond-slip responses of different types of bonded joints were 

studied. The development of bond-slip curves was based on the equations (Equations 

2.6 and 2.7) provided in a study by Pham and Al-Mahaidi [69] for CFRP-concrete 

interfaces: 

𝜏 = 𝐸𝑓(𝜀𝑓,𝑖+1−𝜀𝑓,𝑖)𝑡𝑓
∆𝐿

     (2.6) 

𝑠𝑖 = (𝜀𝑓,𝑖+1+𝜀𝜀,𝑖)∆𝐿
2

+ 𝑠𝑖−1    (2.7) 
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where, 𝐸𝑓 and 𝑡𝑓 are CFRP elastic modulus and thickness, 𝜀𝑓,𝑖+1 and 𝜀𝑓,𝑖 are 

CFRP strains, and  ∆𝐿 is the distance between strain gauges. The average slip 𝑠𝑖 is 

calculated as the incremental sum of the CFRP extension. 

The equivalent longitudinal modulus of the fibre layer 𝐸𝑒,𝑓 is determined by 

Equation 2.8:  

𝐸𝑒,𝑓 =  𝐸𝑎𝑡𝑎+𝐸𝑓𝑡𝑓
𝑡𝑎+𝑡𝑓

    (2.8) 

where, 𝐸𝑎 and 𝐸𝑓 are the longitudinal tensile modulus of the adhesive and 

fibre, respectively, and the terms 𝑡𝑎 and 𝑡𝑓 represent the adhesive and fibre thickness, 

respectively. 

2.6 ENVIRONMENTAL FACTORS 

Three components can be identified within the CFRP composite system, which 

influence durability. They are (i) the matrix (ii) the fibres and (iii) the fibre/matrix 

interface. Each of the components can undergo deterioration due to various 

environmental conditions. The effects of different environmental conditions on 

durability are discussed below. 

Moisture-Humidity 

Moisture ingress to the CFRP/steel composite is reported as a major drawback 

[10], as moisture can cause swelling and softening of the bulk adhesive. Absorbed 

moisture can lead to structural distortions during an extended period of exposure. 

Once moisture has penetrated through the composite, degradation can occur within 

the adhesive itself or on one of the interfaces. 

Tavakkolizadesh and Saadatmanesh [70] studied the effect of different 

environmental conditions including simulated seawater on the tensile properties of 
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FRP composites. They showed that the tensile properties of CFRP had very little 

effect after a maximum exposure of 2000 hours. 

Dawood et al. [27] conducted research on the environmental durability of 

CFRP-bonded joints and concluded that the accelerated environmental conditions 

used in the study were more severe than natural environmental conditions. 60% bond 

strength degradation was observed after six months of exposure to severe 

environmental conditions. Pre-treating the bonded surface with a silane coupling 

agent was found to be effective against accelerated environmental conditions. The 

effect of a glass fibre layer on the durability of the joint was reported as similar to 

that of specimens bonded with adhesive only. Based on the experimental results, it 

was concluded that the degradation of the bond strength is primarily due to the 

deterioration of the interface between the steel and the adhesive. 

Recent studies have found that immersion in seawater and accelerated 

environmental condition can significantly influence the structural behaviour of 

CFRP-steel composites. For example, Nguyen et al. [19] conducted research using 

CFRP-steel double strap joints exposed to simulated seawater environments for up to 

1000 hours and found significant reductions in joint strength and stiffness. 

The mechanism of the strength degradation of CFRP-steel double strap joints is 

similar to that of general adhesively-bonded joints. Water can penetrate to the 

interfaces between the adhesive and adherend by diffusion through the composite 

layer (adhesive and CFRP). The additional moisture due to diffusion can result in 

two types of degradation: the deterioration of the adhesive, and the deterioration of 

the interfaces (steel/adhesive and CFRP/adhesive) [71]. Long-term exposure of 

adhesives to water can result in a reduction in the mechanical properties of the 

adhesive due to the chemical and physical breakdown of the adhesive [72].   
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While some research suggests that CFRP can undergo significant deterioration 

due to accelerated environmental conditions, Other research [73] has reported that 

CFRP did not undergo significant deterioration during the exposure period.  

Temperature 

Freeze-thaw cycles can significantly influence the performance of CFRP-steel 

composites. Karbhari et al. [74] studied the thermal effect on the mechanical 

properties of CFRP composites under different temperatures and concluded that there 

may be a reduction in mechanical performance and increased susceptibility to 

moisture absorption. The following points were highlighted: 

i. Exposure to sub-zero temperatures can result in matrix hardening, 

matrix microcracking, and fibre-matrix bond degradation. 

ii. Freeze-thaw cycles in the presence of salt can cause accelerated 

degradation due to the formation and expansion of salt deposits. 

Moisture-induced swelling and drying can also cause debonding.  

iii. Exposure to high temperature levels above that of processing can result 

in an initial post-cure, resulting in degradation of composites.  

iv. The coefficients of thermal expansion of adhesives may differ from 

those of bulk resins and/or composites. Thermal exposure can cause 

premature debonding along the FRP composite-adhesive interfaces. 

Based on the analysis of the available literature, Karbhari et al. [74] 

recommended that testing be carried out over extended (18 months) time periods. 

Tests conducted over short time periods (less than 18 months) can yield misleading 

results due to the effects of post-cure and slow interphase and fibre level degradation, 

and can provide erroneous results. 
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Kabir et al. [11] studied the environmental durability of CFRP-strengthened 

hollow steel tubes under accelerated environmental conditioning. Experimental 

results showed that there may be further degradation in stiffness in the plastic zone 

due to the high-temperature effect. It was concluded that increase in temperature may 

accelerate the degradation of the composite by softening or weakening the links of 

the adhesive. 

The glass transition temperature (Tg) has a significant effect on durability under 

thermal exposure conditions [75]. Adhesives with higher Tg values can increase the 

long-term durability by preventing the softening of the adhesive due to moisture 

ingress. Durability can be further increased by applying waterproof sealant on the 

CFRP composite system. 

Al-Shawaf et al. [76, 77] conducted a test series to study the effects of 

temperature on the mechanical performance and failure modes of CFRP-steel 

double-strap joints. The temperature was varied between 40 and 60 0C. Changes in 

failure modes and joint capacities were observed as a result of the temperature 

variation. 

Chemical Attack 

Carbon fibres are known to be a chemically-resistant material and epoxy resin 

matrix is highly vulnerable to chemicals [78]. The exposure of CFRP composite 

materials to different chemical solutions can result in different degradation levels. 

Chemical solutions can accelerate the deterioration of CFRP-steel composites due to 

the degradation of epoxy resin. Although CFRP itself is a good chemically inert 

material, exposure of the steel surface to chemical solutions can result in a significant 

level of steel deterioration ultimately leading to CFRP-steel composite system 
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failure. Degradation of the steel beneath the CFRP composite can affect the bond 

properties and result in premature debonding. 

Ultra Violet Radiation 

The degradation of polymers usually starts at the outer surface and then 

penetrates gradually into the bulk of the material, initiating the degradation process 

[79]. Therefore, UV radiation ageing is a critical environmental problem for CFRP 

materials. Although the degradation due to UV radiation is limited to the surface of 

the composite material, it can initiate the degradation process, influenced by other 

environmental factors such as moisture ingress and chemical attack [74, 80]. 

Therefore, it has been recommended to protect the composite layer from UV 

radiation [81, 82]. 

Early research work showed that the effect of UV radiation on the mechanical 

properties of CFRP composites was negligible [83]. However, some studies reported 

that UV radiation alone has a significant effect on reducing the load-carrying 

capacity of composite systems [80]. Nguyen [84] showed that UV radiation does not 

influence the tensile strength of CFRP composites after one-month exposure. In 

addition, the experimental results suggested that the reduction in the joint strength of 

the tested double-strap joints was mainly attributed to the temperature effect rather 

than UV rays. 

Fire 

The fire performance of CFRP composite is a major concern in relation to 

durability. When fibre composite materials are heated beyond the glass transition 

temperature, they may exhibit a reduction of modulus and related mechanical 

properties [74]. Although the carbon fibre itself can retain its strength at a very high 

temperature, most polymeric resins are vulnerable at a lower temperature. The 
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mechanical properties of epoxy resin materials decrease rapidly when the 

temperature exceeds glass transition temperature resulting in immature bond failure. 

Research conducted by Al-Shawaf et al. [76] showed that when the temperature 

exceeds 60 0C, adhesively-bonded CFRP-steel double-strap joints retain only about 

22% of the initial joint strength measured under ambient conditions. 

Nguyen et al. [23] conducted research to investigate the mechanical properties 

of CFRP-steel adhesively-bonded double-strap joints at elevated temperatures around 

the glass transition temperature (Tg 42 0C) of the adhesive. A change in failure mode 

from adherend failure to debonding failure was observed as the temperature 

approached Tg. The double strap joints showed a significant reduction in ultimate 

load and stiffness near Tg, while the effective bond length increased with 

temperature. 

2.7 ACCELERATED ENVIRONMENTAL TESTS 

The environmental durability of CFRP composite materials has been studied 

using accelerated environmental tests. Some of the tests reported in the literature are 

summarised below. 

Dawood and Rizkalla [27] conducted a test series on the environmental 

durability of CFRP double-strap joints. The specimens were exposed to severe 

environmental conditions for different durations up to a maximum of six months. 

The effect of various bond configurations, the GFRP layer and the silane coupling 

agent were studied. The researchers found that the GFRP used did not help to 

improve the debility performance of the CFRP-steel double strap joints. 

Nguyen et al. [19] studied the effects of harsh environmental conditions on the 

mechanical performance of CFRP-steel double-strap joints. The effects of simulated 
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seawater, temperature and relative humidity were studied for a maximum of one year 

exposure. Significant reductions in joint strength and stiffness were recorded for the 

specimens exposed to simulated sea water for one year. 

Borrie [13] conducted an experimental investigation on the durability of CFRP 

laminate and sheeting-patched double-strap joints under elevated temperature marine 

submergence. CFRP-steel double-strap joints were exposed to a 5% NaCl solution 

for different durations up to six months at different temperatures, while under a static 

tensile load. The tested samples showed up to 28% strength degradation due to the 

exposure conditions imposed. 

Carbon fibre is an electrically conductive material. Studies show that galvanic 

corrosion is possible in CFRP material that is in contact with metal where an 

electrolyte is present [85]. This phenomenon can accelerate deterioration of the 

composite [26]. Research suggests that the rate of galvanic corrosion can be 

decreased by using epoxy coating [85, 86].  

Kabir et al. [11] used 5% NaCl solution and a direct current to accelerate the 

degradation of CFRP-strengthened hollow steel tubes under marine environmental 

conditions. The tubes showed a significant reduction in load-carrying capacity as a 

result of the accelerated environmental conditions.  

Sun [87] studied the corrosion behaviour and failure mechanism of CFRP 

employed as an anode in a 3% NaCl solution. The experimental results showed that 

the tensile strength of CFRP decreases with increasing current density and the failure 

occurred due to the breakage of C-N bonds, which caused the depolymerisation of 

the epoxy.  
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Some research has shown that the bond properties and environmental durability 

of CFRP-steel composite systems are greatly influenced by electrochemical reactions 

[9, 11, 47]. Kim [9] conducted research to investigate the effect of galvanic current 

on the physical and mechanical characteristics of CFRP-steel double-strap joints. The 

experimental results showed that the stress-slip behaviour of the interface is 

influenced by the electrochemical reaction. The governing failure mode was reported 

to be CFRP debonding.  

The physical and mechanical properties of CFRP composites are greatly 

influenced by the electrochemical reactions. Swelling and formation of blisters can 

occur during the reaction process [11]. Degradation of the mechanical properties can 

result in lower load carrying capacity.  

A summary of some of the accelerated environmental test methods used in the 

research literature is presented in Table 2.4. 
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Table 2.4: Summary of some previous accelerated environmental tests 

Study Specimen 
type 

Applied 
current 
(mA) 

Current 
density 
(μA/cm2) 

Cathode 
type 

Corrosion 
environment 

Uomoto et al. 
(1984) Beams 167 200-630 Copper 

plate 

Constant 
immersion, 

5% NaCl solution 

Tachibana et al. 
(1990) Beams 1000 500 Copper 

plate 

Constant 
immersion, 

3.3% NaCl solution 

Al-Sulaimani et 
al. (1990) Beams Varies 2000 Stainless 

steel plate 

Constant 
immersion, 

salted solution 

Lee et al. (1990) Beams 1000 2000 Copper 
plate 

Constant 
immersion, 

3% NaCl solution 

Lee et al. (1997) Beams 672 230 Copper 
plate 

Constant 
immersion, 

3% NaCl solution 

Phillips(1991) slabs 1800 600 Steel mesh 
Constant 

immersion, 
3% NaCl solution 

Almusallam et al. 
(1996) slabs 2000 3000 Stainless 

steel plate 
In contact with 5% 

NaCl solution 

Tachibana et al. 
(1990) 

Bond- pull-
out 32 500 Copper 

plate 

Constant 
immersion, 

3.3 % NaCl solution 

Al-Sulaimani et 
al.(1990) 

Bond- pull-
out Varies 2000 Stainless 

steel plate 

Constant 
immersion, 

salted solution 

Almusallam et 
al.(1996) 

Bond- pull-
out 400 10400 Stainless 

steel plate 

Constant 
immersion, 

3% NaCl solution 
Bonacci et al. 

(1998) Columns 150 45 Stainless 
steel bar 

Wet and dry cycle, 
3% NaCl solution 

Kim et al. (2015) Double 
strap joints Varies Varies Steel strips 

Constant 
immersion, 

3.5% NaCl solution 

Kim et al. (2016)  Beams 2000 - Steel strips 
Constant 

immersion, 
3.5% NaCl solution 

Kabir et al. 
(2016) 

Hollow 
tubes 2000 482 Stainless 

steel bars 

Constant 
immersion, 

5% NaCl solution 
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2.8 MODELLING DURABILITY  

Considering the number of environmental factors affecting the durability of 

CFRP composites, different models have been proposed by researchers based on 

experimental studies. Nguyen et al. [23] developed theoretical models to predict the 

degradation of CFRP-steel double-strap joints due to temperature effects. Joint 

stiffness and strength degradation were modelled using a mechanism-based model 

proposed by Bai et al. [88]. The Hart-Smith model [89]was modified to model 

variation of bond length due to temperature effects. 

Kim et al. [9] conducted experiments on CFRP-steel double-strap joints 

subjected to accelerated corrosive environments. Complete deterioration was 

achieved with 72 hours exposure to accelerated environmental conditioning. The 

fracture energy based interface deterioration model was proposed to predict the 

deterioration of the CFRP-steel interface considering the long-term durability.  

Knowledge is limited due to the lack of long-term experimental data related to 

the durability of CFRP-steel composite systems. Most of the available predictions  

[11, 27] and design guidelines [1, 90-92] propose a fixed reduction factor to predict 

long-term durability.  

2.9 DESIGN GUIDELINES ON DURABILITY 

Several guidelines have been published to provide design recommendations 

regarding the installation and maintenance of strengthening of metallic structures 

using CFRP [1, 44, 90]. The typical design approach is to reduce the material 

strength by introducing partial safety factors to account for material degradation due 

to environmental effects. 
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2.9.1 British guidelines 

The British guidelines propose the use of partial safety factors to obtain design 

values for material properties. The guidelines [91] recommend the use of a partial 

safety factors based on the fibre type and manufacturing method. The partial safety 

factors recommended in the British guidelines are given in Tables 2.5 and 2.6. 

Table 2.5: Partial safety factors for strength at the ultimate limit state (TR 55 Report) 

Material Partial safety factor (γmf) 
Carbon FRP 1.4 
Aramid FRP 1.5 
Glass FRP 3.5 

 

Table 2.6: Additional partial safety factors (TR 55 Report) 

Type of system and method of application 
(sheets or tapes) 

Additional partial safety factor 
(γmm) 

Machine-controlled application 1.1 
Vacuum infusion 1.2 

Wet lay-up 1.4 
 

Except for the two partial safety factors on the material properties, a factor of 

safety of 1.1 should be applied on CFRP modulus in the design process. 

2.9.2 Italian guidelines 

Material partial safety factors in the Italian guidelines [1] (CNR-DT 202/2005) 

provide an environmental reduction factor (ηa) for different exposure conditions. The 

values are shown in Table 2.7. 

Table 2.7: Material partial safety factors (CNR-DT 202/2005) 

Exposure condition ηa 
Internal 0.95 
External 0.85 

Aggressive environment 0.85 
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2.10 FINITE ELEMENT ANALYSIS 

Finite element (FE) methods are widely used in civil engineering designs. Most 

researchers use FE models to study the behaviour of CFRP composite systems [17, 

18, 93-98] under different loading conditions. 

