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ABSTRACT 

Fiber reinforced polymer (FRP) composites have been widely applied in many fields such as 

the aerospace industry for many years. Compared with steel which is a commonly used 

modern construction material, the FRP composites have the advantages of excellent 

corrosion resistance and high strength-to-weight ratio. The corrosion resistance of FRP can 

benefit the long-term performance of reinforced structures, while the high strength-to-weight 

ratio leads to great ease in site handling, which reduces labor cost and interruptions to 

existing services. While a large number of studies have been conducted for the short-term 

performance of FRP- strengthened reinforced concrete (RC) structures, uncertainty is still 

remaining in their long-term performance. Indeed, lack of proper understanding of the 

durability of the FRP-strengthened RC structures has in return impeded a wider adoption of 

this technique in practice. 

 

In this present study, the long-term performance of FRP-to-concrete interfaces and FRP-

strengthened RC beams subjected to accelerated wet-dry cycles, which simulate a sub-

tropical environment, is investigated. The thesis consists of four parts of work: (1) 

Evaluation of the degradation of materials used in the FRP-strengthened RC structures to 

provide a reference for the following durability study on FRP-to-concrete interfaces and 

FRP-strengthened RC beams. The concrete, FRP composites and adhesive materials were 

tested after 8 months of accelerated dry-wet cycle exposure. (2) Examination of the long-

term performance on FRP-to-concrete interfaces subjected to accelerated wet-dry cycle 

exposure, with the aim to establish a series of exposure-based interfacial bond-slip models; 

(3) Assessment of the durability of FRP-strengthened RC beams, which experienced 8 

months of accelerated dry-wet cycle exposure. Finite Element (FE) analysis was conducted 

to simulate their mechanical performance with due consideration of the degradation of 

materials and FRP-to-concrete interfaces; (4) The long-term performance of FRP-

strengthened RC beams under sustained load. Four beams were loaded under two different 
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load levels for 9 months and the beam deflections were continuously measured using the 

fiber optic sensing technique. FE simulations were also conducted to reproduce the time-

dependent beam deflections in comparison with the test results. Static loading tests were also 

conducted on the beams at the end of the sustained loading.  

 

The following findings have been obtained from the above studies: Degradations were 

observed in FRP-to-concrete interface after 8-month exposure, while their degree varied in 

different types of FRP systems. The proposed exposure-dependent bond-slip model gave a 

good prediction of the degraded bond behavior; (b) The load capacity of FRP-strengthened 

RC beams decreased by 1.4% to 10.8% after 8-month exposure in wet-dry cycles, while 

increase in stiffness of beams was also observed; (c) Carbon FRP (CFRP)-strengthened RC 

beams were subjected to 300 days sustained loading. The time dependent deflections were 

1.76~2.60 times the instantaneous deflections. However, no significant change was observed 

on the load-carrying capacity of the strengthened beams after the sustained loading 

regardless of the sustained load levels. (d) The FE models developed in this study with the 

implementation of appropriate bond-slip models of the FRP-to-concrete interface, can 

effectively predict the long-term behavior of FRP-strengthened RC beams with due 

consideration of the effects of weathering and sustained loading. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 GENERAL 

 

Fiber-reinforced polymer (FRP) composites are formed by embedding continuous fibers in a 

resin matrix that binds the fibers together. Common FRP composites include glass fiber-

reinforce polymer (GFRP), carbon fiber-reinforced polymer (CFRP), and aramid fiber-

reinforced polymer (AFRP). Compared with steel which is a commonly used modern 

construction material, the FRP composites have many advantages, including excellent 

corrosion resistance and high strength-to-weight ratio. The corrosion resistance of FRP can 

benefit the long-term performance of reinforced structures, while the high strength-to-weight 

ratio leads to great ease in site handling and reduces labor cost and interruptions to existing 

services (Teng et al. 2002; Bank 2006). Due to these superior material properties, FRP 

composites have been widely applied in many fields such as the aerospace industry. The FRP 

composites embraced wide applications in constructions due to reduction of the price and an 

increasing recognition of their advantages, as well as the extremely increasing rehabilitating 

requirement for aged structures which are suffering continuous degradation in the past 

twenty years around the world (Teng et al, 2002; Holloway and Teng 2008). The FRP 

composites have been applied in many aspects of civil engineering, including (Chen et al. 

2010): (a) retrofitting/strengthening of existing structures by bonding/wrapping to existing 

reinforced concrete (RC) structures; (b) replacing conventional construction materials in the 

construction of new structures, such as FRP bars, cables and profiles; (c) combined use with 

conventional materials (e.g., steel and concrete) to create hybrid structures, such as concrete-

filled FRP tubes. 

 

In general, there are two major types of applications for externally bonded FRP systems: 
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contact-critical applications (e.g., FRP confinement of RC columns) and bond-critical 

applications (e.g., FRP flexural /shear strengthening). The present study is concerned with 

the latter type. A bond-critical FRP system consists of five components: (a) the concrete 

layer; (b) FRP composites; (c) resins between the concrete and FRP composite and (d) 

interfaces between them (Figure 1-1). When FRP systems are used as flexural strengthening 

systems in RC beams, the FRP laminates are always attached on the tension flange of the 

beams to provide additional tension capacity, while the adhesive layer transfers shear stress 

between the concrete and FRP composites, so that all the components work simultaneously 

as a hybrid section.  

 

Figure 1-1 Components of the FRP-to-concrete interface 

 

In reality, the components of interface are exposed to environmental conditions. The ambient 

environment can interact with the interfaces directly or indirectly. For example, moisture can 

penetrate into the interfaces through cracks and voids, and high temperature could affect the 

interfaces via heat transition or radiations. The components and interfaces can hardly forever 

retain their properties subjected to continuous environmental effects, i.e. degradation is 

supposed to occur within them; as a result, the FRP-to-concrete interface suffers 

deterioration in its performance, which can be detrimental due to loss of normal functions. 

The greater the degradation over time, the lower the structures’ load-carrying capacity will 

Concrete layer 

Resin layer 

FRP composites 
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be. Therefore, the durability of the bond should be a critically important issue to be 

considered. The present thesis will be limited to RC beams strengthened in flexure, for 

whose research outcomes, particularly the exposure-dependent bond-slip model, will also 

have direct applications in predicting the long-term behavior of other bond-critical FRP-

strengthened RC systems. 

 

While a large number of studies have been conducted for the short-term performance of 

FRP-strengthened RC structures, uncertainty is still remaining in their long-term 

performance. The lack of proper understanding for the durability of the strengthened RC 

structures has impeded the wider adoption of FRP strengthening technology as it can lead to 

skepticism and lack of confidence in the technology. Therefore, for a wider adoption of the 

technology in a humid subtropical environment, the effect of the local humid subtropical 

climate on bond durability must be properly understood and assessed. 

 

1.2 ENVIRONMENTAL EXPOSURE CONDITIONS 

 

Most existing research on the durability of FRP-strengthened RC members is in terms of the 

environmental exposure conditions that have a significant effect on their long-term 

performance. These conditions include: (1) moisture (water and salt solutions); (2) alkaline 

environment; (3) extreme temperature and thermal cycling; (4) low temperature and freezing 

and thawing; and (5) ultra violet (UV) radiation. In the subtropical climate, the main features 

of environment include a large amount of annual rainfall and significant seasonable 

variations in temperature, as well as high level UV radiation. Therefore, the effects of 

moisture, thermal cycling and UV radiation are the main concerns in terms of durability of 

FRP-strengthened RC structures in the humid subtropical climate. Since it has been well 

established that the effect of ultra violet can be excluded or minimized by applying a layer of 

coating on the surface of FRP (Karbhari et al. 2013), the present study is then focused on the 
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effects of combined moisture and thermal cycling on the long-term performance of bond-

critical FRP-strengthened RC systems in humid subtropical climates and the predictive 

modeling of these effects. 

 

A wide variety of studies on the effects of moisture and temperature have been conducted 

using different exposure schemes. In general, these schemes include: (1) FRP types (e.g., 

CFRP, GFRP and AFRP); (2) Resin types (e.g., epoxies, polyesters and vinylesters); (3) 

Solution types including pure water, salt water and alkaline solution (Karbhari and Zhao 

1998; Leung et al 2001; Wan et al. 2006; Silva and Biscasia 2008); (4) exposure period; (5) 

types of exposures, such as fully immersion or 100% humidity (Grace and Singh 2005), wet-

dry cycles (Chajes et al. 1995; Toutanji and Gomez 1997; Mukhopadhyaya et al. 1998; Sen 

et al. 1999; Leung et al. 2001; Almusallam et al. 2006; Dai et al. 2008) and field exposure 

(Sen et al. 1999; Almusallam et al. 2006)). In particular, Sen et al. (1999) evaluated bond 

degradation under various exposure conditions and reported that the dry/wet cycle is the 

most severe factor leading to bond degradation. Due to the relatively short history of the 

FRP strengthening technology and the time and cost involved in conducting a larger number 

of field exposure tests, existing field exposure data are neither sufficient nor detailed enough 

to gain a good understanding of the bond durability of bond-critical FRP-strengthened RC 

systems and to develop design models. Indeed, given the diversity of climate and the 

associated environmental exposure conditions, the diversity of materials available for FRP 

strengthening and the time scale involved, the development of reliable empirical durability 

design models based on field exposure tests is generally unfeasible. As a result, existing 

durability researches on FRP-strengthened RC systems have been dominated by accelerated 

laboratory tests based on an empirical approach.  

 

1.3 EFFECTS OF MOISTURE ON MATERIAL COMPONENTS OF FRP-

TO-CONCRETE INTERFACES 
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Before exploring the interfacial issues of FRP-to-concrete interface, it is essential to evaluate 

the characteristics of fundamental components. In this session, the materials used in the FRP 

system are introduced and the related in-service properties are discussed. 

 

1.3.1 Resins 

The polyesters, epoxies and vinyl-esters are the most common thermal-setting matrices 

which are adopted for manufacturing FRP composites. The polymers are manufactured by 

polymerization (Hollaway 2010), by which the polymers obtain the properties of high-

modulus of elasticity and high tensile strength. The matrices are cross-linked formed by 

network molecular structure; therefore, these resins could be formed under heat and they do 

not melt or soften upon reheating once formed. Also, the resins generally have good 

resistance to solvents. Resin adhesives are often composed of two parts: the resin and curing 

agent. One important thing is that the resins must be mixed in a correct mix ratio. The two 

parts need to co-react in a fixed ratio for a complete reaction; otherwise, un-reacted resin or 

curing agent will remain within the matrix, which will affect the properties of the polymer 

after cure. There are two methods to polymerize a thermosetting polymer, which are cold 

cured systems and hot cured systems. The former one is widely adopted since the resin can 

be cured at ambient temperature on site (generally 10-30°C). However, relatively long 

curing time is needed and the physical properties are not mature without a post-curing 

process, which unfortunately is generally omitted on site. By the contrast, the latter one has a 

restricted curing temperature process (e.g., elevated temperatures of the order of 130 °C), 

which generally can only be realized in an automated production factory.  

 

For thermosetting polymers such as epoxies, the glass transition temperature (Tg) is an 

important in-service property. The Tg is defined as the temperature at which the physical 

properties of an amorphous or an amorphous/crystalline polymer vary from a solid phase 

(brittle of glassy state) to a liquid phase (rubbery state).  The phase change of the polymer is 
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over a finite temperature range and the Tg is the mid-point of this range. Polymers below the 

Tg are rigid, which have both stiffness and strength; while polymers above the Tg are soft 

elastomers or viscous liquids and have no stiffness or strength. Considering such properties 

of resins, it is recommended that the working conditions should be 20°C below the glass 

transition temperature especially for cold cured systems (Hollaway 2010). For hot cured 

composites, the glass transition temperature could reach 200 °C, while the cold cured 

systems have a much lower Tg, which normally does not exceed 100°C. However, the Tg of 

some cold cured composites can be increased by further post curing the polymer at a higher 

temperature, but there exists a maximum value in Tg regardless the post cure temperature. 

 

The durability of polymers is a function of the aggressive environments and time. One of the 

major concerns is the ingress of moisture and aqueous solutions or the contact with an 

alkaline environment. As for the corrosion effects of moisture, both physical and chemical 

interactions are included. The absorption of the moisture will cause plasticization, 

saponification or hydrolysis in polymers due to interruption of weak (Van der Walls) 

bonding between polymer chains (Hollaway 2010). Resins subjected to long-term moist 

exposure may degrade in strength, stiffness and toughness. The effect of moisture on the 

resin matrix could be reversible or irreversible depending upon the chemical composition of 

the specific resins. Usually, the resin deterioration is linked with the water content, however 

many other factors may have contributions to the degradation. The polymer permeability, or 

barrier property of polymers, determines the ability of moisture resistance of polymers. 

Haque et al. (2003), Liu et al. (2005), Hackman and Hollaway (2006) reported that the 

ingress of moisture would permeate through polymers over time particularly if the polymer 

is permanently immersed in water or salt solutions. A fully curing process can improve the 

barrier property of polymers largely by advantage of a high-degree of cross-linking structure. 

Another effective method to improve the barrier property of the polymers is to apply an 

additive coating layer to the matrix (Van Ooij et al. 2005).  
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1.3.2 Fibers 

Three types of fibers are most often used in the construction industry, which are the glass, 

the carbon and the aramid fibers. The three types of fibers have very different stiffness and 

ultimate strength, while each type of fiber has several different sub-types with different 

mechanical properties. Various types and mechanical properties of these fibers were 

discussed in detail by Hollaway and Head (2001). As for the durability of fibers subjected to 

moisture, (a) carbon fibers have good resistance to moisture ingress (Ceroni et al. 2006); on 

the contrary, (b) glass fibers are very susceptible to alkaline solvents and strong acidic 

environments due to the presence of silica in fibers (Mufti et al. 2005; Jones and Chandler 

1985). The main reactions in an alkaline environment include pitting, hydroxylation, 

hydrolysis, and leaching (Hollaway 2010). Chloride ions will also corrode the glass fibers 

through dissolving the surface of fibers. Moisture can readily ingress into fibers and 

exacerbate the microscopic cracks and defects on the surface of fibers; as a result, the tensile 

strength of fibers decreases. In addition, the glass fibers have the high ratios of surface area 

to the weight, which however aggravate to some extent the corrosion. Similarly, (c) 

reduction in tensile strength were also observed in aramid fibers when exposed to an alkaline 

environment (Uomoto and Nishimura 1999) 

 

1.3.3 Fiber reinforced polymers (FRP) 

The primary aim of a fiber reinforced polymer is to provide an average behavior of the 

composite to make the component materials efficiently functioned. Besides the basic 

properties of resins and fibers, the mechanical performance of FRP composites is highly 

dependent upon the quality of the fiber-matrix interface. This interface provides physical and 

chemical connection between the fiber and the polymer, thus its characteristics will also 

affect the durability performance of the composite. The ingress of moisture into this 

interface will weaken the bond between the fibers and the matrix, which as a result, impedes 

the components working compositely. Therefore, if a composite is composed of matrix and 

fibers which are moisture-permeable or solvent susceptible respectively, it is supposed to 
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suffer more severe durability problems. Matthews and Rawlings (1999) reported that the 

fiber to polymer tensile strength ratio, which represents the sensitivity of the composite to 

matrix properties, is the dependent factor of corrosion resistance of FRP composites against 

moisture. CFRP composites have a much higher strength ratio than that of GFRP, which 

makes them less susceptible to moist corrosion. Many field exposure tests and accelerated 

tests were conducted to evaluate the durability of FRP composites (e.g., Katsuki et al. 1997; 

Uomoto 2001), which can be summarized as follows: (a) CFRP composites have good 

durability characteristics; (b) AFRP composites have good solvent corrosion resistance 

except in acidic environment; and (c) GFRP composites have poor alkaline resistance. 

 

1.3.4 Concrete substrate 

The main moisture reactions on concrete include: (a) freezing and thawing; (b) chemical 

attack from solvents; (c) corrosion of embedded metal; and (d) alkali-aggregate reaction. 

(Mather 2004). In a sub-tropical environment, the freeze-thaw effect is not a problem since 

there is no extremely low temperature. The other reactions can be alleviated or suppressed 

by proper methods, e.g., using a proper type of concrete, increasing the thickness of concrete 

cover and, producing a careful curing process. However, these issues should be still 

considered if when durability of FRP-strengthened RC structures is concerned. The 

deterioration of concrete substrate is detrimental for externally bonded FRP systems since 

the performance of the strengthening system relies much on the concrete substrate. Moreover, 

the ingress of moisture at fluctuating temperature induces cracks and exacerbates the voids 

inside the concrete. A porous substrate will aggravate the extent of moisture contact of the 

interfaces, which is detrimental for the durability of the external bonded FRP systems largely 

if no precautions are taken. 

 

1.4 EFFECTS OF MOISTURE ON FRP-TO-CONCRETE INTERFACES 
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1.4.1 Short-term behavior of FRP-to-concrete interface 

When concrete structures are strengthened using externally bonded fiber-reinforced polymer 

composites (e.g., flexural strengthened RC beams), the bond between the FRP and the 

concrete generally plays a key role in transferring forces between them. For the external FRP 

to be effective in enhancing the load-carrying capacity of the structure, effective stress 

transfers between the FRP and the concrete are required. Many researchers have conducted 

extensive research on the short-term bond behavior between FRP and concrete (e.g., Teng 

and Chen 2001, Dai et al. 2005). Substantial experimental and theoretical work exists on the 

bond strength of FRP to steel or concrete joints, which indicated that the strength of the 

FRP-to-concrete interface is relatively weaker than both side materials in a repairing system 

because of the stress concentration and rapid change of stress level along the bond line (Teng 

et al. 2002). An important feature of FRP- bonded concrete joints is the existence of 

effective bond length which suggests that the bond strength cannot increase continuously 

with the increase of bond length. Although the bond strength is not likely to further develop 

when the bonded length is beyond the effective bond length longer bond length can improve 

the ductility of the bond (Teng et al. 2002). Considering these phenomena, several bond 

strength models or bond-slip models have been developed in the past few years (e.g., Chen 

and Teng 2004; Dai et al. 2005; Lu et al. 2005). However, it is apparent that since none of 

these models have taken the environmental effects into account, they cannot be applied for 

long-term design directly. 

 

1.4.2 Mechanisms of moisture effects on the FRP-to-concrete interface 

The durability of bond subjected to moisture is determined by many factors: (a) the basic in-

service properties of the component materials, namely the concrete, resins and FRP 

composites, which have been discussed in detail in section 1.3; (b) the interfacial 

characteristics between materials (i.e., the resin-to-concrete interface and resin-to-fiber 

interface); (c) the environmental conditions; and (d) the method and quality of 

manufacturing of the bond including the applying process and curing process. There exist 
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microscope voids and defects in the material components, making the bond permeable to 

moisture and solvents. The moisture can ingress into the interfaces through various sources 

such as, capillary action along the longitudinal fibers, water penetrating through the cracks 

and voids of the concrete and diffusion through the matrix. Although the FRP materials 

commonly have good corrosion resistance, some aspects of the composites have been 

observed to deteriorate when subjected to long term exposure to specific moist environment. 