Fawzia et al. [39] developed an FE model to simulate CFRP-bonded steel plate. 

All the materials were modelled with eight-node brick elements. Three CFRP layers 

and an adhesive layer were modelled as a single layer, and the composite material 

properties were used in the analysis. The developed models showed good agreement 

with the experimental failure loads and deflection values.   

Fernando et al. [96] studied debonding failure in CFRP-strengthened 

rectangular steel tubes subjected to end-bearing loading their proposed FE models. 

Steel tube was modelled using S4R shell elements with reduced integration. CFRP 

was considered as orthotropic material and modelled using general-purpose shell 

elements S4R with reduced integration. A cohesive zone modelling (CZM) approach 

was used to model the adhesive layer. The interaction of the contact surfaces was 

defined using the surface-to-surface contact. A quadratic strength criterion was used 

to define the damage initiation, and the damage evolution was defined using the 

linear fracture energy-based criterion. Traction-separation behaviour was employed 

to model the debonding. The proposed FE models were capable of capturing the 

debonding between CFRP and steel using the cohesive zone model. Overall, the FE 

results agreed well with the experimental results, and the traction-separation model 

was capable of accurately modelling debonding failure. 

Al-Zubaidy et al. [94] studied the dynamic tensile properties of CFRP 

composites using  CFRP-steel double-strap joints. The experimental results were 

used to develop and validate FE models. The adhesive layer was modelled using 8-
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node-three-dimensional cohesive elements (COH3D8) and the steel was modelled 

using 8-node three-dimensional first-order reduced hourglass control elements 

(C3D8R). The CFRP patch was modelled using 8-node quadrilateral in-plane general 

purpose continuum shell elements with reduced integration with hourglass control 

(SC8R). An elastic-brittle material model was used to model CFRP and Hashin 

failure criteria were used to detect the composite damage. A mixed-mode failure 

criterion with a quadratic traction damage-initiation criterion was used to model the 

adhesive layer. Overall, the developed FE models reasonably predicted the quasi-

static and dynamic behaviour of CFRP-steel-double strap joints regarding peak load, 

effective bond length, failure mode and strain distribution along the bond length.   

Recent literature shows that the use of cohesive zone modelling (CZM) is very 

efficient and capable of modelling debonding failures. In a recent study, Al-Mosawe 

et al. [68] studied the bond properties between  CFRP laminate and steel bonded by 

adhesive. The experimental tests were modelled and validated using FE models.  The 

FE modelling approach used was similar to the method employed by Al-Zubaidy 

[94].  

ABAQUS has become a FE package frequently used by researchers to model 

CFRP composite systems [17, 18, 34, 94, 95, 98]. Most recent FE modelling studies 

show a similar trend. The element types and material models used are capable of 

modelling the exact material behaviour. With the improvements made with cohesive 

zone modelling and composite damage modelling, current FE models are capable of 

modelling complex failure modes such as adhesive-interface debonding and CFRP 

failure. 
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2.11 CHAPTER SUMMARY 

A comprehensive review of the literature relevant to the present thesis has been 

presented in this chapter. The review provided an extensive understanding of the 

CFRP systems, the bond between CFRP and steel, failure modes, material properties 

and environmental factors. The chapter has reviewed the literature relevant to the 

durability of CFRP systems. Based on the critical review presented in this chapter, 

several gaps were identified.  

Sandblasting, metallic grit blasting and mechanical grinding are commonly-

used surface preparation methods for steel-CFRP strengthening systems. The bond 

between steel and CFRP depends to a great extent on the surface preparation method. 

A comprehensive comparison of these three surface preparation methods is required 

to identify the most efficient surface preparation method. 

The load-carrying capacity of CFRP-steel-double strap joints depends 

significantly on the bond behaviour between CFRP and steel.  The research shows 

that the use of adhesion promoter (primer) can enhance the bond performance of 

adhesively-bonded joints. There is no existing literature that quantifies the effect of 

primer coat application on the durability of CFRP strengthening systems. 

Studies carried out on the durability of CFRP-steel composite systems suggest 

that the strengthened composite can undergo deterioration for longer exposure 

durations under different environmental conditions. Most durability studies 

conducted to date have been limited to short periods compared to the expected life 

span of CFRP systems. Hence, the available experimental data may not reflect the 

actual long-term behaviour of CFRP-steel composite systems. In addition, the 

identified failure modes may be significantly different from those found under 

ambient conditions.  
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The literature review identified that there may be different types of failure 

modes in a CFRP-steel composite system, depending on the structural application. 

When these CFRP-steel composite systems are exposed to certain types of 

environmental conditions, failure may occur due to CFRP material degradation, 

adhesive degradation or bond degradation. The effects of the material degradation of 

CFRP and adhesive can lead to lower structural capacities, and material degradation 

can result in different failure modes compared to the failure modes identified under 

ambient conditions. It is necessary to identify the governing failure modes for CFRP-

steel composite systems after being exposed to environmental conditioning. In 

addition, the bond-slip behaviour of degraded CFRP-steel interfaces may be 

significantly distinct from the known bond-slip behaviour under ambient conditions. 

Some research has tried to evaluate the durability of an embedded GFRP layer 

in CFRP-steel strengthening systems. The effect of such an embedded GFRP layer in 

CFRP systems should be studied further to determine the structural performance, 

bond properties and failure modes of such strengthening system. 

It is necessary to conduct a comprehensive investigation of the durability of 

CFRP-steel composite systems considering material degradation. The relevant bond 

properties and associated failure modes can be identified through a detailed 

experimental study. Understanding of the long-term durability and evaluation of the 

associated failure modes is important for the development of an efficient CFRP-steel 

strengthening system.   
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Chapter 3: Experimental program 

3.1 INTRODUCTION 

This chapter outlines the experimental program conducted to evaluate the bond 

durability and structural behaviour of CFRP-steel composite systems under 

accelerated environmental conditions. The experimental program was undertaken in 

three series to achieve the specific research objectives. Each experimental series is 

described in detail with the associated test scenarios and parameters in the following 

sections of this chapter. The electrochemical method used to impose the accelerated 

environmental conditions on the test specimens is illustrated.  Furthermore, the 

material properties, the test procedures used, loading conditions and instrumentation 

are described in detail. 
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3.2 MATERIAL TESTING 

3.2.1 Steel coupon tensile testing 

Standard tensile tests [99] were carried out using an Instron testing machine of 

100 kN capacity (Figure 3.1 (a)). Wedge grips were used at both ends of the steel 

coupon specimen. Displacement control loading of 1 mm/min was applied. An MTS 

extensometer of 50 mm gauge length was used to measure the axial elongation.  

Load and axial displacement were recorded at each increment. The experimentally-

measured yield strength of steel was registered as 352 MPa. Refer to Appendix C for 

more details. 

3.2.2 CFRP coupon testing 

Standard tensile tests [100] were carried out using an Instron testing machine 

of 100 kN capacity (Figure 3.1(b)). Wedge grips were used at both ends of the CFRP 

coupon specimen. Displacement control loading of 1 mm/min was applied. Load and 

axial displacement were recorded at each increment. The experimentally-measured 

CFRP composite tensile strength was registered as 967 MPa. The failure modes and 

loads of tested CFRP coupons are presented in Appendix C. 
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Figure 3.1: Material testing 
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3.3 SERIES 1– (CFRP-STEEL DOUBLE-STRAP JOINTS) 

3.3.1 Materials 

Four materials were involved in this series: steel, normal modulus carbon fibre 

(MasterBrace FIB 300/50 CFS), two-part epoxy primer (P3500) and two-part epoxy 

adhesive (P4500) produced by BASF. The manufacturer-provided material properties 

are given in Table 3.1. 

Table 3.1: Manufacturer-provided material properties 

 

3.3.2 Specimen preparation 

The CFRP-steel double-strap joints were fabricated by joining two steel 

segments (25 mm in width, 6 mm thick and 200 mm in length) together with CFRP 

sheets, as shown in Figure 3.2. The CFRP layers on one side of the bonded joint were 

shorter than those on the other side of the joint to ensure that failure occurred in the 

shorter bond length side. The shorter bond length was selected as 75 mm, based on 

the effective bond length under ambient conditions [5]. The width of the CFRP sheet 

was maintained the same as the steel plate. The wet lay-up method was used to form 

the double-strap joint. The steel surface was sandblasted, grit-blasted or 

mechanically ground, depending on the specimen description. The prepared surface 

was cleaned with acetone to remove oil, grease and rust from the surface prior to 

bonding. The two-part epoxy primer was then applied to the cleaned, dust-free steel 

surface. On this primed surface, the two-part epoxy adhesive layer was applied, and 

pre-cut CFRP sheets were pasted on top of the adhesive layer. A flat roller and a 

Engineering properties steel CFRP Epoxy Primer 
Density (kg/m3) 7850  1807  1100  1080 

Elastic modulus (GPa) 210 230 - 0.7 
Tensile strength (MPa) 530 4900 >17  >12 

Yield stress (MPa) 350 - - - 
Ultimate elongation (%) 36 2.1 - 3 
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ribbed roller were used to press the CFRP sheets onto the epoxy adhesive to ensure a 

constant adhesive thickness throughout the specimen and to remove air voids. After 

that, this side was cured for 24 hrs; the same procedure was followed to apply CFRP 

on the other side of the steel plates. The specimens were then cured for a minimum 

of seven days prior to subjecting them to accelerated corrosive exposure conditions. 

3.3.3 Test scenarios and test specimens 

This stage of the experimental program was planned to be carried out in three 

scenarios. The first scenario (S1) was to investigate the effect of surface preparation 

on CFRP-steel double-strap joints. For this purpose, three different surface 

preparation methods were used (i.e. sandblasting (garnet #60), aluminium grit 

blasting (aluminium grit #60) and mechanical grinding (80 grit abrasive belt)). Both 

the sandblasted and grit-blasted surfaces were shown to have rough surface profiles. 

In contrast to these samples, machine-ground samples had smoother and shinier 

surfaces. These surface profiles are shown in Figure 3.3. Specimen details and the 

test conditions for this scenario are given under S1 in Table 3.2. For these samples, 

Figure 3.2: Schematic representation of a double-strap joint 
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the first two characters represent the number of longitudinal CFRP layers used. The 

third and fourth letters (SB = sandblasting, AG = aluminium grit-blasting and MG = 

mechanical grinding) represent the surface preparation method.  

 

 

 

 

 

The second scenario (S2) was to investigate the effect of a primer coat on the 

structural behaviour and the durability of CFRP-steel double-strap joints. For this 

purpose, two types of specimens were fabricated, with and without a primer coat. 

Two exposure durations were imposed on these specimens to compare the effect of a 

primer coat on joint capacity. All the specimens used in S2 were sandblasted prior to 

strengthening and had one layer of CFRP on each side. Details of the specimens and 

the exposure conditions are given under S2 in Table 3.2. For these samples, the first 

two characters represent the number of longitudinal CFRP layers used and the third 

and/or fourth letter describes the application of primer (P = samples with a primer 

layer and NP = samples without primer layer). The next letter/s describe the exposure 

conditions (i.e. CS =control specimens (no exposure), A = 24 h exposure and B = 48 

h exposure).  

The third scenario (S3) was intended to investigate the effect of the number of 

CFRP layers on the bond properties of CFRP-steel double-strap joints subjected to 

accelerated corrosion for different exposure durations. The sandblasting surface 

preparation method was used for all the specimens in S3. Basically, the specimens 

(a) Sandblasted surface  
 

(b) Grit-blasted surface (c) Machine ground surface 

Figure 3.3: Surface profiles 
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were divided into two types (i.e. Type F and Type SF). These two types were 

selected to simulate the existing structures’ exposure conditions. The details of these 

two types are shown in Figure 3.4. In type F specimens, only the CFRP shorter bond 

length was subjected to accelerated corrosion. In type F specimens, the un-bonded 

steel was protected by applying an anti-corrosive paint followed by a silicone gel 

layer. In type SF specimens, the entire shorter bond length region below the joint 

including the steel area was subjected to accelerated corrosion. The specimens were 

categorised according to their CFRP layer arrangement (i.e. 1L = one longitudinal 

layer of CFRP, 2L = two longitudinal layers of CFRP, and 3L = three longitudinal 

layers of CFRP). For each category, three exposure durations were imposed. These 

three exposure durations, (i) Group A (24 h), (ii) Group B (48 h) and (iii) Group C 

(72 h), were determined based on Faraday’s Law, resulting in 5%, 10% and 15% 

mass loss in bare steel samples. A uniform current level was maintained for all the 

specimens during the exposure periods. The control specimens (CS) were tested 

under ambient conditions without imposing any accelerated corrosion conditions. 

The whole testing program for S3 is given in Table 3.2, and the notations follow the 

system mentioned above. 
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(a) Type F specimen 

 

 

 

(b) Type SF specimen 

 

3.3.4 Accelerated corrosion cell set-up 

An electrochemical method was used to accelerate the corrosion of the 

CFRP-steel double-strap joint and CFRP strengthened beam specimens. A 

direct current of 0.18 A was applied to the specimens, using an integrated 

system incorporating a rectifier with a built-in ammeter to monitor the 

current and a potentiometer to control the current intensity. A direct current 

was used in this experiment, and the current density was within the range 

mentioned in the research [101]. The direction of the current was adjusted 

such that the specimen served as the anode. A stainless steel bar was 

positioned in the tank to act as the cathode. Each specimen’s intended 

degradation bond length portion was fully immersed in an aqueous solution 

of 5% sodium chloride in a plastic tank. The salinity level used here is 

slightly higher than the world average salinity found in the ocean and is 

Unprotected steel surface 

Protected steel surface 

 

Figure 3.4: Specimen details of S3 – series 1 
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used by most researchers [11, 19, 27]. A schematic representation and the 

laboratory test set-up of the accelerated corrosion cell are shown in Figure 

3.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

+ - 

Specimen 

5% NaCl 

Stainless 
steel bar 

Double strap joint specimen  DC power supply  

Figure 3.5: Laboratory test set-up 
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Table 3.2: Test specimen matrix – Series 1 

Test 
scenario 

Specimen 
identification Sample description 

Exposure 
duration 

(h) 

Number of 
repetitions 

S1 
2L-SB Sandblasted 0 3 
2L-AG Grit-blasted 0 3 
2L-MG Mechanically ground 0 3 

 

S2 

1L-P-CS Sandblasted primed steel 
with one longitudinal 

CFRP layer 

0 3 
1L-P-A 24 3 
1L-P-B 48 3 

1L-NP-CS Sandblasted non-primed 
steel with one 

longitudinal CFRP layer 

0 3 
1L-NP-A 24 6 
1L-NP-B 48 3 

 

S3 

Control specimens-Sandblasted specimens with primer coat application 
1L-CS One longitudinal CFRP 

layer 0 6 

2L-CS Two longitudinal CFRP 
layers 0 3 

3L-CS Three longitudinal CFRP 
layers 0 3 

 
Type F specimens-Sandblasted specimens with primer coat application 

1L-F-A One longitudinal CFRP 
layer 

24 3 
1L-F-B 48 3 
1L-F-C 72 3 
2L-F-A Two longitudinal CFRP 

layers 

24 3 
2L-F-B 48 3 
2L-F-C 72 3 
3L-F-A Three longitudinal CFRP 

layers 

24 3 
3L-F-B 48 3 
3L-F-C 72 3 

 
Type SF specimens-Sandblasted specimens with primer coat 

application 
1L-SF-A One longitudinal CFRP 

layer 

24 3 
1L-SF-B 48 3 
1L-SF-C 72 3 
2L-SF-A Two longitudinal CFRP 

layers 

24 3 
2L-SF-B 48 3 
2L-SF-C 72 3 
3L-SF-A Three longitudinal CFRP 

layers 

24 3 
3L-SF-B 48 3 
3L-SF-C 72 3 



 
 

Chapter 3: Experimental program 55 

3.3.5 Instrumentation and loading procedure 

Double-strap joint specimens were tested in tension to failure at a constant 

displacement rate of 1 mm/ min, using an Instron testing machine with a capacity of 

100 kN, as shown in Figure 3.6. Self-locking grips were used at each end of the 

specimen to minimise the initial slip. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Tensile loading set-up 
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3.4 SERIES 2 – (CFRP-STEEL DOUBLE-STRAP JOINTS) 

3.4.1 Materials 

Five materials were involved in this series: steel, normal modulus carbon fibre 

(MasterBrace FIB 300/50 CFS), glass fibre, two-part epoxy primer (P3500) and two- 

part epoxy adhesive (P4500) produced by BASF. The manufacturer-provided 

material properties are given in Table 3.3. 