The extent of deterioration depends on many factors such as the types of resins and FRP 

used in the strengthening systems, ambient temperature, stress state of the bond, pre-existing 

cracks. The presence of moisture in the interface between concrete and FRP composites will 

weaken the bond chemically (plasticization, saponification or hydrolysis effect) and 

physically (exacerbating the voids and defects). The internal stress will be produced in the 

polymer matrix due to moisture-induced swelling. As a result, irreversible damage is 

developed through matrix cracking and delamination in the concrete-matrix and fiber-matrix 

interfaces.  

 

1.4.3 Existing experiments and findings on the moisture-affected durability of FRP-

to concrete interfaces 

Substantial research has been conducted to study the effects of moisture or synergistic 

effects of temperature and moisture on the FRP-to-concrete interfaces. Strength reductions 

obtained from these tests ranged from 0~45% decrease in the bond strength or maximum 

60% loss in mode I/II fracture energies. Changes in failure mode were also observed in some 

cases (e.g., Shreshta et al. 2012).  

 

Karbhari et al. (1997) developed a modified peel test to explore the durability of concrete 

joints bonded with different types of FRP materials and subjected to different moisture 

exposure regimes for 60 days, which were (a) ambient conditions at 20 °C; (b) immersion in 

fresh water at 20 °C; and (c) immersion in synthetic sea water at 20 °C. Degradation in bond 

which is represented by the fracture energy release rate varied among different FRP systems. 
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The CFRP systems achieved a better moisture resistance regardless of the nature of the 

solvents and loss in fracture energy was very limited; while the Mode II fracture energy 

release rate of GFRP-to-concrete interfaces decreased by over 50% in cases of both fresh 

and sea water. The authors also concluded that interfaces in which the resins have a higher Tg 

lead to a better corrosion resistance under relatively high temperatures as well as accelerated 

wet-dry cycling exposures. 

 

Mukhopadhyaya et al. (1998) assessed the durability of double-lap GFRP bonded concrete 

joints under various exposure conditions, namely wet-dry cycling in 5% sodium chloride 

solution (wet for one-week and dry for another week in one cycle; 18 cycles, 18±2°C), 

freeze-thaw cycling (450 cycles and two days per cycle) and a combination of chloride 

immersion and freeze-thaw cycles. The author reported an increased bond transfer length 

and a larger magnitude of shear stress distribution and the plate slip of joints in all of the 

exposure regimes. However, the bond strength is not largely affected considering the 

relatively short exposure duration.  

 

Sen et al. (1999) explored the durability of FRP-to-concrete interface using shear and torsion 

tests on CFRP bonded concrete slabs. Five epoxy systems were used and the exposure in 

three conditioning environments for 17 months were evaluated: (a) wet/dry cycles in 15% 

salt water (4-day submergence in 60°C salt water and 4-day drying in ambient temperature); 

(b) combined wet/dry and thermal cycles in 15% salt water and (c) outdoor (field exposure). 

The result indicated that the most severe deterioration in bond occurred in wet/dry cycles, in 

which the greatest loss (0~60%, according to the epoxy system adopted) in bond cohesion 

strength was found. 

 

Wan et al. (2006) explored the durability of CFRP-to-concrete interface saturated in fresh 

water at room temperature for maximum 8 weeks. A progressive degradation in bond was 
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reported. The fracture energy of bond decreased by 77% at the end of exposure. The author 

also studied the effect of the presence of water on the interface when applying the FRP 

fabrics. The higher the moisture content on the substrate, the poorer the bond performance 

would be within the tested moisture content range (8%~58%).  

 

Frigione et al. (2006) studied the water resistance of FRP bonded concrete joints using 

flexural tests. The author reported 30% decrease in bond strength of joints after one month 

of immersion in distilled water at a temperature of 23±1°C. A reduction in the glass 

transition temperature and the stiffness of the epoxy resins used was also reported in the 

study. 

 

Dai et al (2008) firstly assessed the effect of the presence of moisture on the CFRP-to-

concrete interface during FRP application process. Both dry and wet substrates in two 

humidity degrees (48% and 90%) were evaluated. The results of single-shear pullout tests on 

the FRP bonded concrete joints indicated that there was little influence of the concentration 

of moisture in the concrete substrates before bonding, if a proper primer was used. The 

author further studied the durability of bond subjected to 8-month wet-dry cycles (4-day 

submergence in 60°C sea water and a 3-day dry period per cycle). The joints suffered about 

40% loss in pull off strength, regardless the substrate treatment when FRP composites were 

bonded.  

 

Dai et al. (2010) further evaluated the durability of FRP bonded concrete joint and FRP-

strengthened RC beams subjected to wet-dry cycles for 8 months, 14 months and 2 years. 

Results indicated asymptotical degradation nature of FRP-to-concrete interfacial tensile 

bond strength with the exposure time.  

 

Tuakta et al. (2011) conducted peel and shear fractures tests on FRP bonded concrete joints 
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after being exposed to maximum 8 wet-dry cycles. Three exposure durations were adopted: 

1, 2 and 3 weeks, and the number of cycles were 1 to 8. In each cycle, the drying was four 

days and the lengths of wet period were different according to the duration of each cycle. 

The water temperature was 23°C or 50°C. The author reported maximum 58% loss in peel 

fracture toughness and 55% in shear fracture toughness when joints were still wet. The 

decrease in fracture toughness was considerable even in the early stage of exposure and was 

more severe in a higher temperature, longer submerging period, and more cycles. However, 

when the joints were fully dried, they could regain a proportion of fracture toughness (95% 

in early weeks and almost no regain in ending weeks.). The author also reported a high 

correlation between the fracture toughness of bond and moisture content: the larger the 

moisture content, the lower the fracture toughness in bond would be. 

 

Shrestha et al. (2012) conducted a single-shear pullout tests on FRP bonded concrete joints 

subjected to fully immersion of water in variations of durations from one month to 6 months. 

Test results showed 11% to 14% decrease in bond strength in FRP bonded concrete joints 

using polythiol-polyamine combined hardener primer and 2% to 10% decrease in the bonded 

joints using polyamine hardener primer, respectively. The properties of resins after 

continuous water immersion were also evaluated by the author. The tensile strength of the 

resins after water immersion were found higher than the original ones in most cases, while 

the shear strength of resins showed slight decrease after exposure. 

 

1.4.4 Approaches of studying deterioration in bond 

Generally, two types of approaches are adopted to study the deterioration and failure 

mechanisms of FRP bonded concrete systems: (1) the strength-based and (2) the fracture-

based approach. In the strength-based approach, bond degradation is evaluated by measuring 

the interfacial bond properties of bonded joints, including interfacial tensile bond strength, 

interfacial shear strength using pull-off tests (e.g., Sen et al. 1999) and single-lap or double-

lap shear tests (Mukhopadhyaya et al. 1998), and also evaluated by tests of the flexural 
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capacity and ductility of FRP bonded RC beams (e.g., Chajes et al. 1995; Toutanji et al. 

1997; Leung et al. 2001; Grace et al. 2005; Dai et al. 2010). Some researchers also used (2) 

Mode I or/and Mode II fracture toughness to evaluate bond degradation affected by moisture 

(Karbhari et al. 1997; Lyons et al. 2002; Davalos et al. 2005; Wan et al. 2006; Au and 

Buyukozturk 2006; Tuakta et al. 2011) between FRP and concrete. In this approach, the 

degradation of bond is indicated with the bond fracture toughness or interfacial energy 

release rate, which can be evaluated with the peel and shear fracture tests. Using this 

approach, the local deterioration in bond can be captured by tracking how crack propagates 

along the interface from a pre-existing crack at the interface. Compared to strengths, 

interfacial fracture toughness appears to be a more generic and useful indicator in capturing 

exposure-induced degradation of bond because the effects of material stiffness and member 

size are naturally included in the indicator. A drawback of this approach is that engineers are 

usually unfamiliar with fracture mechanics approaches and the approach is generally 

difficult to apply as explicit solutions are seldom available. 

 

1.4.5 Existing bond durability design approaches 

As for short-term loading, in predicting the long-term performance of FRP-strengthened RC 

members, the key challenge still lies in the prediction of debonding failures, as FRP rupture 

and concrete crushing are comparatively easier to model. The current state of the art in 

predicting debonding failures of bond-critical FRP-strengthened RC members after 

environmental exposure is far from satisfactory. In design guidelines, material strength 

reduction and partial safety factors are usually given to account for the long-term 

deterioration of material properties, but no provisions are given to account for the 

deterioration of bond strength except for UK’s Concrete Society (2004) guideline. In the 

Concrete Society (2004) guideline, the deterioration of bond strength is accounted for 

through the reduction of elastic modulus of FRP. The elastic modulus, however, is assumed 

to be independent of the effect of environmental exposure in other design guidelines and 

does not appear to be the main reason causing the deterioration of bond. Obviously these 
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recommended material strength reduction and partial safety factors are satisfactory only 

when the fracture of FRP is a dominant mechanism. A safe and economical bond durability 

design approach is therefore urgently needed. 

 

1.5 EFFECTS OF MOISTURE ON FRP-STRENGTHENED RC BEAMS 

 

1.5.1 Existing experimental explorations and findings on the moisture-affected 

durability of FRP-strengthened RC beams 

Some of the previous studies reported that after a relatively long-term exposure (over one 

year or 100 cycles), noticeable decrease in the beam load capacity can be observed, and such 

degradation cannot fully recover (e.g., Grace and Singh, 2005; Silva and Bisacia, 2007; 

Tuakta et al. 2011); while contrary results were discovered by some other scholars in the 

tests within a shorter term (e.g., Silva et al. 2007; Dai et al. 2010), in which even an increase 

in beam strength was discovered. 

 

Charjes et al. (1995) accessed the durability of flexural strengthened RC beams with FRP 

systems using small-scale beams strengthened with variations of FRP composites. Three 

types of fabrics were used, which were aramid, glass and graphite composite fabrics. The 

beams were subjected to chloride exposure for 50 or 100 wet/dry cycles at room temperature 

(wet for 16hrs and dry for 8hrs). The tests indicated 10%~20% decrease in beam strength 

after 50 cycles and 19%~36% decrease after 100 cycles. Among the three types of FRP-

strengthened beams, the graphite-reinforced beams proved to be the most durable, losing 

less than 15% of their strength increase over the un-strengthened beams. 

 

Toutanji et al. (1997) evaluated the durability of CFRP and GFRP-to-concrete interfaces and 

FRP-strengthened RC beams subjected to a 75-day exposure scheme including 300 wet/dry 

cycles (four-hour submergence in 3.5% salt solutions and 2-hour drying in hot air at 35 °C 
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and 90% humidity in each cycle). The results indicated that the load-carrying capacity of the 

strengthened beams decreased by 10%~45% after exposure. 

 

Karbhari et al. (1998) conducted an investigation of durability performance for in situ 

formed externally composite strengthening systems. Two types of CFRP systems and one 

GFRP system were evaluated. The strengthened members were placed into different 

environmental conditions for 120 days, namely (a) ambient conditions at 20 °C; (b) 

immersion in fresh water at 20 °C; and (c) immersion in synthetic sea water at 20 °C. Most 

severe decrease in beam strength (45%) and increase in mid-point deflection (68%) were 

observed in GFRP-strengthened RC members submerged to sea water. Additionally, better 

performance of CFRP composites over GFRP composited were also indicated by the test 

results. 

 

Grace et al. (2005) studied the durability of the CFRP-strengthened RC beams subjected to 

variations of adverse environmental conditions, such as 100% humidity, saltwater, alkali 

solution, freeze-thaw, thermal expansion, dry-heat and repeated load cycles etc. The author 

concluded that long term exposure to humidity is the most detrimental to FRP-strengthened 

RC beams. Beams subjected to 10,000 hrs. of 100% humidity (at 38±2°C) experienced an 

average of  33% reduction in beam strength. 

 

Almusallam (2006) conducted a durability study on GFRP-strengthened RC beams 

subjected to (a) field exposure; (b) wet-dry cycles in fresh water; (c) wet-dry cycles in saline 

water and (d) wet-dry cycles in alkaline water environment. All the wet-dry cycles consisted 

of two-week submergence in the solutions and two-week drying, and the exposure 

temperature was 23±2°C. The test duration was 24 months, however, no noticeable changes 

on the flexural strength of beams were observed in all aforesaid environments. 

 

Mukherjee et al. (2007) evaluated the durability of GFRP-strengthened RC beams subjected 
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to 60 °C pure water immersion for varying durations (0-9 months), or subjected to field 

exposure for 12 months. At the meantime, varying service load was applied to simulate the 

real service conditions in a tropical environment. The author reported 13.5% higher beam 

load capacity after 9-month exposure in water and an 18.9% lesser beam load capacity after 

field exposure. Increase in stiffness was also observed in all beams after exposure. 

 

Silva et al. (2007) evaluated the durability of CFRP and GFRP-strengthened RC beams 

subjected to salt water immersion (5% salt water) for 1000, 5000 and 10000 hours by 

bending tests. The author reported that although considerable degradations in bond were 

visually observed, the load carrying capacity was not affected.  

 

Soudki et al. (2007) evaluated the durability of CFRP-strengthened RC beams subjected to 

wet/dry cycles (room temperature; 24-hour submergence in 3% salter water and 24-hour 

drying per cycle). The author reported asymptotical decrease in the ultimate capacity of the 

CFRP-strengthened RC beams from 100 cycles to 300 cycles. 11% to 28% decrease in beam 

load capacity was reported after 300 cycles’ exposure. However the beam stiffness was not 

affected, as reported by the author. 

 

Dai et al. (2008) studied the durability of CFRP-strengthened RC beams subjected to 8-

month wet-dry cycles (4-day submergence in 60°C sea water and a 3-day dry period per 

cycle). A decrease in stiffness and a slightly increase in the beam strength were reported.  

 

As reported above, the effect of moisture on the performance of FRP composites has been 

one of the most widely studied durability issues. Although strength reductions in FRP-to-

concrete interface and FRP strengthened RC beams were discovered and analyzed by many 

studies listed above, strength reductions reflect the effects of many factors other than those 

of bond degradation, such as the effects of the size of the beam, stiffness of the bonded FRP 

reinforcement and the steel reinforcement ratio. As a result, those test results cannot be 



18 

 

easily generalized and thus can hardly serve as the basis for the development of a reliable 

practical durability design approach. 

 

1.5.2 Simulations of long-term performance of FRP-strengthened RC beams under 

environmental effects 

The existing research on debonding failures under short-term loading has relied heavily on 

the understanding and modeling of the basic shear stress-slip. The power of an accurate 

bond-slip model in predicting the short-term behavior of FRP bonded concrete joints and 

FRP-strengthened RC beams has been extensively demonstrated by many researchers in 

developing FE and simple design models for debonding failures of FRP-to-concrete joints 

(e.g., Chen and Teng 2011; Dai et al. 2006; Lu et al. 2007) and RC beams (e.g., Chen et al. 

2011) strengthened in shear or flexure with bonded FRP systems. The bond-slip model 

therefore provides a unified basis for predicting the debonding failure of bond-critical FRP-

strengthened RC members. It is therefore clear that if the approach established for short-term 

loading is to be successfully applied in studying debonding failures after long-term 

environmental exposure, a reliable bond-slip model that reflects the effects of environmental 

exposure should first be developed. Such an exposure-dependent bond-slip model can then 

be implemented in an FE model similar to that presented in Chen et al. (2011) to predict the 

long-term performance and debonding failure after environmental exposure. The FE model 

after suitable verification with test data can then be employed to generate data for the 

development of a bond durability design approach. However, so far, none of such exposure-

dependent bond-slip model is feasible yet. 

 

1.6 EFFECTS OF SUSTAINED STRESS ON FRP-STRENGTHENED RC 

BEAMS 

 

In reality, the sustained stress level in the externality bonded system due to permanent or 
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quasi-permanent loading is very low, if at the time of strengthening, such loading is already 

present. Therefore, for such applications, the effect of sustained loading on the durability of 

bond-critical FRP-strengthened RC members is not a major issue. However, significant 

stresses can arise in the FRP system, if the FRP system is pre-stressed or is used to support 

additional sustained loading, or if the original RC structure is expected to further 

deteriorate/deform to shed stresses into the FRP system. In such cases, the stresses in the 

FRP may interact with the effect of environmental exposure to causes additional degradation 

of the bond between FRP and concrete.  

 

Creeps in the concrete and FRP-to-concrete interface are dominant phenomena when FRP 

strengthened RC beams are subjected to sustained stresses (e.g., Benyoucef et al. 2006; 

Chami et al. 2007). Previous experiments observed that there is a significant proportion of 

beam’s long term deflection contributed by the cohesive creep in FRP-strengthened RC 

beams as a function of the strengthening ratio of FRP systems (Reda et al. 2010). The 

interaction between creeps in the concrete and FRP systems can induce strain redistribution 

in the FRP-strengthened RC beams, due to which a significant increase in the axial force 

may occur in the FRP laminates (Hamed et al. 2010). Creep in FRP-strengthened RC beams 

may lead to premature failure in beams over time, in spite of the relative lower sustained 

loads than short-term failure loads. Experimental studies have found both positive and 

negative influences of FRP reinforcement for long-term performance of RC beams under 

sustained stresses. Tan et al. (2006) reported that RC beams strengthened with FRP 

composites can reduce the long-term deflection of beams largely compared with those 

without FRP strengthening. Choi et al. (2007) studied the creep mechanism of epoxy under 

shear stress, concluding that the shear stress to shear strength ratio in adhesive layer was a 

primary factor affecting the long-term behavior of the FRP-to-concrete interfaces. Ahmed et 

al. (2011) studied the time-dependent behavior of cracked or un-cracked CFRP strengthened 

RC beams subjected to six month’s sustained loads. The long-term deflection in controlled 

RC beams were 64% and 65% of their instantaneous deflections, while long-term deflections 
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in FRP strengthened RC beams were only 42% to 46% of their instantaneous deflections. 

 

At the meantime, simulations of the creep behavior in FRP-strengthened beams have been 

intensively studied. Bazant and Wu (1974) developed an exponential algorithm for creep 

modeling; another closed-form high-order solution was developed by Rabinovich and 

Frostig (2000) considering the creep and shrinkage on equilibrium and deformation 

compatibility requirements in and between all parts of the composited beams. Another 

closed-form solution for the interfacial shear and normal stresses in FRP-strengthened RC 

beams was developed by Benyoucef et al (2006), which can be used in the simulation of 

plate end failure; Tan and Saha (2008) developed empirical equations for predicting the 

crack width and its variation with time. Choi et al (2010) conducted FE modeling for FRP-

strengthened RC beams, which took into account both the creep of concrete and 

viscoelasticity of epoxy adhesive on the FRP-to-concrete interface. Taha et al. (2010) 

developed another simulation model using Finite Element method, in which perfect bonds 

between interfaces of different materials were assumed. Hamed and Bradford (2010) also 

developed a creep model, in which the viscoelasticity and shear deformability of adhesive 

were considered. A theoretical model was further developed by Hamed and Bradford (2012), 

in which creep of different materials, time-dependent cracking and tension-stiffening of 

concrete were all considered.  