Table 3.3: Manufacturer-provided material properties 

 

3.4.2 Specimen preparation 

The CFRP-steel double strap joints were fabricated by joining two steel 

segments (25 mm in width and 6 mm thick) together with CFRP sheets as shown in 

Figure 3.7. The width of the CFRP sheet was maintained the same as the steel plate. 

The bond length of the CFRP varied from 20 mm to 180 mm. The wet lay-up method 

was used to form the double-strap joint. The steel surface was sandblasted to remove 

any coating material and then cleaned with acetone to remove oil, grease and rust 

from the surface before bonding. The two-part epoxy primer was then applied to the 

cleaned, dust-free steel surface. On this primed surface, the two-part epoxy adhesive 

layer was applied, and pre-cut CFRP sheets were pasted on top of the adhesive layer. 

A flat roller and a ribbed roller were used to press the CFRP sheets onto the epoxy 

adhesive to ensure a constant adhesive thickness throughout the specimen and to 

remove air voids. Once this side had cured for 24 h, the same procedure was 

followed to apply CFRP on the other side of the steel plates. The specimens were 

Engineering properties steel CFRP GFRP Epoxy Primer 
Density (kg/m3) 7850  1807  2540 1100  1080 

Elastic modulus (GPa) 210 230 72 - 0.7 
Tensile strength (MPa) 530 4900 3400 >17  >12 

Yield stress (MPa) 350 - - - - 
Ultimate elongation (%) 36 2.1 4.8 - 3 
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then cured for a minimum of seven days before being subjected to environmental 

conditioning. Foil strain gauges (FLA-6-350-1) were used to measure the strain. 

Figure 3.8 shows the strain gauge positions for the different series of specimens. 

Specimens with GFRP layers were fabricated using the same procedure.  

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Schematic diagram of CFRP-steel double-strap joint – Series 2 

1LCF-120 and 2LCF-120 

1LCF-160 and 2LCF-160 

1LCF-CS, 1LGF-CS, 2LGF-CS and 3LGF-CS 

Figure 3.8: Schematic diagram of strain gauge locations (not to scale) 
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3.4.3 Test parameters 

Three parameters were used in this test series to investigate their influence on 

the performance of the joint capacity and the failure modes. They were (i) CFRP 

bond length (ii) number of CFRP layers and (iii) effect of GFRP layer. The bond 

configurations and the exposure durations considered in the experimental program 

are given in Table 3.4. Test scenarios 1 and 2 were intended to evaluate the effect of 

CFRP bond length and the effect of multi-layer CFRP systems, respectively.  Test 

scenario 3 evaluated the effect of embedded GFRP layers for three different exposure 

durations.  

In the specimen group identification in Table 3.4, the first two characters 

represent the number of longitudinal layers used, and the next two letters describe the 

type of fibre (CF = carbon fibre, GF = glass fibre, GC = both glass and carbon fibre). 

The last character/s represent the exposure condition (CS = control specimen, A = 24 

h exposure, B = 48 h exposure and C = 72 h exposure). 
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Table 3.4: Test specimen matrix – Series 2 

 

3.4.4 Accelerated corrosion cell set-up 

An electrochemical method was used to accelerate the corrosion of the CFRP-

steel double-strap joints and CFRP strengthened beam specimens. A direct current 

was applied to the specimens, using an integrated system incorporating a rectifier 

with a built-in ammeter to monitor the current and a potentiometer to control the 

current intensity. A direct current was used in this experiment, and this current 

density was within the range mentioned in the research [101]. The direction of the 

current was adjusted such that the specimen served as the anode. A stainless steel bar 

was positioned in the tank to act as the cathode. Each specimen’s intended 

Test 
scenario 

Specimen 
group  Specimen description 

Exposure 
duration 

(h) 

Number of 
specimens 

S1 1LCF One longitudinal CFRP layer both sides,  
bond lengths from 20 mm to 180 mm 24 9 

S2 2LCF Two longitudinal CFRP layers both sides, 
bond lengths from 20 mm to 180 mm 24 9 

S3 

1LCF-CS One longitudinal CFRP layer both sides 0 3 
2LCF-CS Two longitudinal CFRP layers both sides 0 3 
3LCF-CS Three longitudinal CFRP layers both sides 0 3 
1LGF-CS One longitudinal GFRP layer both sides 0 2 
2LGF-CS Two longitudinal GFRP layers both sides 0 2 
3LGF-CS Three longitudinal GFRP layers both sides 0 2 

2LGC-CS One GFRP and one CFRP longitudinal 
layer both sides 0 2 

2LGC-A One GFRP and one CFRP longitudinal 
layer both sides 24 2 

2LGC-B One GFRP and one CFRP longitudinal 
layer both sides 48 2 

2LGC-C One GFRP and one CFRP longitudinal 
layer both sides 72 2 

1LCF-A One longitudinal CFRP layer both sides 24 3 
1LCF-B One longitudinal CFRP layer both sides 48 3 
1LCF-C One longitudinal CFRP layer both sides 72 3 
2LCF-A Two longitudinal CFRP layers both sides 24 3 
2LCF-B Two longitudinal CFRP layers both sides 48 3 
2LCF-C Two longitudinal CFRP layers both sides 72 3 
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degradation bond length portion was fully immersed in an aqueous solution of 5% 

sodium chloride in a plastic tank. The salinity level used here is slightly higher than 

the world average salinity found in the ocean and is used by most researchers [11, 19, 

27]. A schematic representation and the laboratory test set-up of the accelerated 

corrosion cell are shown in Figure 3.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Laboratory test set-up – Series 2 

+ - 

Specimen 

5% NaCl 

Stainless 
steel bar 

Double strap joint specimen  DC power supply  
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3.4.5 Instrumentation and loading procedure 

Double-strap joint specimens were tested in tension to failure at a constant 

displacement rate of 1 mm/ min using an Instron testing machine with a capacity of 

100 kN (Figure 3.10). Self-locking grips were used at each end of the specimen to 

minimise the initial slip. Strain, load and displacement readings for each increment 

were recorded using a data acquisition system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Instrumentation and loading set-up – series 2  

Strain gauges  

Data acquisition system  
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3.5 SERIES 3 – (CFRP STRENGTHENED BEAMS) 

3.5.1 Materials 

Four materials were involved in this series: steel, normal modulus carbon fibre 

(MasterBrace FIB 300/50 CFS), two-part epoxy primer (P3500) and two-part epoxy 

adhesive (P4500) produced by BASF. The manufacturer-provided material properties 

are given in Table 3.5. 

Table 3.5: Manufacturer-provided material properties 

 

3.5.2 Specimen details 

The steel beams used were 150 UB14 universal beam sections of 1300 mm 

long. A total of seven beams were cut to the required lengths before sandblasting. 

Figure 3.11 shows a schematic representation of a beam and its dimensions. 

 

 

 

 

 

 

 

Engineering properties Steel CFRP Epoxy Primer 
Density (kg/m3) 7850  1807  1100  1080 

Elastic modulus (GPa) 210 230 - 0.7 
Tensile strength (MPa) 530 4900 >17  >12 

Yield stress (MPa) 350 - - - 
Ultimate elongation (%) 36 2.1 - 3 

Figure 3.11: Beam details (not to scale) 

CFRP 
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3.5.3 Specimen preparation 

The CFRP-strengthened beam specimens were fabricated by installing two 

CFRP layers on the bottom flange of the 150 UB 14 sections. The width of the CFRP 

sheet was maintained the same as the bottom flange width. The wet lay-up method 

was used. The steel surface was sandblasted before installing the CFRP. Sandblasted 

specimens are shown in Figure 3.12. 

 

 

 

 

 

 

 

 

 

 

The prepared surface was cleaned with acetone to remove oil, grease and rust 

prior to bonding. The two-part epoxy primer was then applied to the cleaned, dust-

free steel surface (Figure 3.13) On this primed surface, the two-part epoxy adhesive 

layer was applied, and pre-cut CFRP sheets (1100 mm) were pasted on top of the 

adhesive layer. A flat roller and a ribbed roller were used to press the CFRP sheets 

onto the epoxy adhesive to ensure a constant adhesive thickness throughout the 

specimen and to remove air voids. The specimens were then cured for a minimum of 

Figure 3.12: Sandblasted specimens 
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seven days prior to undergoing accelerated environmental conditioning. CFRP-

strengthened beams are shown in Figure 3.14.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.14: Completed CFRP-strengthened beams 

Figure 3.13: Application of primer coat on beams 
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3.5.4 Test parameters 

Seven specimens were tested in this experimental series to study the effect of 

accelerated environmental conditions on structural behaviour, and the failure modes 

of CFRP strengthened beams. The bond configurations and the exposure durations 

considered in the experimental program are given in Table 3.6. The specimens were 

divided into four main categories: (i) control specimens without CFRP (B300-A), (ii) 

CFRP-strengthened steel beams without environmental exposure (B300-B), (iii) 

CFRP-strengthened beams where only the CFRP layer was subjected to exposure 

(B300-C) and (iv) CFRP strengthened beams where both the steel and CFRP layer 

were subjected to exposure (B300-D). Group C and D are named type F and type SF 

respectively. In type F specimens, precautions were taken to ensure that only the 

CFRP layer was in contact with the accelerated environment. Consecutive layers of 

corrosion-resistant paint were applied to the steel surface to protect the steel surface 

from corrosion, and a waterproof silicon layer was applied on top of the paint coat 

for additional protection. Schematic representations of type F and SF specimens are 

shown in Figure 3.15 and a completed type F specimen is shown in Figure 3.16.  

Table 3.6: Test specimen matrix – Series 3 

 
Beam 

identification 
CFRP configuration Exposure 

duration 
(h) 

Number 
of 

specimens 
B300-A No CFRP layers 0 1 
B300-B Two CFRP layers on the bottom 

flange 
0 1 

B300-C (Type F) Two CFRP layers on the bottom 
flange 

Only CFRP is exposed to 
environmental conditioning 

120 2 

B300-D (Type SF) Two CFRP layers on the bottom 
flange 

Both CFRP and steel are exposed to 
environmental conditioning 

120 2 
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Protected steel surface 

Unprotected steel surface 

CFRP layer 

CFRP layer 

(a) Type F specimen 

(b) Type SF specimen 

Figure 3.15: Specimen details – type F and type SF  

Figure 3.16: Type F specimen 

CFRP layer 

Protected steel surface 
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3.5.5 Accelerated corrosion cell setup 

An electrochemical method was used to accelerate the corrosion of the CFRP-

strengthened beam specimens. A direct current was applied to the specimens, using 

an integrated system incorporating a rectifier with a built-in ammeter to monitor the 

current and a potentiometer to control the current intensity. A current density of 363 

μA/cm2 was used in this experiment, and this current density is within the range 

mentioned in the research [101]. The direction of the current was adjusted such that 

the beam specimen served as the anode. A stainless steel bar was positioned in the 

tank to act as the cathode. Each specimen’s intended degradation bond length portion 

was fully immersed in an aqueous solution of 5% sodium chloride in a plastic tank. 

The salinity level used here is slightly higher than the world average salinity found in 

the ocean and is used by most researchers [11, 19, 27]. A schematic representation 

and the laboratory test set-up of the accelerated corrosion cell are shown in Figures 

3.17 and 3.18 respectively.  

 

 

 

 

 

 

 

 

 

Stainless steel bar 

5% NaCl solution 

Beam 

+ - 

Figure 3.17: Schematic representation of the accelerated corrosion cell setup 
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3.5.6 Instrumentation and loading procedure 

Beams were tested under four-point bending to failure using a hydraulic 

loading machine with a capacity of 400 kN. Load was applied to the loading points 

using a spreader beam. Rollers were used at both ends of the beams and the loading 

locations. Strain, load and mid-span deflection readings for each increment were 

recorded using a data acquisition system. Strain gauges were attached in the 

longitudinal direction to the centre of the bottom flange of each tested beam (Figure 

3.19). Schematic representation of the loading set up and the laboratory setup are 

shown in Figure 3.20. 

 

 

 

 

 

 

 

Figure 3.18: Laboratory accelerated corrosion cell setup  

Beam 
specimens 

Stainless 
steel bars  

Plastic tank  

5% NaCl 

(a) View of bottom flange  

(b) Side view  

Laser LVDT  

Strain gauge  

Figure 3.19: Strain gauge and LVDT location for beams 
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Figure 3.20 Loading setup 

(a) Schematic diagram 

(b) Laboratory test setup 

 Load  Top beam 

 Rollers 

 Loading frame  Load cell 
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UDAQ 

 Specimen 

 LVDT 



 

70 Chapter 3: Experimental program 

3.5.7 Data collection  

A universal data acquisition system (UDAQ) was used to synchronise all the 

load, displacement and strain readings. Load cells, strain gauges, and LVDTs (Figure 

3.21) were used to measure load, strain and deflection respectively. All the readings 

were recorded at 0.5 second intervals. Photographs were taken at each critical step 

during the experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Strain gauge 

(b) Laser LVDT 

Figure 3.21: Strain gauge and LVDT 
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3.6 CHAPTER SUMMARY 

Material testing, accelerated corrosion method, specimen preparation and test 

procedures have been presented in detail in this chapter. The material tests provided 

consistent results, confirming that the specimen preparation and instrumentation 

were carried out accurately. Specimen dimensions, test conditions and test 

parameters were discussed in detail under three experimental series. The test 

specimen matrices contained all the details of testing conditions and the number of 

specimens tested for each case. Furthermore, this chapter has provided a detailed 

description of the testing methods used in the experiments. CFRP-steel double-strap 

joint specimens were tested under tension, and the beam specimens were tested under 

four-point bending to failure. The failure modes and test results are discussed in 

Chapter 4.  
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Chapter 4: Experimental Results and 
Analysis 

4.1 INTRODUCTION 

This chapter presents the results of the experimental program that was 

conducted to study the environmental durability of CFRP-strengthened steel 

structures exposed to accelerated environmental conditions. The experimental 

program consisted of three series, as presented in Chapter 3, and the results of each 

are analysed and presented in this chapter. The effects of the evaluated parameters 

under each test scenario are analysed and discussed in detail. 

4.2 CFRP-STEEL DOUBLE-STRAP JOINT SPECIMENS (SERIES 1) 

4.2.1 Failure loads and failure modes 

The failure load and failure mode of each specimen are shown in Table 4.1. 

Failure modes are discussed below in detail, together with the relevant test scenario.  
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Table 4.1: Failure loads and failure modes of specimens − Series 1 

 

 

 

Test 
scenario 

Specimen 
identification 

Average 
failure 

load (kN) 
Failure mode 

S1 
2L-SB 19.6 Steel-adhesive interface debonding 
2L-AG 20.8 Steel-adhesive interface debonding 
2L-MG 10.9 Steel-adhesive interface debonding 

 

S2 

1L-P-CS 12.1 Steel-adhesive interface debonding 
1L-P-A 9.2 CFRP rupture and steel-adhesive interface debonding 
1L-P-B 6.0 CFRP rupture and steel-adhesive interface debonding 

1L-NP-CS 9.8 Steel-adhesive interface debonding 
1L-NP-A 5.6 CFRP rupture and steel-adhesive interface debonding 
1L-NP-B 2.5 CFRP rupture and steel-adhesive interface debonding 

 

S3 

Control specimens 
1L-CS 12.2 Steel adhesive interface debonding 
2L-CS 18.1 Steel adhesive interface debonding 
3L-CS 21.9 Steel adhesive interface debonding 

 
 Type F specimens 

1L-F-A 9.2 CFRP rupture and steel-adhesive interface debonding 
1L-F-B 6.0 CFRP rupture 
1L-F-C 4.1 CFRP rupture 
2L-F-A 18.6 CFRP rupture and steel-adhesive interface debonding 
2L-F-B 14.5 CFRP rupture and steel-adhesive interface debonding 
2L-F-C 13.2 CFRP rupture and steel-adhesive interface debonding 
3L-F-A 22.6 Steel-adhesive interface debonding 
3L-F-B 20.5 Steel-adhesive interface debonding 
3L-F-C 18.2 CFRP rupture and steel-adhesive interface debonding 

 
 Type SF specimens 

1L-SF-A 11.6 Steel-adhesive interface debonding 
1L-SF-B 13.6 Steel-adhesive interface debonding 
1L-SF-C 13.0 Steel-adhesive interface debonding 
2L-SF-A 18.9 Steel-adhesive interface debonding 
2L-SF-B 18.3 Steel-adhesive interface debonding 
2L-SF-C 18.7 Steel-adhesive interface debonding 
3L-SF-A 22.8 Steel-adhesive interface debonding 
3L-SF-B 21.4 Steel-adhesive interface debonding 
3L-SF-C 21.2 Steel-adhesive interface debonding 
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Scenario 1 (S1) 

All of the tested samples from S1 failed due to steel-adhesive interface 

debonding, as shown in Figure 4.1. No damage was observed in the CFRP layers. 

This type of failure is a common failure mode in double strap joints, as reported in 

the research literature [19, 27, 40]. The type of surface preparation did not affect the 

failure mode. However, the ultimate failure loads had a significant effect, depending 

on the surface preparation method. 

 

 

 

 

 

Scenario 2 (S2) 

The specimens tested after exposure to the corrosive environment showed 

different failure modes compared to the control specimens tested under S2. Control 

specimens of both types 1L-P and 1L-NP showed steel-adhesive interface debonding 

failure. All the specimens of types 1L-P-A and 1L-NP-A showed mixed mode 

failure. In these samples, some of the CFRP fibres were debonded from the matrix 

and part of the CFRP layer showed steel-adhesive interface debonding. In addition, 

some CFRP fibres showed rupture. With the increment of exposure duration to 48 h, 

type 1L-P-B and 1L-NP-B specimens failed due to CFRP rupture at the joint 

location. Ruptured fibres were concentrated at the joint location and it was observed 

that a small number of CFRP fibres had debonded from the matrix. The failure 

modes of 1L-NP specimens are shown in Figure 4.2. 

Figure 4.1: Steel-adhesive interface debonding of double-strap joints 
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Scenario 3 (S3) 

All the control specimens tested under scenario 3 failed due to steel-adhesive 

interface debonding, irrespective of the number of CFRP layers installed. Type 1L-F-

A specimens started to show a mixed mode of failure (CFRP rupture and steel-

adhesive interface debonding failure), as illustrated in Figure 4.3. In this type of 

failure, rupture of CFRP was not concentrated in a particular region. The specimens 

showed a V-shaped failure of the CFRP fibres from the joint location, and most of 

the outward fibres failed near the joint location, and the inner fibres failed at a 

distance from the joint centre. With the increment of exposure conditions, the failure 

region changed towards the joint location, showing full CFRP rupture at the location 

of the joint. This type of transformation of failure mode was also identified in type 

2L-F and 3L-F samples with the increment of exposure duration. However, complete 

CFRP rupture was not observed after the maximum exposure duration (72 h). For 

3L-F specimens with 48 h exposure, the failure mode showed some debonding of 

CFRP fibres from the matrix. However, the governing failure mode was identified as 

Failure mode of 1L-NP-A specimens 

Failure mode of 1L-NP-B specimens 

(a) 

(b) 

Figure 4.2: Failure mode of 1L-NP specimens 
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steel-adhesive interface debonding failure. With further increments of exposure 

duration up to 72 h, the number of fibres debonded from the matrix increased. The 

governing failure mode remained steel-adhesive interface debonding. These results 

indicate that the number of CFRP layers plays a major role in accelerated corrosive 

environments. The failure modes of type F samples are compared in Figure 4.3. 

All the type SF specimens failed due to steel-adhesive interface debonding. 

The failure mode of these specimens did not depend on the exposure duration. The 

exposed steel surface showed uniform corrosion due to the accelerated 

environmental conditions. The failure modes of the control specimens and type SF 

specimens are shown in Figure 4.4. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Failure mode 1L-F-A (b) Failure mode 2L-F-A 
 

(c) Failure mode 3L-F-A 
 

(e) Failure mode 1L-F-B (f) Failure mode 2L-F-B 
 

(g) Failure mode 3L-F-B 
 

(g) Failure mode 1L-F-C (h) Failure mode 2L-F-C (i) Failure mode 3L-F-C 

Figure 4.3: Failure modes of type F specimens 
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According to the research literature, unexposed specimens often undergo steel-

adhesive interface failure [19, 37, 39, 102-104]. Similarly, all the control specimens 

(unexposed) in this experimental program showed a debonding of CFRP from the 

bonded steel surface, as shown in Figure 4.4. Several studies have identified a shift in 

the failure region after environmental ageing. Normally, after exposure to 

environmental ageing, the failure tends to shift to a location very close to or at the 

interface between the adhesive and the metal surface [19, 27]. In the present study, a 

significant change in failure mode was observed after exposure to accelerated 

corrosion. The failure mode shifted from steel-adhesive interface failure to CFRP 

rupture with increased exposure duration. This phenomenon is only possible if the 

CFRP material deteriorates. The failure mode of type 1L-F specimens shifted from 

steel-adhesive interface failure to CFRP rupture with increased exposure durations A, 

B and C, respectively. The failure mode of type 2L-F and 3L-F specimens also 

changed from steel-adhesive interface debonding failure to mixed mode failure (a 

combination of steel-adhesive interface debonding failure and CFRP rupture) with 

the exposure duration. This mixed mode failure indicates that the failure of type 2L-F 

and 3L-F specimens could be changed from steel-adhesive interface debonding 

failure to CFRP rupture if the specimens were exposed for longer durations. 

(a) (b) 

Figure 4.4: Failure modes (a) Control specimens (b) Type SF specimens 
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A significant colour change was observed in the CFRP layers when exposed to 

accelerated corrosion. The colour variation of CFRP layers with exposure duration is 

shown in Figure 4.5. In particular, type F specimens showed a different colour to the 

control specimens and the CFRP surface became softer. Slight discoloration was 

observed in type SF specimens after exposure to accelerated corrosion. In both the 

type F and SF specimens, no corrosion was observed between the CFRP and steel-

bonded surface. Analyses of failure modes indicated that CFRP material degradation 

is prominent rather than bond degradation due to accelerated corrosion conditions. 

The evolution of failure modes can be attributed to the deterioration of the CFRP 

composite, which was confirmed by analysing composite stress levels, as described 

in Section 4.2.4. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 

Figure 4.5: Colour transformation with exposure conditions  

(a) Control specimens (b) Type F specimens (C) Type SF specimens  
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4.2.2 Effect of surface preparation method 

 
Three different surface preparation methods were used, as in S1, and the load 

vs. joint displacement behaviour of specimens is shown in Figure 4.6. Of the three 

surface preparation methods, sand- and grit-blasted surfaces resulted in the same 

ultimate load range, while machine-ground specimens showed a significant reduction 

in ultimate load compared to the other two methods. This finding is consistent with 

that of Fernando et al. [48], who recommended that grit-blasting be used as the 

surface preparation technique. In addition, the results of the current research show 

that sandblasting led to the same ultimate load range as the grit blasted surface, thus 

providing an economical solution. The joint displacement of sand- and grit-blasted 

specimens was about 2 mm, while the machine-ground specimens showed a 

displacement of around 1.3 mm. This similarity in behaviour of sand- and grit-

blasted surfaces can be attributed to the particle size of the sand and the aluminium 

grit used during the blasting process. The results indicate that #60 garnet and 

aluminium oxide as blasting media are capable of providing similar surface profiles 

and result in the same ultimate load levels. 
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4.2.3 Effect of primer layer 

The load vs. displacement results of specimens from S2 are shown in Figure 

4.7. The results show that the application of primer coating prior to installing CFRP 

is an effective way to increase the load-carrying capacity of double-strap joints. The 

samples prepared with primer coat failed at an average load of 12.3 kN, and the 

samples without primer failed at an average load of 9.8 kN. After exposure for 24 h, 

type 1L-NP specimens showed a 43% decrease in load-carrying capacity. At the 

same level of exposure, type 1L-P specimens showed a 24% reduction in capacity. 

Within the next 24 h of exposure, this further reduced to 74% and 50% of full 

capacity for type 1L-NP and 1L-P specimens, respectively. The rate of degradation 

of joint capacity was higher in specimens fabricated without primer coat than the 

joints fabricated with a primer coat. It was also evident that the overall reduction in 

load-carrying capacity is lower with the application of primer. The results indicate 

Figure 4.6: Load vs. displacement of S1 specimens 
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that the application of primer increases not only the load-carrying capacity but also 

the durability of CFRP strengthening systems in accelerated corrosive environments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Load vs. displacement (a) 1L-P specimens (b) 1L-NP specimens 
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4.2.4 Effect of exposure conditions on number of CFRP layers 

Joint strength 

During tensile tests, linear relationships were observed for load vs. joint 

displacement graphs for all the types of specimens until they reached their ultimate 

loads. When the ultimate load was achieved, the load was suddenly reduced by a 

significant amount without increasing the joint displacement, indicating a sudden 

failure of the joint specimens. 

The ultimate strength of each joint under different exposure durations was 

normalised to that of the unexposed one-layer CFRP joint specimens. The results for 

normalised strength are shown in Figure 4.8. In type 1L-F joint specimens exposed to 

accelerated corrosion for 24, 48 and 72 h, the strength reduced by 24%, 51% and 

66% respectively. After 24 h exposure, 2L-F and 3L-F specimens did not show any 

strength reduction due to accelerated corrosion conditions. After that time, 20% and 

6% strength reductions were observed in 2L-F and 3L-F specimens respectively, 

when the exposure duration increased to 48 h. Further, it reduced to 27% and 17% 

respectively, with 72 h exposure duration. A possible explanation for these results is 

the added resistance to accelerated corrosion due to the increased number of CFRP 

layers. The results of the 1L-F specimens show that the degradation of CFRP 

material occurs when it is exposed to accelerated corrosion conditions, and the 

severity is increased with longer exposure durations. Increasing the number of CFRP 

layers helps to protect the innermost CFRP layer by restricting ion penetration 

through the composite. 

Type SF specimens did not show any strength reduction due to the application 

of accelerated corrosion. Compared to the control specimens, a slight increment of 

joint strength was observed in type SF specimens during the exposure periods. 
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However, no strength reduction was seen with the maximum exposure duration of 72 

hours. The degradation of CFRP was delayed due to the exposed steel surface. A 

possible explanation for this is the difference in the rates at which corrosion takes 

place in steel and CFRP composite. When both CFRP and steel are exposed to 

accelerated corrosion, corrosion occurred at a higher rate in steel than in CFRP 

composite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Normalised joint strength 
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Joint stiffness 

In all specimens, the load vs. joint displacement relationships showed a linear 

behaviour. The slope of the linear region of each graph was evaluated and 

normalised to that of the unexposed one-layer CFRP specimens. The resulting 

normalised joint stiffness values are shown in Figure 4.9. 

Generally, it was observed that the joint stiffness increased gradually with the 

number of CFRP layers. 10% and 18% stiffness increments were achieved for 2L 

and 3L control specimens compared to 1L control specimens. However, with the 

imposition of accelerated corrosion conditions, a significant stiffness reduction was 

observed in all type F specimens. A 32% reduction of joint stiffness was observed in 

type 1L-F specimens, regardless of the exposure duration. Type 2L-F and 3L-F 

specimens also followed the same pattern, resulting in stiffness reductions of 32% 

and 20% respectively. Previous studies have reported  the same observations for 

longer exposure times and higher salinity conditions [19]. It is concluded that the 

reduction in stiffness of the joint is mainly due to the stiffness reduction of the 

adhesive layer. With the observations made in this experimental program, supportive 

evidence has been found, because the joint stiffness values did not depend on the 

exposure duration. Regardless of the exposure duration, joint stiffness was reduced 

by the same amount within the same specimen category, which had the same layer 

arrangement. Furthermore, the CFRP composite-steel interface of the tested samples 

showed no corrosion activity on the steel surface, indicating that there was no ion 

penetration through the primer layer. The undamaged adhesive-steel interface 

resulted in the same stiffness value for the same specimen category.  

No significant differences in stiffness were observed in type SF specimens. The 

stiffness remained the same as that of the control specimens, confirming that the 
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accelerated corrosion had no effect on CFRP composite stiffness with the exposed 

steel surface. A comparison of the stiffness of type F and SF specimens suggests that 

the reduction in stiffness may be due to the combination of adhesive degradation and 

CFRP material degradation. Deteriorated CFRP may lead to increased exposure of 

adhesive to the high salinity environment, resulting in considerable stiffness 

reduction of the joint. 
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Figure 4.9: Normalised joint stiffness  
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CFRP composite 

CFRP stress levels at failure were evaluated using a cross-sectional analysis of 

failed joint specimens. The CFRP composite average thicknesses were 0.7 mm, 1.4 

mm and 2.1 mm for 1L, 2L and 3L respectively. The width of the CFRP was 25 mm 

in this experiment. Stress levels at failure were calculated based on these 

measurements, and the results are shown in Table 4.2.  

Table 4.2 shows that the calculated CFRP stress levels are well below the 

ultimate strengths under ambient conditions. All the control specimens tested under 

ambient conditions failed in steel-CFRP adhesive interface debonding. During this 

type of failure, CFRP cannot reach its ultimate strength level, because interface 

failure occurs at a lower stress level. The analysis shows that the stress levels of type 

F specimens decrease further with increased exposure duration. The failure mode 

suggests that the CFRP composite reached its maximum stress level during failure. 

Hence, it is clear that the calculated CFRP composite stress levels represent the 

ultimate strength, corresponding to the exposure duration. In type SF specimens, 

CFRP composite stress levels did not depend on the exposure duration. This type of 

stress variation can be explained considering the failure mode of the specimens. 

Specimens with same CFRP layer arrangement failed at a similar load level due to 

adhesive-interface debonding. The failure mode of type SF specimens suggests that 

the CFRP composite tensile capacity is higher than the joint interfacial capacity. 

Therefore, the governing failure mode was interfacial adhesive debonding. There 

may be CFRP material degradation due to accelerated corrosion. However, the 

intensity of material degradation was not sufficient to create CFRP rupture at failure 

in type SF specimens. 
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Table 4.2: CFRP composite stress levels at failure 

 

Fracture energy 

The ultimate failure load is directly related to the fracture energy of the double-

strap joint specimens. The associated fracture energy for each joint was calculated 

using the following equation, which is used to predict the interfacial fracture energy 

of a bonded plate to a substrate [9, 36, 105]: 

𝑃𝑢 = 𝑏𝑝�2𝐺𝑓𝐸𝑝𝑡𝑝        (4.1) 

where, Pu is ultimate load, bp is the width of the plate, Ep and tp are the elastic 

modulus and thickness of the plate, respectively, and Gf is the fracture energy of the 

bonded interface. 

The fracture energy of each specimen was evaluated, and the variation of 

fracture energy with exposure duration is shown in Figure 4.10. For type 1L-F 

specimens, the fracture energy was reduced from 0.741 N/mm to 0.424 N/mm at 0 to 

24 h (0.0132 N/mm per hour). After that, the fracture energy was further reduced to 

0.178 N/mm, between 24 h to 48 h at a rate of 0.010 N/mm per hour. Within the 

exposure period of 48 h to 72 h, the rate of degradation fracture energy dropped to 

0.004 N/mm per hour. 

For type 2L-F and 3L-F specimens, the fracture energy was constant up to 24 

h, indicating that there was no degradation of the materials. The degradation initiated 

Exposure 
conditions 

 CFRP composite stress level (MPa) 
Type F Type SF 

1L 2L 3L 1L 2L 3L 
CS 348.80 259.01 208.51 348.80 259.01 208.51 
A 263.93 265.82 215.40 330.63 269.32 216.88 
B 170.96 207.61 195.46 388.50 260.83 203.80 
C 118.52 188.87 172.94 371.49 267.66 202.01 
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after 24 h for the 2L-F specimens. The fracture energy reduced from 0.817 N/mm to 

0.525 N/mm at 24 to 48 h (0.028 N/mm per hour). The fracture energy was then 

further reduced to 0.434 N/mm between 48 h to 72 h at a rate of 0.004 N/mm per 

hour. In type 3L-F specimens, the initial rate of reduction of fracture energy was 

0.004 N/mm per hour and 0.006 N/mm per hour from 24 h to 48 h and 48 h to 72 h, 

respectively.  

 

 

 

 

 

 

 

 

 

 

 

Modelling deterioration 

CFRP stress levels at failure were directly evaluated corresponding to the 

ultimate joint capacity. All type F specimens showed a capacity reduction due to 

accelerated corrosion. Of these, type 1L-F specimens showed gradual tensile 

capacity reduction with exposure duration due to accelerated corrosion. In addition, 

Figure 4.10: Fracture energy variation of type F specimens 
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the failure mode of these samples suggested that there is potential material 

degradation. 