 

For most FRP-strengthened RC beams, the stress level in the FRP is low as explained above. 

Therefore, the present study is focused on the durability of such FRP-strengthened RC 

beams subjected to environmental exposure. However, the interaction between sustained 

stresses and environmental exposure will also be explored to clarify the contradictory 

conclusions in the existing literature and to ascertain the effect of this interaction. It is 

expected that this interaction effect is important for at least some of the strengthening 

applications. 

 



21 

 

1.7 OBJECTIVES AND SCOPE 

 

This chapter has presented a comprehensive review of the existing knowledge relevant to 

durability study on the bond behavior between FRP-to-concrete interfaces under 

environmental and load effects. A lack of research on the critical mechanisms of bond 

degradation and the missing of reliable design guideline for durability study were issued: 

Although intensive study was conducted on this area, little has been discussed on the bond 

degradation as the key factors of reductions in bond strength, or the methodology adopted is 

hardly feasible for real design; Moreover, the existing design code misunderstood the 

mechanism of durability issue in FRP-to-concrete interface by defining reduction factors for 

material properties (e.g., FRP stiffness) of FRP composites. The review also issued the blank 

on the study of interactive effects between environmental exposure and sustained stresses. A 

lack of study on the above issues makes the long-term performance of FRP-to-concrete 

interface skeptical in real practices, and evaluations on these gaps are necessary to make the 

FRP-strengthened RC structures reliable.  

 

Against the above background, this thesis is proposed to study the long-term performance of 

the FRP-to-concrete interface experimentally and to develop a powerful predictive tool for 

this performance. The realization of this aim requires a combined experimental and 

theoretical approach. The experimental work includes both accelerated laboratory tests and 

actual field exposure tests. The relationship between them needs to be examined and 

established. The theoretical work includes the development of a bond-slip model, FE 

modeling of member behavior, and the development of a durability design procedure. To 

represent the seasonal cycles of moisture and temperature of the humid subtropical climate, 

the environmental exposure conditions to be considered will involve combined moisture and 

thermal cycling. Both types of cyclic actions are known to lead to long-term degradation of 

the bond between FRP and concrete. In summary, the present study has the following 
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specific objectives: 

 

(a) To gain an in-depth understanding of the long-term bond behavior between FRP and 

concrete in a humid subtropical climate and in sustained stress load;  

(b) To establish an exposure-dependent bond-slip model for FRP-to-concrete interfaces 

that reflects the effects of long-term moisture and thermal cycling;  

(c) To develop a Finite Element (FE) predictive model for the long-term performance of 

FRP-strengthened RC beams that incorporates the exposure-dependent bond-slip model; and 

(d) To formulate a safe and economic approach for the durability design of FRP-to-

concrete interfaces with due consideration of the humid subtropical climate. 

 

1.8 ORGANIZATION OF THESIS 

 

The organization of the present thesis is illustrated in Figure 1-2. Chapter 2 discusses the 

long-term performance of material components in a FRP-strengthened RC system. Firstly, 

the exposure scheme is introduced; secondly, the material test methods are introduced, 

including concrete strength tests, tensile tests of steel reinforcement, FRP composites and 

epoxies, as well as Dynamic Mechanical Analysis (DMA) of epoxies. Test results and 

discussions are reported afterwards. 

 

Chapter 3 presents the experimental and numerical studies on the behavior of concrete-to-

FRP interface. In the experiment part, both accelerated laboratory tests and field exposure 

tests were designed and prepared. The performances of four types of FRP-to-concrete 

interface exposed in wet-dry cycles for 0 month and 8 months were evaluated. The specimen 

preparations, test procedures and instruments are introduced in sequence. Test observations 

and results are introduced and discussed. Based on the test, analytical studies were 

conducted. In the analysis part, the method proposed by Dai et al. 2005 was used to develop 
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the exposure-dependent bond-slip models. The analytical results are described and discussed, 

which proves that the regressed bond-slip models can give a good indication for effects of 

exposure conditions. 

 

Chapter 4 presents the experimental and analytical explorations for long-term performance 

of FRP-strengthened RC beams. In the experiment part, both accelerated laboratory tests and 

field exposure tests were designed and prepared. The beams with four different FRP systems 

subjected to 0-month and 8-month exposure in wet-dry cycles were tested. Test observations 

and results are described in detail and comparisons between exposure period and FRP types 

are discussed. In the analysis part, a study on FRP debonding strain is conducted. Moreover, 

Finite Element (FE) simulations were conducted. The FE models were built to simulate all 

components of the beams, including the materials and interfaces. The proposed bond-slip 

models in chapter 3 were implemented in the FE models so as to represent the degradation in 

bond. The models predict the tests well for exposed beams of all types.  

 

Chapter 5 introduces the effects of sustained load on the FRP-strengthened RC beams. Two 

variables were evaluated herein, which were the load level and the type of FRP composites. 

The loading set-up and test procedures are described accordingly. Both the time-dependent 

behavior and the load capacity of beams are described and discussed. An FE model was 

developed to simulate the time-dependent behavior of beams, and the results and findings 

are discussed as well. 

 

Chapter 6 gives a general summary for conclusions drawn from previous chapters. 

Limitations of present study are mentioned in this chapter, and the on-going experiment and 

recommendations for future study are described accordingly. 
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Figure 1-2 Organization of the thesis 
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CHAPTER 2  

EXPOSURE-DEPENTDENT LONG-

TERM PROPERTIES OF MATERIALS 

 

2.1 INTRODUCTION 

 

In practice, the FRP-to-concrete interfaces generally consist of five parts: (a) the concrete 

layer; (b) FRP composites; (c) resins between the concrete and FRP composite and (d) two 

interfaces between them (Figure 1-1). The mechanical properties of these materials 

composing the FRP-to-concrete interfaces play an important role in FRP-strengthened RC 

structures. The strength of concrete layer is generally most critical since most of the failure 

of a FRP-to-concrete interface occurred in the concrete layer. In addition, many researchers 

reported that the stiffness of FRP composites affect the sufficient shear stress transfer length 

(e.g., Dai et al. 2010) and effective bond length (Chen and Teng 2001). Also, since the resin 

layer transfers the shear stress between concrete and FRP composites so that they work as a 

composite section, the stiffness and toughness of the resin are important issues controlling 

the bond behavior. There is no doubt that variations in properties of components induced by 

environmental effect in FRP-to-concrete interface can affect its performance accordingly. 

Therefore, in order to clarify the durability of FRP-to-concrete interface, accurate 

evaluations of material properties with due consideration of environmental effects must be 

studied first. This chapter focuses on the exposure-dependent material properties of the 

material components in FRP-to-concrete interface. In this chapter, the exposure scheme is 

firstly introduced, after which the material tests are introduced. The specimen preparations 

and test procedures are introduced by the sequence of concrete, steel reinforcement, FRP 

composites and epoxy resins. Comparisons of the mechanical properties of materials before 
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and after exposure are the main focus of the present chapter; in addition, the DMA tests of 

epoxies are also reported in the ending part of this chapter. 

 

2.2 EXPOSURE SCHEME 

 

Since no established accelerated testing procedure for bond durability suited to the 

subtropical climate has been found in the existing literature, an appropriate accelerated 

testing scheme needs to be established for the present project. This scheme has considered 

the following features of the local climate: (1) The subtropical climate has no extremely low 

temperature and the recorded highest temperature in Hong Kong is 36°C. However, a 

maximum temperature of around 50°C can be reached for an FRP system bonded to concrete 

under direct sunlight based on the information given in the Structures Design Manual of the 

Highways Department of the Hong Kong Government. (2) The annual average humidity in a 

subtropical area is high at about 82% and the average rainy day per year is about 142, 

indicating that there is frequent dry and wet cycling. (3) Based on the DMA analysis for 

epoxies (Section 2.4.3), the glass transition temperature (Tg) of epoxy adhesives used in this 

study are approximately 60°C (Table 2-11). Some researchers reported that if the adhesives 

are exposed in a much higher temperature than the Tg, irreversible damage is likely to occur 

in the interface (Bai et al. 2012). Considering these features, the proposed exposure scheme 

for use in the present project consists of submergence in 40°C sea water for 16 hours and 

exposure in 40°C dry air for 32 hours in each cycle (Figure 2-1). Heated air ventilation was 

used to dry the specimens more efficiently. It was observed that the proposed accelerated 

exposure scheme enabled the specimens to dry and wet efficiently in each cycle; the 

moderately high temperature adopted accelerated the diffusion of moisture while avoiding 

changing the material degradation mechanisms. An environmental chamber was built to 

conduct the exposure cycling (Figure 2-2). 
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Figure 2-1 Wet-dry cycles in accelerated laboratory tests 

 

Figure 2-2 Environmental chamber consisting of heated water tanks and air ventilations 

 

2.3 MATERIAL PROPERTY TESTS 

 

In this study, a long-term experiment project was designed which lasts as long as 144 months. 

The material specimens, FRP bonded concrete joints and FRP-strengthened RC beams were 

subjected to different environmental exposure schemes. There were totally 10 groups of 

specimens in terms of exposure period: five groups for accelerated laboratory tests (0, 8, 12, 

18 and 24-month) and five groups for field exposure tests (24, 36, 60, 96 and 144-month). 

This chapter mainly introduces the material part. 

Wet 
16hrs, 40°C 

Dry 
32hrs, 40°C 

Total: 48hrs 
per cycle 
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Notations of the specimen name (e.g., L-GS-8m-1): 

The 1st alphabet: exposure scheme. L = accelerated laboratory tests; F = field exposure tests; 

The 2nd word: specimen type or FRP type in beams and joints, in which GS=GFRP sheet, CS 

= CFRP sheet, CP = CFRP plate； 

The 3rd number: Duration of exposure, e.g., 18m = 18 months; and 

The 4th number: Number of the specimen. 

 

2.3.1 Concrete 

50 standard concrete test cylinders were cast in the same batch. All the cylinders in the 

present studies were cast using the ready-mixed concrete. The maximum aggregate size of 

concrete was 10 mm. The concrete was well cured indoors at 20±2°C for 28 days. 

Table 2-1 Information of concrete cylinder specimens for accelerated laboratory tests 

Serial No. Specimen type 
Specimen 

size (mm) 
Exposure duration Quantity 

L-Cylinder Cylinder Φ150×300 

0 month 5 

8 months 5 

12 months 5 

18 months 5 

24 months 5 

 

Table 2-2 Information of concrete cylinder specimens for field exposure tests 

Serial No. Specimen type 
Specimen 

size (mm) 
Exposure duration Quantity 

F-Cylinder Cylinder Φ150×300 

24 months 5 

36 months 5 

60 months 5 

96 months 5 

144 months 5 

 

The concrete compressive strength and Young’s modulus were tested using standard 

cylinders according to ASTM C39/C39M and C469/C469M accordingly. The 7-day strength 

of concrete was 18.75 MPa, and the 28-day strength of concrete was 40.99 MPa. After 8 

months, the concrete strength increased to 43.82 MPa (Table 2-3), which was 6.9% higher 
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than the 28-day strength of concrete. 
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Table 2-3 Material properties of concrete 

Test time Specimen No. 
Compressive strength fc (MPa) Elastic modulus Ec (GPa) 

Test Avg. Test Avg. 

7 Day 
A 18.75 

18.75 
/ / 

B 18.76 / / 

28 Day 

A 40.9 

40.99 

22.57 

21.29 B 41.97 20.43 

C 40.12 20.87 

8 month 

A 43.43 

43.82 

19.93 

21.43 B 44.01 22.62 

C 44.01 21.76 

 

2.3.2 Steel reinforcement 

Steel reinforcement was installed in the RC beams. Two ribbed steel bars in diameter of 

8mm or 10mm were used for the compression or tension reinforcement respectively, while 

the plain steel bars in diameter of 8mm were used for the stirrups. The mechanical properties 

of steel bars are listed in Table 2-4. A relatively thick concrete cover was produced in the RC 

beams to suppress the corrosion of the steel reinforcement since it is not the focus of present 

study. The half potential method was adopted to monitor the corrosion in steel reinforcement. 

According to the test results (Table 2-5), the steel bars seem not corroded after 8-month 

exposure. However, the decrease in the half potential indicated the trend of steel corrosion to 

some extent. 

 

Table 2-4 Material properties of steel reinforcement 

Type Diameter (mm) 
Yielding strength fy 

(MPa) 

Young’s modulus Es 

(GPa) 

Tension reinforcement 10 419 174 

Compressive reinforcement 8 402 176 

Stirrups 8 350 177 
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Table 2-5 Half-cell potential of steel reinforcement in exposed beams 

Beam 
Half-cell potential (mV; average of five test points along beams) 

Before exposure After 8-month exposure 

L-CP1-8m +78 -73 

L-CP2-8m +36 -54 

L-CS-8m -45 -191 

L-GS-8m -44 -99 

Note: if potentials over an area are:  

(a) >-200mV, greater than 90% probability that no reinforcing steel corrosion is occurring; 

(b) -200~-350mV, corrosion activity is uncertain; 

(c) <-350mV, greater than 90% probability that corrosion is occurring. 

 

 

Figure 2-3 Test on half-cell potentials of steel reinforcement in RC beams 

 

2.3.3 FRP composites 

Three types of FRP composites were used in the present investigation: (a) CFRP sheet, with 

a nominal thickness of 0.167mm per layer; (b) GFRP sheet, with a nominal thickness of 

0.172mm per layer and (c) CFRP plate with a thickness of 1.2mm (Table 2-6 and Table 2-7). 

The purpose of using different types of FRP composites was to evaluate the influences of 

exposure on different types of FRP composites, which can be a practical reference for 

selection of FRP types in real engineering. Tensile tests were conducted following the 

procedure in ASTM D3039/D3039M-08. The specimens were designed in dimension of 

250mm×25mm (Figure 2-4). The CS and GS coupons were cut from a single-layer CS or GS 
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sheet formed in a wet lay-up process, while the CP coupons were cut from pultruded CFRP 

plates directly. When manufacturing the CFRP and GFRP sheets, the fibers were fully 

infiltrated by well-mixed resin using a brush. The sheets were then placed in a customized 

glass mold and cured for 7 days. 

 

Figure 2-4 Dimension of FRP composite coupons 

 

Table 2-6 Information of FRP specimens for accelerated laboratory tests 

Serial No. Specimen type 
Specimen 

size 
FRP type Adhesive type Exposure duration Quantity 

L-GS 

L-GS-0m 

FRP 

coupons 
250×25 GFRP sheet Sika330 

0 month 8 

L-GS-6m 8 months 8 

L-GS-12m 12 months 8 

L-GS-18m 18 months 8 

L-GS-24m 24 months 8 

L-CS 

L-CS-0m 

FRP 

coupons 
250×25 CFRP sheet SW-3C 

0 month 8 

L-CS-6m 8 months 8 

L-CS-12m 12 months 8 

L-CS-18m 18 months 8 

L-CS-24m 24 months 8 

L-CP 

L-CP-0m 

FRP 

coupons 
250×25 CFRP plate  

0 month 8 

L-CP-6m 8 months 8 

L-CP-12m 12 months 8 

L-CP-18m 18 months 8 

L-CP-24m 24 months 8 

 

Table 2-7 Information of FRP specimens for field exposure tests 

Serial Number Specimen type 
Specimen 

size 
FRP type Adhesive type Exposure duration Quantity 

F-GS 

F-GS-18m 

FRP 

coupons 
25×250 GFRP sheet Sika330 

18 months 8 

F-GS-36m 36 months 8 

F-GS-60m 60 months 8 

F-GS-96m 96 months 8 

F-GS-144m 144 months 8 

F-CS F-CS-18m FRP 25×250 CFRP sheet SW-3C 18 months 8 
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F-CS-36m coupons 36 months 8 

F-CS-60m 60 months 8 

F-CS-96m 96 months 8 

F-CS-144m 144 months 8 

F-CP 

F-CP-18m 

FRP 

coupons 
25×250 CFRP plate  

18 months 8 

F-CP-36m 36 months 8 

F-CP-60m 60 months 8 

F-CP-96m 96 months 8 

F-CP-144m 144 months 8 

 

After being exposed in the chamber for 8 months, the coupons were tested at a speed of 

2mm/min. For each type of specimen, at least five identical coupons were tested. The test 

data were regarded improper and removed if the following were observed: (a) obvious 

defects in specimens; (b) tabs slipped during loading and (c) failure occurred inside the tab 

area or the plate split during loading. Both the original and exposed mechanical properties 

are listed in Table 2-8.  

 

Figure 2-5 Coupon tensile tests: (a) resin (b) FRP composites 
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(a-1)                                                       (a-2) 

Figure 2-6 Failure of CFRP sheet coupons: (a) 0-month (b) 8-month 

 

(b-1)                                                       (b-2) 

Figure 2-7 Failure of GFRP sheet coupons: (a) 0-month (b) 8-month 
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 (c) 

Figure 2-8 Failure of FRP specimen (a-1) CS-0m (a-2) CS-8m (b-1) GS-0m (b-2) GS-8m (c) CP-8m 
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Table 2-8 Material properties of FRP composites 

Coupon 
Tensile strength ffrp (MPa) Young’s modulus Efrp (GPa) Ultimate strain frp 

Test Avg. Test Avg. Test Avg. 

CS-0m-1 4659.61 

4584.78 

255 

236 

1.53% 

1.59% 

CS-0m-2 4899.07 233 1.63% 

CS-0m-3 4779.79 230 1.73% 

CS-0m-4 4319.91 233 1.56% 

CS-0m-5 4265.51 229 1.52% 

CS-8m-1 4763.63 

4859.80 

261 

239 

1.74% 

1.93% 

CS-8m-2 4951.08 228 1.97% 

CS-8m-3 4249.96 212 1.97% 

CS-8m-4 5046.83 231 1.99% 

CS-8m-5 5287.50 265 1.99% 

GS-0m-1 1530.29 

1552.31 

113 

113 

1.49% 

1.45% 

GS-0m-2 1561.45 114 1.47% 

GS-0m-3 1541.79 117 1.13% 

GS-0m-4 1510.29 104 1.63% 

GS-0m-5 1617.74 117 1.54% 

GS-8m-1 951.16 

793.72 

121 

121 

0.82% 

0.71% 

GS-8m-2 795.32 124 0.84% 

GS-8m-3 924.16 118 0.84% 

GS-8m-4 514.20 122 0.41% 

GS-8m-5 783.77 120 0.66% 

CP-0m-1 2402.77 

2398.29 

178 

167 

1.68% 

1.61% 

CP-0m-2 2390.28 162 1.59% 

CP-0m-3 2398.34 164 1.62% 

CP-0m-4 2415.63 168 1.65% 

CP-0m-5 2384.45 162 1.49% 

CP-8m-1 2697.61 

2693.95 

161 

161 

1.64% 

1.61% 

CP-8m-2 2799.54 162 1.63% 

CP-8m-3 2704.58 162 1.57% 

CP-8m-4 2762.51 160 1.68% 

CP-8m-5 2505.49 160 1.51% 
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Figure 2-9 Strain-stress responses of FRP composites 

 

According to the tensile tests, the CFRP sheets and CFRP plates obtained a 6.0% and 12.3% 

higher ultimate strength, respectively, while the Young’s modulus remained almost the same 

after exposure. On the contrary, the ultimate strength of GFRP sheets decreased by 48.9%, 

showing very severe degradation in GFRP composites. Such changes of GFRP sheets 

properties have affected the performance of FRP-to-concrete interface. 