The variation of CFRP stress level of type 1L-F specimens against normalised 

exposure duration is shown in Figure 4.11. In addition to the specimens tested under 

S3, five more specimens were tested for exposure durations of 6, 15, 38, 62 and 84 h 

to capture the variation of CFRP degradation. The ratio (R) between CFRP tensile 

stress after arbitrary time ti (𝜎𝑓,𝑡𝑖) and at t0 (𝜎𝑓,𝑡0) was calculated based on the 

experimental results using Equation 4.2. Then, the deterioration level (D) in Equation 

4.3 was defined as (1-R). The deterioration level associated with each exposure time 

was evaluated and the variation of deterioration level with exposure time is shown in 

Figure 4.12(a). The results were normalised over the time period and the variation of 

D with normalised time is shown in Figure 4.12(b).  
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Figure 4.11: Normalised exposure duration vs. CFRP stress levels – 1L-F specimens 
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𝑅 =
𝜎𝑓,𝑡𝑖
𝜎𝑓,𝑡0

      (4.2) 

𝐷 = (1 − 𝑅)     (4.3) 

𝐷 = 0.8 × �𝑇𝑖
𝑇𝑑
�     (4.4) 

In order to derive the relationship between the exposure duration and the 

deterioration level, experimental deterioration values were plotted against normalised 

exposure duration, and the results are shown in Figure 4.12(b).The experimental data 

were approximated using the empirical relationship given in Equation 4.4, where, 

Ti/Td is the ratio between an arbitrary time period and the design life of the structure. 

This model is capable of predicting the deterioration level of CFRP layers based on 

exposure duration, assuming a linear variation. Table 4.3 shows the comparison of 

experimental and predicted deterioration levels (Dexp and Dp) with a mean ratio of 

1.16 and a coefficient of variation (COV) of 0.23. Once the deterioration level is 

determined, parameter R can be evaluated using Equation 4.3. The CFRP stress level 

is then calculated using Equation 4.2, provided that the CFRP stress level at zero 

exposure is known. This method is useful whenever CFRP material undergoes 

rupture failure due to CFRP degradation. In the current study, the joint capacities 

were evaluated at certain time intervals subjected to specific current density, and the 

results lie within these limited conditions. 
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Table 4.3: Comparison of experimental and predicted deterioration levels of 1L 
specimens 

Normalised time Dexp Dp Dexp/ Dp 
0.07 0.10 0.06 1.73 
0.18 0.16 0.14 1.15 
0.29 0.24 0.23 1.06 
0.45 0.38 0.36 1.06 
0.57 0.51 0.46 1.12 
0.74 0.59 0.59 1.00 
0.86 0.66 0.69 0.96 

Mean 1.16 
COV 0.23 

 

Figure 4.13 shows the variation of deterioration levels of 1L, 2L and 3L CFRP-

steel double joints with the normalised exposure duration. Experimental data are 

extrapolated assuming a linear variation to obtain the complete deterioration with the 

normalised exposure time in 2LCF and 3LCF specimens (See Appendix D for 

detailed explanation). 
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The deterioration levels vs. normalised exposure time response for 2LCF and 

3LCF specimens are shown in Figure 4.14 and 4.15. A linear variation of 

deterioration level is assumed with the normalised exposure time. Below, empirical 

equations are proposed to predict the deterioration level of multi-layer CFRP-steel 

systems. 

     0 (𝑇 ≤ 0.08)               (4.5) 

𝐷 = 

     1.44 37𝑇 − 0.1143 (T>0.08) 

 

     0 (𝑇 ≤ 0.122)               (4.6) 

𝐷 = 

     1.1293 𝑇 − 0.1378 (T>0.122) 

 
It is clear from Figures 4.14 and 4.15 that there is a delay in damage initiation 

in multi-layer CFRP-steel double strap specimens as a result of the additional CFRP 

layers. The proposed models for the deterioration include step functions to simulate 

the non-deteriorated period.  
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Figure 4.15: Deterioration level vs. normalised exposure time response 
(3LCF) 
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4.3 CFRP-STEEL DOUBLE SRAP JOINT SPECIMENS (SERIES 2) 

4.3.1 Failure loads and failure modes 

The failure mode and failure load of each specimen tested under series 2 are 

shown in Table 4.4. The failure modes are discussed in detail under each test 

scenario. The notations follow the same conventions as those described in Section 

3.4.  
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Table 4.4: Failure loads and failure modes – Series 2 

Test 
scenario 

Specimen 
group 

identification 

Average 
failure load 

(kN) 
Failure mode  

S1 

1LCF-20 2.6 Adhesive-steel interface debonding 

1LCF-40 2.9 CFRP rupture and interface 
debonding 

1LCF-60 3.2 CFRP rupture and interface 
debonding 

1LCF-80 3.1 CFRP rupture and interface 
debonding 

1LCF-100 4.1 CFRP fibre rupture 
1LCF-120 3.5 CFRP fibre rupture 
1LCF-140 4.0 CFRP fibre rupture 
1LCF-160 4.2 CFRP fibre rupture 
1LCF-180 4.2 CFRP fibre rupture 

S2 

2LCF-20 8.3 Adhesive-steel interface debonding 
2LCF-40 11.4 Adhesive-steel interface debonding 
2LCF-60 11.5 Adhesive-steel interface debonding 
2LCF-80 12.1 Adhesive-steel interface debonding 
2LCF-100 12.4 Adhesive-steel interface debonding 
2LCF-120 11.4 Adhesive-steel interface debonding 
2LCF-140 12.6 Adhesive-steel interface debonding 
2LCF-160 12.1 Adhesive-steel interface debonding 
2LCF-180 11.4 CFRP fibre rupture 

S3 

1LCF-CS 12.2 Adhesive-steel interface debonding 
2LCF-CS 18.1 Adhesive-steel interface debonding 
3LCF-CS 21.9 Adhesive-steel interface debonding 
1LGF-CS 4.2 Adhesive-steel interface debonding 
2LGF-CS 5.9 Adhesive-steel interface debonding 
3LGF-CS 7.1 Adhesive-steel interface debonding 
2LGC-CS 10.1 Adhesive-steel interface debonding 
2LGC -A 11.2 Adhesive-steel interface debonding 
2LGC-B 9.0 Adhesive-steel interface debonding 
2LGC-C 7.2 Adhesive-steel interface debonding 

1LCF-A 9.2 
CFRP rupture and interface 

debonding 
1LCF-B 6.0 CFRP fibre rupture 
1LCF-C 4.1 CFRP fibre rupture 

2LCF-A 18.6 
CFRP rupture and interface 

debonding 

2LCF-B 14.5 
CFRP rupture and interface 

debonding 

2LCF-C 13.2 
CFRP rupture and interface 

debonding 
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Scenario 1 (S1) 

Three types of failure modes could be identified in the samples tested in 

scenario 1: (i) steel-adhesive interface debonding (ii) mixed mode failure (interface 

debonding and CFRP rupture) and (iii) CFRP rupture. Specimen 1LCF-20 failed due 

to steel-adhesive interface debonding. With the increased bond length, the failure 

mode shifted to mixed mode failure (a combination of steel-adhesive interface 

debonding and CFRP rupture). This type of failure mode was identified in samples 

1LCF-40, 1LCF-60 and 1LCF-80. CFRP rupture failure mode was observed for all 

the other samples with the shorter bond length of 100 mm and above. The failure 

modes of the 1LCF (Scenario 1) specimens are shown in Figure 4.16. 
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Figure 4.16: Failure modes specimens of – (Series 2-Scenario 1) 
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Scenario 2 (S2) 

The number of CFRP layers had a significant effect on the failure mode of the 

double-strap joints. The governing failure mode was identified as steel-adhesive 

interface debonding failure in the specimens tested in scenario 2. The specimens with 

bond lengths from 20 mm to 160 mm showed steel-adhesive interface debonding 

failure. Although the specimens failed by debonding, the outer CFRP fibres showed 

a small amount of rupture. However, no fibre breakage was observed in the 

innermost CFRP layer.  Specimen 2LCF-180 showed CFRP fibre rupture failure 

mode.  The failure modes of scenario 2 specimens are shown in Figure 4.17. 
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Figure 4.17: Failure modes – (Series 2 - Scenario 2) 
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Load vs. displacement graphs for specimens 1LCF-120, 1LCF-160, 2LCF-120 

and 2LCF-160 are shown in Figure 4.18. These four specimens were also used to 

develop shear stress-slip curves. In both 1LCF and 2LCF specimens, fibre rupture 

can be clearly identified at the ultimate load region in the load vs. displacement 

graphs. In this region, the response becomes highly non-linear, indicating CFRP 

composite damage. Normally, CFRP double strap joints undergo CFRP debonding 

failure [36, 38, 40, 43] in ambient environmental conditions. In the debonding failure 

mode, debonding occurs suddenly once the specimen reaches the ultimate load, 

without showing a plateau in load vs. displacement response. The results of the 

current study suggest that the load vs. displacement response is significantly different 

from that under ambient conditions and this response is greatly affected by the 

environmental conditions applied to the specimens. 
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Figure 4.18: Load vs. displacement of 1LCF and 2LCF specimens 
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Scenario 3 (S3) 

All the control specimens tested in scenario 3 failed due to steel-adhesive 

interface debonding, irrespective of the CFRP configuration (Figure 4.19). 

Debonding is the most common type of failure of FRP-strengthened steel sections 

under ambient conditions as reported in the research literature [36, 38, 43]. With the 

imposition of environmental conditioning, 1LCF specimens showed a shift in failure 

mode from adhesive-interface failure to CFRP rupture failure mode, while 1LCF-A 

specimens showed a mixed mode of failure (CFRP rupture and debonding). The 

failure profile showed V-shaped failure from the middle of the joint where most of 

the outward fibres failed near the joint location, and inner fibres failed at a distance 

from the joint centre.  When the exposure duration increased to 48 h (1LCF-B), the 

failure mode became full CFRP rupture. The same failure mode was observed in 

1LCF-C specimens at 72 h exposure duration. In these specimens, most of the fibres 

showed rupture at the joint location. 
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All the 2LCF specimens showed the mixed mode of failure after exposure to 

environmental conditioning. It was observed that increased exposure duration caused 

the high intensity of CFRP rupture in 2LCF specimens. The specimens prepared with 

one GFRP and one CFRP layer on each side (2LGC) failed due to steel-adhesive 

interface debonding. Some of the fibres in the top layer showed rupture at a higher 
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Figure 4.19: Debonding failure of control specimens – (Series 2 – Scenario 3) 
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exposure duration, while the steel surface did not show any deterioration.  The failure 

modes of these specimens are shown in Figure 4.20. 
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Figure 4.20: Failure modes of specimens (Series 2 – Scenario 3) after exposure 
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A significant colour change was observed in the CFRP layers upon exposure to 

environmental conditioning. The colour variation of CFRP layers with exposure 

duration can be seen in Figures 4.19 and 4.20. All the specimens exposed to 

environmental conditioning showed a different colour to that of the control 

specimens. The CFRP surface became softer and showed swelling compared to the 

control specimens. Analyses of failure modes indicated that CFRP material 

degradation is prominent rather than bond degradation due to the environmental 

conditions imposed. Some early research [19, 27] concluded that joint capacity 

degradation is governed by bulk adhesive degradation as a result of ion penetration 

into the adhesive layer. With the observations made in the present research, the joint 

capacity reduction can be attributed to CFRP material degradation, resulting in a 

transformation of failure modes from debonding to rupture. 

 

4.3.2 Bond strength 

In the context of studies of the bond between CFRP and a substrate, bond 

strength is defined as the ultimate load that can be resisted by the CFRP plate before 

debonding failure. Table 4.5 summarises the bond strengths of specimens that failed 

by debonding. The 1LCF specimens in scenario 1, specimen 2LCF-180, specimen 

1LCF-B, and specimen 1LCF-C, were not considered for this evaluation since CFRP 

rupture failure occurred in these specimens. It is evident from Table 4.5 that the 

various layer arrangements resulted in different ultimate loads, although the same 

adhesive was used in all bond configurations. It was observed that the CFRP 

composites had higher bond strength values compared to GFRP composites with 

bonded steel plate.  
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Further, the experimental bond strengths (𝑃𝑢,𝑒𝑒𝑒) were compared with the 

predictions 𝑃𝑢,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) using Equation 4.5. This equation is  well-known, and has 

been used by different researchers [9, 36, 105] to predict the bond strength of an 

adhesively-bonded substrate.   

𝑃𝑢 = 𝑏𝑝�2𝐸𝑝𝑡𝑝𝐺𝑓    (4.5) 

In the above equation, 𝑏𝑝 is the plate width, 𝐸𝑝 is the elastic modulus of the 

fibre type used, 𝑡𝑝 is the thickness of the plate and 𝐺𝑓 is the associated fracture 

energy. It is clear from Table 4.5 that the fracture energy values used provide 

accurate predictions of bond strength for each specimen.  The comparison of 

experimental and predicted bond strengths shows good agreement, with a mean of 

1.01 and a coefficient of variation (COV) of 0.03. 
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Table 4.5: Comparison of experimental and predicted bond strengths 

 

 

 

 

 

 

 

Specimen 
type 

Pu,exp 
(kN) 

bp 
(mm) 

tp 
(mm) 

Gf 
(N/mm) 

Pu,predicted 
(kN) 

Pu,exp/Pu,predicted 

1LCF-CS 12.21 25 0.7 0.74 12.20 1.00 
2LCF-CS 18.13 25 1.4 0.81 18.06 1.00 
3LCF-CS 21.89 25 2.1 0.8 21.98 1.00 
1LGF-CS 4.15 25 0.5 0.4 4.24 1.02 
2LGF-CS 5.98 25 0.5 0.79 5.96 1.00 
3LGF-CS 7.05 25 0.5 1.1 7.04 1.00 
2LGC-CS 10.80 25 0.8 0.75 10.72 0.99 
1LCF-A 9.24 25 0.7 0.51 10.13 1.10 
2LCF-A 18.61 25 1.4 0.86 18.61 1.00 
2LCF-B 14.53 25 1.4 0.52 14.47 1.00 
2LCF-C 13.22 25 1.4 0.43 13.16 1.00 
2LGC -A 11.22 25 0.8 0.81 11.14 0.99 
2LGC-B 9.01 25 0.8 0.53 9.01 1.00 
2LGC-C 7.19 25 0.8 0.41 7.93 1.10 
2LCF-20 8.33 25 1.4 0.17 8.27 0.99 
2LCF-40 11.37 25 1.4 0.32 11.35 1.00 
2LCF-60 11.49 25 1.4 0.33 11.52 1.00 
2LCF-80 12.05 25 1.4 0.36 12.04 1.00 
2LCF-100 12.43 25 1.4 0.38 12.37 1.00 
2LCF-120 11.40 25 1.4 0.32 11.35 1.00 
2LCF-140 12.56 25 1.4 0.39 12.53 1.00 
2LCF-160 12.10 25 1.4 0.36 12.04 0.99 

 Mean 1.01 
COV 0.03 
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4.3.3 Effect of CFRP bond length 

The same environmental exposure level was imposed on CFRP double-strap 

joint specimens fabricated with one layer of CFRP (1LCF) and two layers of CFRP 

(2LCF) to determine the effect of bond length. The ultimate load variation with bond 

length is shown in Figure 4.21. The 1LCF specimens showed an increment in 

ultimate load with the increment of the CFRP bond lengths from 20 mm to 100 mm. 

Once the bond length exceeded 100 mm, the specimens did not show a further gain 

in ultimate load. This result suggests that the 1LCF specimens reached their joint 

capacity at 100 mm bond length. The corresponding failure mode of 100 mm bond 

length confirmed that CFRP material reached its tensile capacity before undergoing 

fibre rupture. The 2LCF specimens showed higher ultimate loads with the same 

corresponding bond lengths than those of the 1LCF specimens. In the 2LCF 

specimens, the ultimate load-carrying capacity reached a plateau at the bond length 

of 100 mm. However, the failure mode remained steel-adhesive interface debonding 

for all the specimens with bond lengths of 20 mm to 160 mm.  
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Studies of the bond development length of CFRP and steel [39, 46] have shown 

that the effective bond lengths are 100 mm and 75 mm for single- and double-strap 

joints, respectively. These bond lengths in ambient conditions were determined based 

on the debonding failure mode. The findings of the present research show that the 

effective bond lengths are different from the ambient values after being exposed to 

environmental conditioning. The effective bond length of a single-layer CFRP 

system is significantly affected by the exposure conditions imposed. At a particular 

bond length, CFRP can reach its ultimate strength by undergoing through-CFRP 

rupture failure. It was observed that the effective bond length of multi-layer CFRP 

systems is not substantially affected by the environmental conditions imposed. 

However, visual observations and the failure modes suggested that there is possible 

material degradation in the outer CFRP layers. The intensity of the material 

degradation may be significant for longer exposure durations. 
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Figure 4.21: Ultimate load vs. bond length variation of 1LCF and 2LCF specimens 
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4.3.4 Effect of number of CFRP layers 

A comparison of the ultimate loads of 1LCF and 2LCF specimens showed that 

multi-layer CFRP systems can effectively improve the structural performance of 

composite systems compared to single-layer CFRP strengthening systems (Figure 

4.21). The additional CFRP layers not only improve the structural performance but 

also enhance the durability of the strengthening system. Observations showed that 

the outer CFRP layer is more vulnerable to environmental conditioning. However, 

the ultimate capacity and the failure modes are governed by the innermost CFRP 

layer.  In multi-layer CFRP systems, the outer layers help to protect the innermost 

CFRP layers from aggressive environmental conditions. All the specimens exposed 

to accelerated environmental conditioning showed significant softening, swelling and 

discolouration of the outer fibres, and the intensity of the effects was greater in the 

specimens fabricated with one CFRP layer. Hence, it can be concluded that multi-

layer CFRP systems are more efficient than single-layer CFRP systems in aggressive 

environmental conditions in respect of their structural and durability performance. 
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4.3.5 Effect of GFRP layer 

Joint strength 

 

 

 

 

 

 

 

 

 

 

During tensile tests, linear relationships were observed in the load vs. joint 

displacement graphs for all the specimen types until they reached their ultimate loads 

(Figure 4.22). All the 2LCF and 3LCF control specimens showed sudden failure after 

they reached their ultimate loads. 1LCF specimens showed a plateau once they 

reached their ultimate loads and then failure occurred. This plateau continued for 0.5 

mm once the specimen achieved its ultimate load. Load vs. displacement responses 

of GFRP-strengthened specimens showed similar behaviour to CFRP-strengthened 

specimens until they reached their ultimate loads. Joint displacement then increased 

up to 1.5 mm without showing a significant gain in load. This behaviour is directly 

related to the ultimate strains of the particular CFRP and GFRP used in the tests. The 

GFRP was capable of achieving higher strains at failure. 
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Figure 4.22: Load vs. displacement graphs – Series 3 control specimens 
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It was observed that the GFRP-strengthened specimens underwent significant 

joint capacity reduction compared to CFRP-strengthened specimens. The average 

joint capacities were 12.2 kN, 18.1 kN and 21.9 kN for 1LCF, 2LCF and 3LCF 

specimens, respectively, while the joint capacities were 4.15 kN, 5.98 kN and 7.05 

kN for 1LGF, 2LGF and 3LGF specimens, respectively. This comparison shows that 

CFRP has better structural performance in steel-CFRP strengthening systems. Tests 

carried out using a combination of GFRP and CFRP layers showed that the 

combination of GFRP and CFRP can significantly increase the load-carrying 

capacity compared with GFRP-only systems. On the other hand, joints fabricated 

with a single layer of CFRP showed higher load-carrying capacity compared to 

multilayer GFRP (1LGF, 2LGF, 3LGF and 2LGC) joint specimens under ambient 

conditions.  The variations in joint capacities according to CFRP arrangement under 

ambient conditions are shown in Figure 4.23. 
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The interfacial capacity of adhesively-bonded joints is dependent on the 

modulus of the bonded fibre type [37-39, 106, 107]. The CFRP and GFRP used here 

had longitudinal elastic moduli of 230 GPa and 72 GPa, respectively. Furthermore, 

the effective moduli may differ from their original values in a composite system [39, 

94]. From the observations made and the results found in the current study, it can be 

concluded that the differences in elastic modulus led to different interfacial capacities 

for the control specimens. 

Bond durability 

The effectiveness of an embedded GFRP layer on CFRP strengthening systems 

was evaluated by testing the fabricated double-strap joints in three exposure 

durations. Load vs. displacement graphs of these specimens are shown in Figure 

4.24(a). All the ultimate joint capacities were normalised to that of 1LCF control 

specimens for ease of comparison (Figure 4.24(b)). Double-strap joints fabricated 

with an embedded GFRP layer showed a similar joint capacity to that of the control 

specimens after 24 h exposure. Similar behaviour was observed in 2LGF specimens 

after 24 h exposure. However, the load-carrying capacity of 2LCF specimens was 

66% higher than that of 2LGC specimens for the same exposure duration of 24 h. For 

the same exposure duration, 1LCF showed a 25% reduction in load-carrying 

capacity. With increased exposure duration up to 48 h, 2LGC specimens started 

showing a decrement in load-carrying capacity. Joint capacity reductions of 11% and 

29% were observed in 2LGC specimens after 48 h and 72 h exposure, respectively. 

The 2LCF specimens showed 20% and 27% loss of joint capacity after 48 h and 72 h 

exposure, respectively. The 1LCF specimens showed a 51% capacity loss at 48 h, 

and a further 16% decrement was observed with increased exposure duration up to 

72 h. 
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The results indicate that the use of an embedded GFRP layer is capable of 

improving the durability of CFRP strengthening systems compared to single-layer 

CFRP systems. However, the use of GFRP as the innermost layer resulted in a lower 

joint capacity compared to a system with the same number of CFRP layers when 

exposed to environmental conditioning. This phenomenon possibly occurs due to the 

differences in interface bond characteristics in different materials. Higher CFRP-steel 

interface bond properties resulted in greater joint capacity. The findings of this 

experimental series show that the multi-layer CFRP system can perform efficiently 

under aggressive environmental conditions. 

 

Modelling deterioration 

Figure 4.25 shows the variation of deterioration levels of 2LGC steel double 

joints with the exposure duration. Experimental data were extrapolated assuming a 

liner variation to obtain the complete deterioration with the normalised exposure time 

in 2LGF specimens (See Appendix D for detailed explanation). 
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Figure 4.25: Deterioration vs. exposure time (2LGC specimens) 
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Figure 4.26: Deterioration vs. normalised exposure time (2LGC 
specimens) 
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The deterioration level vs. normalised exposure time response for 2LGC 

specimens is shown in Figure 4.26. A linear variation of deterioration level is 

assumed with the normalised exposure time. The following empirical equations are 

proposed to predict the deterioration of multi-layer CFRP-steel systems with an 

embedded GFRP layer: 

     0 (𝑇 ≤ 0.096)               (4.7) 

𝐷 = 

     1.7259 𝑇 − 0.1651 (T>0.096) 

 
It is clear from Figure 4.25 and 4.26 that there is a delay in damage initiation in 

CFRP-steel double strap specimens with embedded GFRP layer as a result of the 

additional GFRP layers. The proposed model of deterioration includes a step 

function to simulate the non-deteriorated period.  
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4.3.6 Axial strain distribution along CFRP composite 

The strain measurements were recorded at each load increment and plotted 

against the bond length for different load levels. The strain distributions of specimens 

1LCF-120, 1LCF-160, 2LCF-120 and 2LCF-160 are shown in Figures 4.27 to 4.29. 

In specimen 1LCF-160, the strain gauges failed before reaching the ultimate load. 

Hence, Figure 4.27(b) shows the strain variation only up to 90% of the ultimate load. 

It can be seen from Figures 4.29(a) and (b) that the strain gauge readings drop with 

the increment of joint displacement. This response is different from that reported in 

the research literature under ambient conditions.  Under ambient conditions, 

maximum CFRP strain remains nearly constant in the ultimate load region, but the 

region where this maximum strain is reached keeps expanding with the applied 

loading. Hence, debonding can be identified by observing axial strain variation along 

the bond length [36]. With the results of axial strain responses from the current 

experiment, CFRP fibre damage can be identified at the ultimate load region. Non-

linearity in load vs. displacement response and strain distribution can be attributed to 

CFRP fibre damage under tensile loading. 
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Figure 4.27: Axial strain distribution of 1LCF specimens at different 
load levels 
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Figure 4.29: Axial strain distribution at ultimate load level 
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4.3.7 Bond slip behaviour 

The interfacial shear behaviour of bonded joints is often studied based on the 

shear stress-slip curves which depict the response between the local interfacial shear 

and relative slip between two adherents. Shear stress-slip curves were developed 

using Equations 4.8 and 4.9 [36-38, 69],  

𝜏 = 𝐸𝑓(𝜀𝑓,𝑖+1−𝜀𝑓,𝑖)𝑡𝑓
∆𝐿

    (4.8) 

𝑠𝑖 = (𝜀𝑓,𝑖+1+𝜀𝜀,𝑖)∆𝐿
2

+ 𝑠𝑖−1   (4.9) 

where, 𝐸𝑓 and 𝑡𝑓 are CFRP elastic modulus and thickness, 𝜀𝑓,𝑖+1 and 𝜀𝑓,𝑖 are 

CFRP strains, and  ∆𝐿 is the distance between strain gauges. The average slip 𝑠𝑖 is 

calculated as the incremental sum of the CFRP extension. 

The equivalent longitudinal modulus of the fibre layer 𝐸𝑒,𝑓 is determined by 

Equation 4.10: 

𝐸𝑒,𝑓 =  𝐸𝑎𝑡𝑎+𝐸𝑓𝑡𝑓
𝑡𝑎+𝑡𝑓

     (4.10) 

where, 𝐸𝑎 and 𝐸𝑓 are the longitudinal tensile modulus of the adhesive and 

fibre, respectively and the terms 𝑡𝑎 and 𝑡𝑓 represent the adhesive and fibre thickness, 

respectively. 
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Under ambient conditions 

Shear stress-slip curves for 2LCF specimens under ambient conditions are 

shown in Figure 4.30. The shear stress-slip curves have an approximately bilinear 

shape. It is observed that these curves gradually reach their maximum shear stress 

and then drop sharply to achieve their maximum slip. This type of behaviour in shear 

stress-slip accounts for debonding failure.  In the debonding failure mode, steel-

adhesive interface failure occurs suddenly, once the adhesive reaches its maximum 

shear capacity.  
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Figure 4.30: Shear stress-slip curves for two layers CFRP-steel double-strap 
joints under ambient conditions 
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After exposure to accelerated environmental conditioning 

Figure 4.31 shows the shear stress-slip curves for specimens 2LCF-160, which 

failed due to steel-adhesive interface debonding. Several curves were developed for 

each specimen using the strain gauge readings recorded at different locations. The 

results show that the shear stress-slip behaviour is greatly affected by the 

environmental conditions imposed. Peak shear stress shows a significant drop due to 

the environmental conditions. It was noted that the shear stress-slip response became 

non-linear near the maximum shear stress region. However, the bond-slip 

relationships of degraded specimens can be approximated by a bilinear model. The 

recorded strain values represent only the outer CFRP fibre strain, which is directly 

exposed to the environmental conditions, and the innermost CFRP strain values may 

be differ from the recorded outer fibre strain. Some of the strain gauges became 

unusable during the tensile tests as a result of the rupture of CFRP attached to the 

gauges. These strain gauge readings were omitted when developing the shear stress-

slip curves. Damage to the outer fibres could lead to the non-linearity of shear stress-

slip relationships. 
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Figure 4.31: Shear stress-slip curves for two layer CFRP-steel double-
strap joints after being exposed to accelerated environmental 

conditions 
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4.4 CFRP STRENGTHENED BEAM SPECIMENS (SERIES 3) 

4.4.1 Failure loads and failure modes 

The failure loads and failure modes of tested beam specimens are shown in 

Table 4.6. The failure modes of the beams were identified as lateral torsional 

buckling irrespective of the exposure conditions. This was the expected failure mode 

for the laterally unrestrained simply-supported 150 UB14 section.  

Table 4.6: Failure loads and failure modes – Series 3 

Beam identification Failure load (kN) Failure mode 
B300-A1 148 Lateral torsional buckling 
B300-A2 152 Lateral torsional buckling 
B300-B1 175 Lateral torsional buckling 
B300-C1 164 Lateral torsional buckling 
B300-C2 162 Lateral torsional buckling 
B300-D1 164 Lateral torsional buckling 
B300-D2 162 Lateral torsional buckling 

 

The failure modes of each specimen tested are shown in Figures 4.32 to 4.35. 

In each of the beams, the compression flange underwent buckling failure underneath 

the two loading points. A comparison of the deformation of the top and bottom 

flanges is shown in Figure 4.36. 

The failure mode observed is the common failure mode for an unrestrained 

universal beam section under bending [108, 109]. This type of failure can result in 

lower load-carrying capacity. Out-of-plane bending was observed in all the 

specimens. 
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Figure 4.32: Failure mode of B300-A specimens 
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Figure 4.33: Failure mode of B300-B specimens 
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Figure 4.34: Failure mode of B300-C specimens 
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Figure 4.35: Failure modes of B300-D specimens 
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Figure 4.36: Comparison of failure modes of beam specimens  

Bottom flange  

Top flange  
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4.4.2 Effect of accelerated environmental exposure conditions 

Figure 4.37 shows the load vs. deflection behaviour of the tested beam 

specimens. All the CFRP-strengthened beams showed an increment of load-carrying 

capacity compared to the unstrengthened beam, irrespective of the exposure 

conditions. The unexposed CFRP strengthened beam showed a 17% load-carrying 

capacity increment compared with the unstrengthened beam.  Both the B300-C1 and 

B300-D1 specimens showed 6.3% capacity loss due to the environmental conditions 

applied. Load vs. deflection curves of these tested beams suggested that the elastic 

stiffnesses of conditioned beams are similar to the bare steel beams. Unconditioned 

CFRP-strengthened beam showed the highest load carrying capacity showing linear 

load-deflection behaviour up to 175 kN. 

 

 

 

 

 

 

 

 

 

Figure 4.37: Load vs. mid-span deflection of beams 
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This similar load-carrying capacity loss can be attributed to the material 

degradation due to accelerated environmental conditions. B300-C specimens showed 

a significant colour difference in the outer fibre and the CFRP surface became soft 

after the environmental conditioning (Figure 4.38). B300-D specimens did not show 

significant colour change or softening of outer fibres. However, the B300-D 

specimen had significant steel deterioration because of the direct exposure of the 

steel surface to the accelerated environmental conditions. Although the capacity 

reduction was similar in these two groups of specimens, the cause of the reduction 

was different. The capacity loss of B300-C and B300-D specimens can be directly 

attributed to CFRP material degradation and steel deterioration respectively.   

The mid-span deflections were similar for each specimen. This similarity of 

deflection is directly related to the failure mode of the beams. Lateral torsional 

buckling failure observed in the specimens resulted in the same deflection at the mid-

span. This behaviour is somewhat similar to the results of an experimental study 

reported in the literature [66].  

 

 

 

 

 

The load vs. strain relationships of tested beams are shown in Figure 4.39. All 

the beams that were exposed to the accelerated environmental conditioning showed 

Figure 4.38: Colour change of CFRP due to exposure conditions 
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similar CFRP strain at failure. The strain values of exposed specimens are much 

lower compared to the CFRP strain of an unexposed CFRP-strengthened beam. This 

variation clearly shows that there may be material degradation due to the accelerated 

environmental conditions applied. 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.3 Environmental design durability factor 

An environmental design factor can be proposed for a CFRP-steel 

strengthening system under bending based on the ultimate loads. The beam group 

B300-D was considered, in which only the CFRP layers were open to direct 

exposure. The ratios of ultimate loads of B300-D specimens to those of 

corresponding bare steel beams are listed in Table 4.7. 

Figure 4.39: Load vs. bottom flange strain of beams 
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Table 4.7: Ultimate load ratios  

Beam identification Failure load (kN) Load ratio 
B300-B1 175 - 
B300-D1 164 0.93 B300-D2 162 

 

The load ratio of the CFRP strengthened conditioned beams to the 

corresponding control beam is 0.93. Therefore, an environmental durability factor of 

0.9 was selected. According to the Italian guidelines [1] and ACI guideline [90] an 

environmental safety factor of 0.85 is recommended for use in aggressive 

environmental conditions. Therefore, the proposed environmental design durability 

factor in this study is within the range of existing guidelines.   

It should be noted that the environmental design durability factor proposed 

here is applicable only where beam failure is expected on the top flange undergoing 

lateral torsional buckling. The failure modes and corresponding ultimate load values 

may be different under bending about the major axis where the lateral movements are 

restrained.  

4.5 CHAPTER SUMMARY 

The experimental section of the present investigation was conducted in three 

series. The failure modes, failure loads, structural behaviour and material behaviour 

of CFRP-strengthened steel structures subjected to accelerated environmental 

conditions were studied, using double-strap joints and universal beam specimens. 

Load vs. displacement, load vs. strain, joint strength, joint stiffness and other relevant 

data were analysed and presented. A summary of the experimental results is 

presented below. 



 

136 Chapter 4: Experimental Results and Analysis 

1. The consistent results obtained for each test group confirmed that the 

specimen preparation and test methods used were maintained at the same 

accuracy level throughout the experimental program.  

2. The selection of the surface preparation method is crucial in CFRP-steel 

strengthening systems. 

3. CFRP can undergo significant colour change when subjected to accelerated 

environmental conditions and significant swelling and softening of outer 

CFRP fibres were observed.  

4. CFRP-steel double-strap joint degradation levels can be predicted using the 

proposed empirical expression. 

5. The bond properties of steel and CFRP are highly dependent on the 

exposure conditions. 