 

2.3.4 Epoxies 

Based on the recommendations of the manufactures, several commercial epoxy adhesives 

were used for the different types of FRP composites: SW-3C for CFRP sheets, Sika330 for 

GFRP sheets, and Sika30 and Araldite106 for CFRP plate (Table 2-9). The properties of 

epoxies are listed in Table 2-10. The purpose of using two types of epoxy for CFRP plates 

was to compare the contribution of adhesive stiffness on the behavior of the FRP-to-concrete 

interface. Tensile tests for epoxy specimens followed the procedure in ASTM D638-10. 

Stainless steel frames were custom-made to cast the epoxy coupons into standard shapes 

(Figure 2-10). All of the epoxy adhesives were cured indoors at an ambient temperature of 

20±2°C for 7 days. 
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Figure 2-10 Dimension of adhesive coupons and molds (ASTM 638-10, thickness: 3.2mm) 

 

Table 2-9 Information of epoxy specimens for accelerated laboratory tests and field exposure tests 

Serial No. Specimen No. 
Exposure 

duration 
Quantity Serial number Serial No. 

Exposure 

duration 
Quantity 

L-SW3C 

(for CFRP 

sheet) 

L-SW3C-0m 0 month 8 

F-SW3C  

(for CFRP 

sheet) 

F-SW3C-18m 18 months 8 

L-SW3C-6m 8 months 8 F-SW3C-36m 36 months 8 

L-SW3C-12m 12 months 8 F-SW3C-60m 60 months 8 

L-SW3C-18m 18 months 8 F-SW3C-96m 96 months 8 

L-SW3C-24m 24 months 8 F-SW3C-144m 144 months 8 

L-Sika330 

(for GFRP 

sheet) 

L-Sika330-0m 0 month 8 

F-Sika330 

(for GFRP 

sheet) 

F-Sika330-18m 18 months 8 

L-Sika330-6m 8 months 8 F-Sika330-36m 36 months 8 

L-Sika330-12m 12 months 8 F-Sika330-60m 60 months 8 

L-Sika330-18m 18 months 8 F-Sika330-96m 96 months 8 

L-Sika330-24m 24 months 8 F-Sika330-144m 144 months 8 

L-Sika30 

(for CFRP 

plate) 

L-Sika30-0m 0 month 8 

F-Sika30 

(for CFRP 

plate) 

F-Sika30-18m 18 months 8 

L-Sika30-6m 8 months 8 F-Sika30-36m 36 months 8 

L-Sika30-12m 12 months 8 F-Sika30-60m 60 months 8 

L-Sika30-18m 18 months 8 F-Sika30-96m 96 months 8 

L-Sika30-24m 24 months 8 F-Sika30-144m 144 months 8 

L-Aral106 

(for CFRP 

plate) 

L-ARAL106-0m 0 month 8 

F-Aral106 

(for CFRP 

plate) 

F- Aral106-18m 18 months 8 

L-ARAL106-6m 8 months 8 F- Aral106-36m 36 months 8 

L-ARAL106-12m 12 months 8 F- Aral106-60m 60 months 8 

L-ARAL106-18m 18 months 8 F- Aral106-96m 96 months 8 

L-ARAL106-24m 24 months 8 F- Aral106-144m 144 months 8 

 

Table 2-10 Material properties of epoxy adhesives 

Types of adhesives SW-3C Sika330 Sika30 Araldite 106 

Purpose CFRP sheet GFRP sheet CFRP plate CFRP plate 

Viscosity(mPas/25°C) 6000 6000 <1000 30000 

Density(kg/l) 1.65 1.3 1.65 / 

Resins/hardener by weight 2:1 4:1 3:1 10:8 

Pot life (min) 25 90 90 100 
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Setting time (hrs/20°C) 3 12 12 10 

Glass transition temperature 

Tg (°C) 
64.92 62.09 60.33 60.14 

Note: the data above were provided by the manufactures except the glass transition temperatures tested by the writer using 

DMA. 

 

After being exposed in the chamber for 8 months, the coupons were tested using the same 

test instrument at a speed of 2mm/min. For each type of epoxy, at least five coupons were 

tests. Improper test results were ignored if there were defects in specimens or coupons failed 

in anchoring zone. The mechanical properties of epoxy adhesives are listed in Table 2-11. It 

can be seen that after curing for 8 months, all types of epoxy coupons gained a higher 

ultimate strength, while the Young’s modulus did not change. It is believed that the high 

temperature used in the exposure scheme has accelerated the chemical reaction in epoxies, 

which is known as the post curing effect. 

 

(a-1)                                                                    (a-2) 
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(b-1)                                                                    (b-2) 

 

(c-1)                                                                    (c-2) 

 

(d-1)                                                                    (d-2) 

Figure 2-11 Failure of epoxy coupons  (a-1) SW3C-0m (a-2) SW3C-8m (b-1) Sika330-0m (b-2) 

Sika330-8m (c-1) Sika30-0m (c-2) Sika30-8m (d-1) Aral106-0m (d-2) Aral106-8m 

 

Table 2-11 Mechanical properties of epoxy adhesives before and after exposure 

Epoxy 

0-month 8-month 

Tensile strength fa 

(MPa) 

Young’s modulus Ea 

(GPa) 

Tensile strength fa 

(MPa) 

Young’s modulus Ea 

(GPa) 

Test Avg. Test Avg. Test Avg. Test Avg. 

3C 

1 32.0 

36.5 

2.33 

2.49 

59.9 

50.34 

3.08 

2.90 

2 41.5 2.45 50.0 3.14 

3 38.0 2.49 39.8 2.62 

4 40.2 2.59 52.5 2.87 

5 32.9 2.36 49.4 2.98 

6 34.3 2.69 / / / / 
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Sika-330 

1 35.2 

30.9 

4.02 

4.27 

41.1 

43.5 

4.39 

4.65 

2 28.7 4.11 46.0 4.22 

3 33.2 3.96 41.4 4.60 

4 28.0 4.05 45.5 6.26 

5 28.1 4.18 43.7 3.78 

6 32.2 5.29 / / / / 

Sika-30 

1 14.8 

16.2 

12.73 

11.40 
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24.7 

12.91 

11.09 

2 16.5 11.69 26.9 10.48 

3 17.8 11.24 24.3 11.56 

4 16.2 9.90 23.8 10.40 

5 16.2 10.52 28.9 10.12 

6 15.6 12.30 / / / / 

Araldite-

106 

1 24.1 

24.4 

0.88 

0.90 

24.5 

21.2 

1.42 

1.34 

2 25.2 0.98 21.9 1.31 

3 24.2 0.95 17.4 1.35 

4 21.8 0.89 20.3 1.26 

5 26.8 0.79 22.1 1.34 
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Figure 2-12 Strain-stress responses of epoxy 

 

Glass transition temperatures (Tg) of epoxies were evaluated. The Dynamic Mechanic 

Analysis (DMA) method was adopted for the tests and the guideline ASTM E1640-09 was 

followed in this study. The specimens were cut into rectangular shapes between 1×5×20 and 

1×10×20 mm to satisfy the load capacity of the analyzer (Figure 2-13) and strain amplitude 
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requirement of the guideline. No sawing or heating was applied on the specimens during 

preparations in order to avoid changing the heat history of the specimens. In the test, 

specimens were anchored in tension mode in the oven with a nitrogen environment. 

Mechanical oscillation at a fixed frequency of 1Hz was applied on the specimens, and the 

oven was heated at the fixed rate of 1°C per minute from 20°C to 100°C. The changes in the 

viscoelastic response of the materials were monitored as a function of temperature. The glass 

transition region was marked by a rapid decrease in storage modulus and a rapid increase in 

the loss modulus and tangent delta. The value of Tg can then be indicated by the peak of the 

tangent delta (Figure 2-14), which marks the transition from a glassy to a rubbery solid. 

According to the test results, Tgs of the epoxies were among 60-65°C (Table 2-10). 