6. Application of a primer coat can enhance the bond properties and durability 

of a CFRP-steel composite system. 

7. Multi-layer CFRP systems perform better under accelerated environmental 

conditions. 

8. An embedded GFRP layer can enhance the durability of a composite 

system. 

9. The shear stress-slip relationships of a CFRP-steel interface are 

significantly affected by the environmental conditioning.  

10. Accelerated environmental conditions can result in the reduction of the 

load-carrying capacity of CFRP-strengthened beams. 
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11. The proposed environmental factor (0.90) can be used in CFRP-

strengthened beams and is consistent with the Italian and ACI guidelines. 

12. Severe corrosion damage can be expected on the steel surface when both 

CFRP and steel are subjected to marine environments. 
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Chapter 5: Finite Element Modelling 

5.1 INTRODUCTION 

This chapter presents the FE modelling of CFRP-steel composite systems. 

CFRP-steel double strap joints were modelled in ABAQUS 6.14-2 [110]. Full 3D 

models were developed with similar geometry, strengthening parameters and 

boundary conditions as those employed in the experiments, and ABAQUS/implicit 

was used to simulate the quasi-static tensile loading. 

5.2 DEVELOPMENT OF FINITE ELEMENT MODELS 

All the developed FE models consisted of two steel segments with identical 

steel cross sections (25 mm×6 mm) and adhesive layer followed by CFRP layers. 

One face was fixed by applying the required displacement and rotation boundary 

conditions. The joint was created by defining separate part instances and assembling 

them to simulate the double-strap joint. The adhesive layer was modelled on the steel 

segments followed by the CFRP layer. Surface-to-surface tie contacts were used to 

define the contact between the different parts. These tie constraints were capable of 

transferring the applied tensile load between the modelled layers without sliding. The 

tensile load was applied as a displacement to the free end of the steel part. Figures 

5.1 and 5.2 show some key parts and features of the developed FE models.  

A total of 14 models were developed to study the structural behaviour of 

CFRP-steel double strap joints. Model identification and CFRP layer arrangements in 

FE models are given in Table 5.1. 
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Figure 5.1: Parts of FE model 

Figure 5.2: Boundary conditions 
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Table 5.1: FE model identification and CFRP layer arrangement 

 
 
 
 
 
 
 
 

 

 

 

 

5.2.1 Element types 

The selection of the appropriate element type for each modelled part is critical 

in composite modelling. The results can have a significant effect depending on the 

element type used in the simulation. It is always a challenging task to simulate the 

behaviour of composite materials accurately because these composites involve 

various types of failure modes. Cohesive elements have been used successfully in 

numerical simulations to model adhesive layers [17, 18, 96, 98] to overcome most of 

the difficulties. In the present simulation, the adhesive layer was modelled using 8-

node-3-D cohesive element (COH3D8) available in the ABAQUS element library. 

CFRP layers were modelled with 8-node quadrilateral continuum shell elements 

(SC8R). This type of element was used in previous research to successfully model 

CFRP composite damage failure [17]. Steel was modelled using 8-node linear brick 

elements with reduced integration and hourglass control (C3D8R). 

5.2.2 Material models 

Steel was modelled using an isotropic classic metal plasticity model to consider 

the elastic-plastic behaviour of steel. This material model has been successfully 

Model identification CFRP arrangement 
1LCF-CS One longitudinal CFRP layer 
2LCF-CS Two longitudinal CFRP layers 
3LCF-CS Three longitudinal CFRP layers 
4LCF-CS Four longitudinal CFRP layers 
5LCF-CS Five longitudinal CFRP layers 
1LCF-A 

One longitudinal CFRP layer 1LCF-B 
1LCF-C 
2LCF-A 

Two longitudinal CFRP layers 2LCF-B 
2LCF-C 
3LCF-A 

Three longitudinal CFRP layers 3LCF-B 
3LCF-C 
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employed in numerical simulations by various researchers. As reported in the 

literature [68, 102, 111, 112], most of the CFRP-steel composite systems show 

debonding failure mode. It was observed in the present research that CFRP 

composite material can also undergo rupture failure due to accelerated environmental 

conditions. To accurately simulate both types of failure modes, two approaches were 

taken as described below. 

Cohesive zone modelling 

Accurate modelling of the adhesive layer is a vital aspect in simulating the 

bonded joints. The results depend very much on the input properties of the adhesive 

for debonding failure. To accurately model the interface between CFRP and steel, the 

epoxy adhesive layer was modelled using particular types of elements known as 

cohesive elements with 0.1 mm thickness. The failure of the modelled cohesive 

elements was defined based on traction-separation law available in ABAQUS [113]. 

Traction-separation law defines the stress failure criteria of the cohesive zone using 

the following equation [113], 

�𝑡𝑛𝑁�
2

+ �𝑡𝑠𝑆 �
2

+ �𝑡𝑡𝑇�
2

= 1   (5.1) 

where, tn, ts and tt are traction stresses in normal, first and second directions of 

the adhesive layer respectively, and N, S and T are the maximum nominal stresses of 

the adhesive layer in normal and two shear directions respectively. The traction 

stresses are calculated using Equation 5.2, in which, 𝛿𝑛, 𝛿𝑠 and 𝛿𝑡 are corresponding 

separations and 𝑘𝑖𝑖 are the stiffness in corresponding directions. 
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𝛿𝑠
𝛿𝑡
�   (5.2) 
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Once the degradation process of the adhesive material begins, the material 

stiffness is subjected to degradation using the damage variable 𝑑 given in Equation 

5.3. Exponential softening damage evolution was used in this FE modelling. 

𝑑 = 1 − � 𝛿𝑚0

𝛿𝑚𝑚𝑚𝑚� �1 −
1−exp (−𝛼�𝛿𝑚

𝑚𝑚𝑚−𝛿𝑚
0

𝛿𝑚
𝑓 −𝛿𝑚

0
�)

1−exp (−𝛼)
�  (5.3) 

In the above equation, 𝛿𝑚0  = effective displacement at damage initiation, 𝛿𝑚𝑚𝑚𝑚 = 

maximum effective displacement attained during loading history, 𝛿𝑚
𝑓  = effective 

displacement at complete failure, 𝛼 = non dimensional damage evolution parameter 

and  exp(𝑥) is the exponential function. Displacement type damage evolution was 

used having exponential softening coefficient of 8. Displacements at failure were 

ranged from 0.0001 mm to 0.0015 mm. 

CFRP damage modelling 

As observed during the tensile tests, there were two main types of failure 

modes; (i) adhesive-steel interface debonding and (ii) CFRP fibre rupture. It is 

crucial to take this into account in numerical modelling to predict failure behaviour 

accurately. The linear-elastic brittle behaviour of normal modulus CFRP material can 

be accurately modelled using the material models available in ABAQUS. Most of the 

FE models developed have used the facility of damage initiation propagation criteria 

to simulate CFRP failure behaviour. To account for the CFRP composite failure 

modes in the current simulation, Hashin damage criteria [114, 115] were used with 

energy-type damage evolution and linear softening. By adopting this material model, 

the plasticity of the CFRP composite is neglected, and material damage is detected 

and characterised based on the material stiffness reductions. This damage model in 

ABAQUS is capable of modelling the damage and the failure modes of composite 

materials. Four different CFRP failure modes can be modelled using the input 
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parameters. These failure modes are (i) fibre rupture in tension (ii) fibre buckling and 

kinking under compression (iii) matrix cracking under transverse tension and 

shearing and (iv) matrix crushing under transverse tension and shearing. These 

approaches resulted in a more accurate validation of the numerical models with the 

experimental data. 

5.3 MATERIAL PROPERTIES IN FE ANALYSIS 

The values used for steel, adhesive and CFRP are listed in Table 5.2. 

Table 5.2: Material properties used in FE models 

Material Parameter Value 

Steel 

ρst (kgm-3) 7850 
Est (GPa) 200 
Fy (MPa) 352 

ν 0.3 
 

CFRP 

ρCFRP (kgm-3) 1807 
ECFRP (GPa) 150 

σt,xx,CFRP (MPa) 970 
σt,yy,CFRP (MPa) 271 
σc,xx,CFRP (MPa) 292 
σc,yy,CFRP (MPa) 292 
τ xx,CFRP (MPa) 166 
τ yy,CFRP (MPa) 133 

   

Adhesive 

ΡAD (kgm-3) 1100 
EAD (GPa) 2.25 
XAD (MPa) 3.8-7.0 

knn (GPa/mm) 1.3 
kss=ktt (GPa/mm) 0.65 

 

5.4 VALIDATION OF FINITE ELEMENT MODELS 

5.4.1 Ultimate loads 

The developed FE models were validated using the experimental results. The 

experimentally-measured ultimate loads were compared with the ultimate loads 

obtained from the FE simulation. Table 5.3 compares the FE results with the 
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experimental results and it is evident that both sets of results compare well. The 

ratios of (𝑃𝑈,𝐹𝐹 𝑃𝑈,𝑒𝑒𝑒⁄ ) are very close to unity with the coefficient of variation 0.01. 

The results show that the joint capacities are greatly dependent on the exposure 

conditions. 

Table 5.3: Comparison of failure loads 

Model 
identification 

Experimental failure 
load (𝑃𝑈,𝑒𝑒𝑒) 

FE failure load 
(𝑃𝑈,𝐹𝐹) 

(𝑃𝑈,𝐹𝐹 𝑃𝑈,𝑒𝑒𝑒⁄ ) 

1LCF-CS 12.2 11.9 1.03 
2LCF-CS 18.1 18.9 0.96 
3LCF-CS 21.9 22.0 1.00 
1LCF-A 9.9 9.8 1.01 
1LCF-B 6.0 6.0 1.00 
1LCF-C 4.1 4.1 1.00 
2LCF-A 18.6 18.6 1.00 
2LCF-B 14.5 14.5 1.00 
2LCF-C 13.2 13.2 1.00 
3LCF-A 22.6 22.5 1.00 
3LCF-B 20.5 20.3 1.01 
3LCF-C 18.2 18.1 1.01 

 Mean 1.00 
COV 0.01 

 

5.4.2 Load vs. axial displacement response 

The load vs. axial displacement obtained from the developed FE models were 

compared with those from the experimental results. The validation of 2LCF-A and 

3LCF-B were not considered since these specimens behaved similarly to their control 

specimens. 

Validation of models: control specimens 

Comparisons between numerically and experimentally-obtained load vs. axial 

displacement behaviours of the control specimens are shown in Figures 5.3 to 5.5. It 

is evident from these figures that there is a good agreement between the simulated 

and experimental results for the load vs. axial displacement responses.  
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Figure 5.3: Validation of 1LCF-CS models  

Figure 5.4: Validation of 2LCF-CS models 
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Validation of models: 1LCF after exposure 

Comparisons between the numerically- and experimentally-obtained load vs. 

axial displacement behaviour of the 1LCF specimens after exposure are shown in 

Figures 5.6 to 5.8. The models are capable of successfully simulating CFRP damage 

at failure. It is evident from these figures that there is good agreement between the 

simulated and experimental results for the load vs. axial displacement responses.  
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Figure 5.5: Validation of 3LCF-CS models  
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Figure 5.6: Validation of 1LCF-A models  

Figure 5.7: Validation of 1LCF-B models  
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Validation of models: 2LCF after exposure 

Comparisons between numerically and experimentally-obtained load vs. axial 

displacement behaviour of 2LCF specimens after exposure are shown in Figures 5.9 

and 5.10. The models are capable of successfully simulating CFRP damage at failure. 

It is evident from these figures that there is good agreement between the simulated 

and experimental results for the load vs. axial displacement responses.  
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Figure 5.8: Validation of 1LCF-C models  
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Figure 5.9: Validation of 2LCF-B models  
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Figure 5.10: Validation of 2LCF-C models  
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Validation of models: 3LCF specimens after exposure 

Comparisons between numerically- and experimentally-obtained load vs. axial 

displacement behaviour of 3LCF specimens after exposure are shown in Figures 5.11 

and 5.12. The models are capable of successfully simulating CFRP damage at failure. 

It is evident from these figures that there is good agreement between the simulated 

and experimental results for the load vs. axial displacement responses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: Validation of 3LCF-B models 
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5.4.3 Failure modes 

Figure 5.13 shows a comparison of the numerically-simulated and 

experimental failure modes. Observations made in the experiments during the failure 

of control specimens revealed that the opening of a gap at the joint location, and the 

FE models are capable of successfully capturing that effect. The tested specimens 

showed complete debonding of CFRP from the steel surface after failure. Figure 5.14 

shows the simulated adhesive failure in FE models. Numerically obtained failure 

modes are in good agreement with the corresponding  failure modes observed in the 

experiments. 

 

 

 

0.0 0.5 1.0 1.5 2.0
0

5

10

15

20

Lo
ad

 (k
N)

Axial displacement (mm)

 3LCF-C (Exp)
 FE

Figure 5.12: Validation of 3LCF-C models 
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Figure 5.14: Adhesive failure 

Figure 5.13: Comparison of failure modes 

(a) Before failure (b) After failure 

 Before failure  After failure 

(a) Debonding failure - experimental 

(b) Debonding failure - numerical 
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5.4.4 CFRP stress at failure 

Table 5.4 compares calculated and numerically-simulated CFRP composite 

stresses at failure. CFRP composite stresses were calculated based on the 

experimental failure loads. CFRP stress levels at failure were evaluated using a 

cross-sectional analysis of failed joint specimens. The CFRP composite average 

thicknesses were 0.7 mm, 1.4 mm and 2.1 mm for 1L, 2L and 3L respectively. The 

width of CFRP was 25 mm in this experiment. The comparison shows that the 

numerically-obtained CFRP stress levels are in good agreement with the 

experimental results. The ratios of (𝜎𝐶𝐶𝐶𝐶,𝐹𝐹 𝜎𝐶𝐶𝐶𝐶,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄ ) are very close to unity 

with the coefficient of variation 0.04. 

Table 5.4: Comparison of CFRP composite stress at failure 

Model Calculated CFRP 
stress at failure 

(MPa) 
(𝜎𝐶𝐶𝐶𝐶,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 

CFRP stress 
from FE model 

(MPa) 
(𝜎𝐶𝐶𝐶𝐶,𝐹𝐹) 

(𝜎𝐶𝐶𝐶𝐶,𝐹𝐹 𝜎𝐶𝐶𝐶𝐶,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄ ) 

1LCF-CS 349 372 1.07 
2LCF-CS 259 279 1.08 
3LCF-CS 209 234 1.12 
1LCF-A 264 263 1.00 
1LCF-B 171 174 1.02 
1LCF-C 119 118 0.99 
2LCF-A 266 279 1.05 
2LCF-B 208 213 1.02 
2LCF-C 189 198 1.05 
3LCF-A 215 234 1.09 
3LCF-B 196 219 1.12 
3LCF-C 173 185 1.07 

 Mean 1.06 
COV 0.04 

 

 

 

 



  

Chapter 5: Finite Element Modelling 155 

5.5 PARAMETRIC STUDY 

Validated FE models were used to evaluate the effect of different parameters 

on the structural behaviour of double-strap joints. The effects of exposure conditions, 

the number of CFRP layers, effective bond length, CFRP degradation level and 

adhesive degradation level were evaluated using joint capacity, adhesive stress at 

failure and CFRP stress at failure as response parameters. 

5.5.1 Effect of exposure condition 

1LCF specimens showed a lower joint capacity under ambient conditions 

compared with two- and three-layered CFRP double strap joints. The joint capacities 

of 2LCF and 3LCF specimens showed 58% and 83% joint capacity increments with 

the use of two and three layers of CFRP, respectively. Joint capacities decreased with 

increased exposure conditions, and the joint capacity reduction was greater with the 

single-layer CFRP specimens. ILCF specimens were highly vulnerable to the 

exposure conditions, and the joint capacity reduction was 66% after 72 h exposure. 

2LCF and 3LCF specimens showed 27% and 17% joint capacity reductions after the 

same exposure conditions. 

Results obtained from the specimens after exposure to environmental 

conditioning indicated that the durability of the joints had increased with the usage of 

multilayer CFRP systems. Further analysis has been carried out to obtain the 

adhesive and CFRP stresses at failure using developed FE models. Figure 5.15 shows 

the variation of adhesive stress after different exposure levels. 1LCF models started 

to show a decrement of the adhesive stress with the increment of exposure 

conditions. 1LCF models showed that the adhesive stresses at failure are reduced 

with the increased exposure duration. This implies that longer exposure durations 

could result in significant composite degradation resulting in a lower joint capacity. 
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Failure adhesive stress levels remained same in 2LCF-CS and 2LCF-A models. 

2LCF-B and 2LCF-C models showed a gradual decrement in adhesive stresses at 

failure. No significant difference in the adhesive stresses at failure was observed in 

3LCF models.  Overall, the analysis of the adhesive stresses implies that the joint 

capacities are greatly affected by the exposure duration. Longer exposure duration 

could lead to lower joint capacities. The effect is significant with single layer CFRP 

systems. Using multi-layer CFRP system can effectively delay the damage 

initialisation.  

 

Figures 5.16 to 5.18 show the numerically obtained CFRP composite stress 

levels at failure. The composite stresses at the failure of 1LCF models are highly 

sensitive to the exposure conditions. Visual inspections of the test specimens showed 

a significant deterioration of the composite in the experiment [116]. CFRP stresses 

obtained from 2LCF and 3LCF models showed that the reductions in failure stress 
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Figure 5.15: Adhesive stresses under different exposure conditions  
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become smaller with increased exposure conditions. This analysis clearly suggests 

that CFRP composite damage can be minimised by using multi-layer CFRP systems. 
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Figure 5.16: CFRP composite stresses under different exposure conditions-
1LCF models 
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Figure 5.18: CFRP composite stress at failure under different exposure 
conditions-3LCF models 
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5.5.2 Effect of number of CFRP layers 

The effect of using multi-layer CFRP systems was investigated using 

developed FE models. The experiments consisted of double-strap joint specimens 

which had a maximum of three CFRP layers. FE models were developed and 

extended to investigate the effect of multi-layer CFRP systems which ranges from 1-

5 layers. Figure 5.19 shows the effect of the number of CFRP layers on the joint 

capacity. Joint capacity is increased with the increment in the number of CFRP 

layers. Maximum joint capacity is reached with three CFRP layers bonded to each 

side of the joint and the same joint capacity is observed in the double-strap joint 

models with four and five CFRP layers. The failure mode of the tested control 

specimens showed adhesive-steel interface debonding failure. This failure mode 

suggest that the joint capacity is mainly attributed to the interface properties of the 

bonded substances. The adhesive shear stress vs. number of CFRP layers was plotted 

to study the interface behaviour of the bonded joints and the results are shown in 

Figure 5.20. 1LCF specimens show a lower adhesive stress compared to the multi-

layer CFRP specimens. Adhesive stress increases with the increment of the number 

of CFRP layers and reaches a plateau with 4LCF specimens. This behaviour explains 

the reason for the optimum joint capacity of the 3LCF specimens. 
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FE models were used to obtain CFRP stresses at failure. Figure 5.21 shows the 

CFRP composite stress variation with the number of CFRP layers. 1LCF model 
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Figure 5.19: Effect of number of CFRP layers on joint capacity 

Figure 5.20: Effect of number of CFRP layers on adhesive stress 
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shows the highest stress of 358 MPa at failure, and a decrement of the composite 

stress was observed when using multi-layer CFRP systems. Composite stresses 

decreased to 279 MPa when using two layers of CFRP. It further decreased to 219 

MPa with three layers of CFRP.  No further significant stress reduction was observed 

in the FE models 4LCF and 5LCF which were developed with four and five CFRP 

layers respectively. This result suggests that maximum joint capacity can be achieved 

using three CFRP layers. Further installation of CFRP layers will not help to increase 

the load carrying capacity of double-strap joints. 

 

 

 

 

 

 

 

 

5.5.3 Effect of CFRP degradation 

Validated FE models were used to investigate the effect of CFRP degradation 

levels on the structural behaviour of CFRP-steel double-strap joints. Figure 5.22 

shows the variation of CFRP stress with CFRP degradation level. It can be seen that 

the CFRP stress remains constant up to 50% degradation level. Once it exceeds 50% 

Figure 5.21: Variation of CFRP composite stress at failure with number of 
CFRP layers 
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of degradation, CFRP stress at failure decreases significantly with increased CFRP 

degradation level. The results show that this behaviour is common for one-layer 

CFRP-steel double-strap joints as well as multi-layer CFRP-steel double-strap joints. 

 

 

 

 

 

 

 

 

 

Figure 5.23 shows the effect of adhesive stress at failure for different CFRP 

degradation levels. Adhesive stress at failure remains constant with the increase of 

CFRP degradation level up to 50% CFRP material degradation. After that, a slight 

increment of adhesive failure stress is observed. This type of stress increment is 

attributed to the CFRP failure at that particular degradation level. Once the CFRP 

material fails, the resultant stresses transfer to the adjacent adhesive layer, resulting 

in a slight increment in the adhesive stress. However, the adhesive stresses remain 

very close to the failure stress at 80% CFRP degradation. Beyond 80% CFRP 

material degradation, the adhesive layer shows a lower stress value. This reduction of 

adhesive stress occurs because of the CFRP fibre failure at a lower stress due to the 
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Figure 5.22: CFRP composite stress at failure for different CFRP 
degradation levels 
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high level of CFRP degradation. The adhesive stresses at failure are directly 

attributed to the reduction in the joint capacities. 

 

 

 

 

 

 

 

 

 

 

5.5.4 Bond lengths for different CFRP degradation levels 

The variation of joint capacity with various bond lengths is shown in Figures 

5.24 to 5.26. Results show that the effective bond length is 80 mm for single layer 

CFRP-steel double-strap joints under ambient conditions. A constant joint capacity 

was achieved with increased bond lengths beyond 80 mm. Double-strap joint models 

showed a reduction in the joint capacity beyond 50% CFRP degradation level. 

However, the effective bond lengths were not affected by the amount of CFRP 

degradation. The effective bond length was found to be around 100 mm for both two- 

and three-layers CFRP-steel double-strap joints.  
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Figure 5.23: Adhesive stress at failure for different CFRP degradation 
levels 
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Figure 5.25: Effect of CFRP degradation level on joint capacity – 2LCF 

Figure 5.24: Effect of CFRP degradation level on joint capacity – 1LCF 
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5.5.5 Effect of adhesive degradation 

Various adhesive degradation levels were simulated using the established 

models to investigate the effects of adhesive degradation levels on CFRP-steel 

double-strap joints. Figure 5.27 shows the variation of joint capacity with adhesive 

degradation. It can be observed that the joint capacity is greatly highly dependent on 

the adhesive strength. Greater adhesive strength can result in higher joint capacities. 

The 1LCF, 2LCF and 3LCF models show that the joint capacity reduces gradually 

with increased adhesive degradation level. Figure 5.28 shows the adhesive stress at 

failure with different adhesive degradation levels. Adhesive stress at joint failure 

shows a reduction with increased adhesive degradation level. This result explains the 

cause of the joint capacity reduction illustrated in Figure 5.27. 
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Figure 5.26: Effect of CFRP degradation level on joint capacity – 3LCF 
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Figure 5.27: Effect of adhesive degradation level on joint capacity 

Figure 5.28: Variation of adhesive stress at failure for different 
adhesive degradation levels 
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5.6 CHAPTER SUMMARY 

This chapter has presented the details of the developed finite element models 

and their validation, followed by a comprehensive parametric study. FE results were 

compared with the experimental data and found to be in good agreement. Adhesive-

CFRP interface failure and CFRP failure modes were successfully modelled. 

The validated models were used to evaluate the effect of relevant parameters 

on the structural behaviour of CFRP-steel double-strap joints. The key response 

parameters were (i) joint capacity, (ii) CFRP composite stress at failure and (iii) 

adhesive stress at failure. The structural behaviour of CFRP-steel double-strap joints 

subjected to accelerated environmental conditions was studied by varying the 

relevant input parameters. The effects of (i) number of CFRP layers, (ii) bond length 

for different degradation levels, (iii) CFRP degradation level and (iv) adhesive 

degradation level were evaluated. 
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Chapter 6: Conclusions and 
Recommendations for Future 
Research 

6.1 SUMMARY OF RESEARCH 

This thesis has reported the results of a durability study of CFRP-strengthened 

steel structures under accelerated environmental conditions. The experimental 

program consisted of three test series. The first and the second series studied the 

bond properties and associated failure modes of CFRP-steel double-strap joints under 

accelerated environmental conditions. Based on the results of the first two test series, 

finite element models were developed and validated. The validated models were then 

used to carry out a comprehensive parametric study to evaluate the effects of bond-

related properties which affect the long-term durability of CFRP-steel bonded joints. 

The third test series evaluated the effectiveness of CFRP-strengthened beams under 

accelerated environmental conditions and the associated failure modes.  

The main contribution of this thesis is the addition of new knowledge to the 

field of strengthening systems related to durability of CFRP-steel systems. 

Investigated bond properties and associated failure modes of degraded composite 

systems using CFRP-steel double strap joints/universal beam specimens showed that 

there can be significant difference in the bond properties and failure modes compared 

with those at ambient environmental conditions. Identified failure modes and bond 

properties can be used to asses and predict the structural behaviour of degraded 

CFRP-steel strengthening systems. Developed shear stress-slip models will help in 

the understanding of the structural behaviour of degraded CFRP-steel composite 

systems. Developed FE models can be effectively used to study the structural 
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behaviour of degraded CFRP-steel strengthening systems. Carried out parametric 

study using FE models evaluated the effects of critical parameters on the structural 

behaviour of degraded CFRP-steel composite systems.  

6.2 CONCLUSIONS  

Based on the results of the experimental program and FE modelling, the following 

conclusions are drawn: 

1. Sandblasting is the most efficient and economical surface preparation 

method for an adhesively-bonded CFRP-steel surface considering the 

load-carrying capacity under tensile loading. Aluminium grit-blasting 

slightly enhances the performance of the CFRP-steel interface 

compared to sandblasting. Optimum bond performance cannot be 

achieved using mechanical grinding as a surface preparation method. 

2. The application of a primer coat prior to installation of CFRP systems 

improves the bond properties of adhesively-bonded CFRP-steel joints 

leading to enhancement of the load-carrying capacity. Inspection of the 

failure surface showed no corrosion activity within the steel surface. In 

the long term, a primer layer is capable of delaying the damage 

initiation of CFRP-bonded joints under marine environmental 

conditions by acting as a barrier to protect the bonded steel surface 

from moisture ingress. 

3. The stiffness and strength of adhesively-bonded CFRP-steel double-

strap joints are significantly affected by the simulated marine 

environmental conditions. Reduction in the stiffness does not depend on 

the exposure duration. On the contrary, the joint strength is significantly 
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dependent on the exposure duration. The reduction in stiffness of one- 

and two-layered CFRP-steel double-strap joints was 32% after three 

days of exposure to the accelerated environmental conditions and 20% 

for joints fabricated with three CFRP layers. The reductions in stiffness 

and strength were primarily due to deterioration of the CFRP composite 

layer as a result of moisture ingress and CFRP material deterioration. 

4. Three types of failure mode were observed in the tested CFRP-steel 

double strap specimens: (i) steel-adhesive interface debonding, (ii) 

CFRP fibre rupture and (iii) mixed mode failure (a combination of (i) 

and (ii)). The failure modes and failure loads are significantly 

dependent on the CFRP deterioration level. A large amount of CFRP 

deterioration can lead to a lower load carrying capacity of CFRP-steel 

double-strap joints undergoing CFRP rupture failure. 

5. Embedded GFRP layers enhance the durability of a composite system. 

However, the comparison of joint strengths showed that optimum 

structural performance cannot be achieved using embedded GFRP 

layers in CFRP-steel composite systems. Analysis of the GFRP-steel 

bonded interface showed lower bond strength compared to the CFRP-

steel bonded interface under ambient conditions and this lower bond 

strength leads to the lower load-carrying capacity of double-strap joints 

with an embedded GFRP layer.  

6. Multi-layer CFRP systems effectively improve structural performance 

as well as the durability of CFRP-steel strengthened double strap-joints. 

The bond properties are governed by the innermost CFRP layer. In a 

multi-layer system, the inner fibres are protected by the outer CFRP 
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layers. Therefore, additional CFRP layers are effective in a multi-layer 

composite CFRP-steel strengthening system. Three-layer CFRP double-

strap joints show the optimum load-carrying capacity, and the 

installation of further CFRP layers does not increase the load carrying 

capacity of CFRP-steel double-strap joints. Analysis of adhesive stress 

levels showed that they reached the maximum limit with this CFRP 

configuration. As a result, the joint capacities were not significantly 

affected by additional CFRP layers beyond the first three layers.  

7. Effective bond lengths were found to be 80 mm and 100 mm for single-

layer and multi-layer degraded CFRP-steel double-strap joints 

respectively. Single-layer CFRP-steel double-strap joints showed CFRP 

rupture failure beyond 80 mm bond lengths, indicating that CFRP 

material degradation can be significant in single-layer CFRP-steel 

systems. Two-layer CFRP-steel double-strap joints showed steel-

adhesive interface debonding beyond 100 mm bond lengths, confirming 

that multi-layer CFRP systems can delay damage initiation under 

accelerated environmental conditions.  

8. The effect of CFRP material degradation on joint capacities was not 

prominent up to 50% CFRP material degradation. Significant 

reductions of joint capacities were observed beyond 50% CFRP 

material degradation, resulting in CFRP rupture failure. Joint capacities 

significantly depended on the adhesive degradation levels. Lower 

adhesive strengths resulted in lower joint capacities of CFRP-steel 

double-strap joints undergoing debonding failure. 
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9. CFRP-steel double-strap joints showed a reduction in load-carrying 

capacity after exposure to simulated marine environmental conditions. 

Analysis of the shear stress-slip relationships of degraded CFRP-steel 

double-strap joints showed a reduction in peak shear stress compared to 

that under ambient conditions. CFRP composite material degradation 

significantly affected the shear stress-slip behaviour of CFRP-steel 

double-strap joints. The shear stress-slip response was approximated by 

a bi-linear bond-slip model.  

10. The failure load of CFRP-strengthened beams after exposure to 

accelerated environmental conditions showed a reduction in load-

carrying capacity. Inspection of the exposed CFRP surface showed 

significant colour change and softening of outer fibres, indicating CFRP 

deterioration. The observed CFRP deterioration level did not have a 

significant effect on the failure modes of the beams, which was lateral 

torsional buckling. 

6.3 FUTURE RESEARCH 

Although the work presented in this thesis has addressed a wide range of 

parameters related to the durability of CFRP-steel composite systems, further 

research is needed to quantify the effects of environmental conditions on the 

durability of CFRP-steel strengthening systems. Accelerated environmental tests are 

widely used to evaluate the long-term durability of CFRP-steel composite 

strengthening systems. This research has shown that CFRP composite material may 

undergo severe deterioration under accelerated environmental conditions. The bond 

properties are significantly affected by the accelerated environmental conditions, 

leading to lower load-carrying capacity and change in the failure modes. Future 
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research should focus on the durability of CFRP-steel composite systems to quantify 

the deterioration of CFRP material during the design life of strengthening systems. 

The following topics are recommended for future research: 

• Durability performance and structural behaviour of CFRP-strengthened 

steel beams and investigation of the associated failure modes. 

• Durability performance and structural behaviour of CFRP-strengthened 

axially-loaded steel columns and investigation of the associated failure 

modes. 

• Effect of localised material degradation on the structural behaviour of 

CFRP-steel composite systems and evaluation of associated failure 

modes. 

• Development and validation of theoretical models to predict the 

deterioration of CFRP-steel strengthening systems under different 

environmental conditions. 

• Structural behaviour of degraded CFRP-steel composite systems and 

failure modes under dynamic loading conditions. 

• Effects of sustained load levels on the structural behaviour of degraded 

CFRP-steel composite systems. 
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Appendices  

Appendix A 

CFRP strengthening procedure 

 

Figure A1: Sandblasted specimens cleaned with acetone 

Figure A2: Application of primer coat 
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Figure A3: Application of epoxy-adhesive 

Figure A4: CFRP installation 

Figure A5: Completed CFRP-steel double strap joint specimens  
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Appendix B 

Manufacturer provided Material properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table B1: MBrace P3500 
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Table B2: MBrace P4500 
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Table B3: CFRP material properties 

Table B4: GFRP material properties 
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Appendix C 

Material test data 

Table C1: CFRP coupons test data 

Coupon number Dimensions (mm) 
(Thickness×Width×Length) 

Ultimate load 
(kN) 

Ultimate axial 
extension (mm) 

1 15.76×1.01×138 16.1 6.2 
2 15.36×1.13×138 15.7 5.6 
3 15.22×1.02×138 14.9 6.1 
4 15.25×1.05×138 15.5 5.3 
5 15.32×1.04×138 16.4 5.8 

 

 

Table C2: Steel coupons test data 

Coupon number Young's Modulus 
(GPa) 

Yield Strength (0.2 %) 
(MPa) 

Ultimate Tensile 
Strength (MPa) 

1 208 353.34 380.38 
2 211 354.65 387.54 
3 227 348.34 376.21 

 

 

 

Figure C1: Failure modes of CFRP coupons 
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