 

Figure 2-13 DMA for glass transition temperature (Tg) tests of epoxy 
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Figure 2-14 DMA test report of epoxy (a) SW-3c (b) Sika 330 (c) Sika 30 (d) Araldite-106  

 

2.4 CONCLUSIONS 

 

In this durability study, the exposure scheme was designed very carefully. According to 

DMA analysis on epoxies, the Tg of epoxy adhesives were 60-65°C. The temperature of 

water and air ventilation was set to 40°C, 20°C below the Tg of epoxy. The wet-dry cycle 

consisted of 16-hour sea water submergence and 32-hour drying to simulate the natural 

subtropical environment. After 8-month exposure, the concrete compressive strength and 

tensile strengths of CFRP sheets, CFRP plates, experienced a 6.9%, 6.0% and 12.3% 

increase, while the Young’s modulus remained the same. On the contrary, the ultimate tensile 

strength of the GFRP sheets decreased by 48.9%. The GS composites have already 

undergone severe degradation in the tensile strength. As for epoxies, the SW-3C, Sika330, 

Sika30 and Araldite106 obtained 37.9%, 40.8%, 52.4% increase in tensile strength and little 

change in their stiffness, while the Araldite106 underwent 15.0% decrease in the tensile 

strength but a 48.9% increase in its stiffness. The test results for epoxies show that the 8-

month exposure is beneficial for most of the adhesives due to the post-curing effects except 

Araldite 106. 
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CHAPTER 3  

LONG-TERM BOND BEHAVIOR OF 

FRP-TO-CONCRETE INTERFACES 

 

3.1 INTRODUCTION 

 

The properties of bond between FRP and concrete are the key factors controlling debonding 

failures in FRP-strengthened structures. To represent such phenomenon, in most of the 

recent existing researches, the study of debonding failures of FRP-strengthened RC 

members under short-term loading has relied heavily on the understanding and modeling of 

the basic bond shear stress-slip model (or simply bond-slip model) (e.g., Dai et al. 2005; Lu 

et al. 2005). Moreover, the power of an accurate bond-slip model in predicting the short-term 

behavior of FRP bonded concrete joints and FRP-strengthened RC beams has been 

extensively demonstrated by many researchers in developing FE and simple design models 

for debonding failures of FRP-to-concrete joints (e.g., Chen and Teng 2001; Dai et al. 2006, 

Lu et al. 2007) and RC beams strengthened in shear or flexure with bonded FRP systems 

(e.g., Hollaway and Teng 2008). However, in real engineering, the long-term properties of 

the materials as well as the interfaces in a FRP-strengthened RC system can be affected 

largely by environmental conditions (e.g., wet-cry cycles and temperature) and their 

performances will vary from that of short-term bond behavior. As a result, the long-term 

interfacial behavior cannot be properly represented by the short-term models without 

considering weathering effects. According to the above considerations, there is the need to 

establish a reliable exposure-dependent bond-slip model, in which the weathering effects are 

considered properly, so that the long-term behavior of bond-critical RC members 

strengthened with FRP composites can be well predicted. 
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Existing studies suggest that the main failure mode of FRP-to-concrete joints in bond tests is 

cracking of concrete under shear which occurs commonly at a few millimeters from the 

adhesive-concrete interface (Chen and Teng 2001). This is the most acceptable failure mode 

since failure in concrete means a good cohesion between the concrete and FRP composites. 

In such cases, therefore, the bond strength of the joint depends significantly on the concrete 

strength. In addition, due to various reasons (such as the deterioration in materials, the 

existence of moisture on the interfaces or the poor application quality), the failure may occur 

in other forms, namely the adhesive failure (failing inside the adhesive), failure in the 

concrete-resin interface or FRP-resin interface and FRP rupture. 

 

The near-end supported single-lap shear test, which has been widely accepted and applied 

due to its simplicity and reliability, is adopted herein to measure the bond behavior. The 

stress state of the interface is similar to that in a shear test specimen in various debonding 

failure modes. Although the single-lap shear test can be realized in a number of ways with 

some variations, the results obtained are not dependent on the set-ups strongly if the 

following basic mechanics are set closely (Chen et al. 2001):(a) bond length; (b) width of 

FRP plate/sheet; (c) width of concrete prism and (d) free zone length. Moreover, a 

sufficiently long bond length is helpful to minimize the effect of unintended loading offsets 

and a sufficiently high support block can help avoid non-interfacial failures (Yao et al. 2004).  

 

Generally, there are two methods of obtaining local stress-slip curves of the FRP-to-concrete 

interface from a single-lap shear test: (a) from axial strains of the FRP laminate measured 

with closely spaced strain gauges (e.g., Nakaba et al. 2001); (b) from load-displacement (slip 

at the loaded end) curve (e.g., Ueda et al. 2003). In the present study, the former method was 

followed, by which the shear stress of a specific location on the FRP-to-concrete interface 

can be deduced, while the corresponding slip can be obtained by a numerical integration of 

the measured axial strains of the plate. 
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3.2 EXPERIMENT OUTILIE 

 

3.2.1 Design of specimens 

 

An FRP bonded concrete joint specimen in a single-lap shear test consisted of a concrete 

prism, FRP laminates and the adhesive layer. 120 FRP bonded concrete joints in total were 

prepared. Amongst the specimens, the dimensions of the concrete prism and FRP laminates 

(length and width of FRP sheet/plate) were identical (Figure 3-1). The specimens were 

distinguished by exposure scheme and FRP systems (Table 3-1 and Table 3-2). 60 joints 

were prepared for accelerated laboratory tests (L series). Another other 60 were for field 

exposure tests (F series). L series specimens were exposed in an environmental chamber and 

subjected to accelerated wet-dry cycles in five different durations. The specimens were 

submerged in 40°C hot sea water for 16 hours and then exposed to air ventilations for 32 

hours in each wet-dry cycle (Figure 2-1). F series specimens were exposed outdoors in a 

natural subtropical environment in five different durations. Technically it is very hard to 

estimate the equivalent durations between accelerated lab test and field exposure due to the 

lack of existed control tests. However, according to reviews of previous study, the 

degradation of bond in field exposure is much slower than the accelerated lab test, for which 

reason relatively longer exposure durations were set for field exposure tests in present study. 

Explanations have been added to the thesis. In each series, four types of FRP-adhesive 

combinations were adopted, which were 2-layer CFRP sheets (0.167mm for each layer); 2-

layer GFRP sheets (0.172mm for each layer); 1-layer CFRP plate (1.2 mm for each layer) 

bonded with Sika30 or Araldite106. The main difference between two plate adhesives is 

their stiffness. The Sika30 has a shear modulus of 5 GPa, while the shear modulus of 

Araldite106 is 1 GPa (section 2.3.4). The purpose of using two different types of epoxy for 

the FRP plate is to examine whether a more ductile adhesive layer could improve the bond 
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performance. 

 

 

 

Figure 3-1 Dimension of FRP bonded concrete joints 

 

Table 3-1 Information of FRP bonded concrete joints for accelerated laboratory tests 

Serial number 
Specimen 

type 

Specimen 

size 
FRP type Adhesive type 

Exposure 

duration 
Quantity 

L-GS: 3×5 

L-GS-0m-1,2,3 

Bonded 

joints 
150×150×350  GFRP sheet Sika330 

0 month 3 

L-GS-8m-1,2,3 8months 3 

L-GS-12m-1,2,3 12 months 3 

L-GS-18m-1,2,3 18 months 3 

L-GS-24m-1,2,3 24 months 3 

L-CS: 3×5 

L-CS-0m-1,2,3 

Bonded 

joints 
150×150×350 CFRP sheet SW-3C 

0 month 3 

L-CS-8m-1,2,3 8months 3 

L-CS-12m-1,2,3 12 months 3 

L-CS-18m-1,2,3 18 months 3 

L-CS-24m-1,2,3 24 months 3 

L-CP1: 3×5 

L-CP1-0m-1,2,3 

Bonded 

joints 
150×150×350 CFRP plate Sika30 

0 month 3 

L-CP1-8m-1,2,3 8months 3 

L-CP1-12m-1,2,3 12 months 3 

L-CP1-18m-1,2,3 18 months 3 

L-CP1-24m-1,2,3 24 months 3 

L-CP2:  

3×5 

L-CP2-0m-1,2,3 

Bonded 

joints 
150×150×350 CFRP plate Araldite106 

0 month 3 

L-CP2-8m-1,2,3 8months 3 

L-CP2-12m-1,2,3 12 months 3 

L-CP2-18m-1,2,3 18 months 3 

L-CP2-24m-1,2,3 24 months 3 
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Table 3-2 Information of FRP bonded concrete joints for field exposure tests 

Serial number 
Specimen 

type 

Specimen 

size 
FRP type 

Adhesive 

type 

Exposure 

duration 
Quantity 

F-GS:  

3×5 

F-GS-18m-1,2,3 

Bonded 

joint 
150×150×350 

GFRP 

sheet 
Sika330 

18 months 3 

F-GS-36m-1,2,3 36 months 3 

F-GS-60m-1,2,3 60 months 3 

F-GS-96m-1,2,3 96 months 3 

F-GS-144m-1,2,3 144 months 3 

F-CS: 

3×5 

F-CS-18m-1,2,3 

Bonded 

joint 
150×150×350 CFRP sheet SW-3C 

18 months 3 

F-CS-36m-1,2,3 36 months 3 

F-CS-60m-1,2,3 60 months 3 

F-CS-96m-1,2,3 96 months 3 

F-CS-144m-1,2,3 144 months 3 

F-CP1 

3×5 

F-CP1-18m-1,2,3 

Bonded 

joint 
150×150×350 CFRP plate Sika30 

18 months 3 

F-CP1-36m-1,2,3 36 months 3 

F-CP1-60m-1,2,3 60 months 3 

F-CP1-96m-1,2,3 96 months 3 

F-CP1-144m-1,2,3 144 months 3 

F-CP2 

3×5 

F-CP2-18m-1,2,3 

Bonded 

joint 
150×150×350 CFRP plate Araldite106 

18 months 3 

F-CP2-36m-1,2,3 36 months 3 

F-CP2-60m-1,2,3 60 months 3 

F-CP2-96m-1,2,3 96 months 3 

F-CP2-144m-1,2,3 144 months 3 

 

3.2.2 Specimen preparations 

 

A total of 150 concrete prisms were cast using normal commercial concrete in the same 

batch. The concrete was well mixed and vibrated after being poured into the wooden frames. 

All the prisms were cured more than 28 days before FRP sheet/plates were applied. 120 

concrete prisms in the best quality were selected. The concrete substrate was firstly 

grounded with a jet-chisel so that the weak layer composed of cement laitance, loose and 

friable materials was removed. The grinded surface was then carefully cleaned using high-

pressure air so that the surface was laitance and contaminant free and open textured. The free 

zone of the bonded surface was covered using insulating tapes to prevent excessive adhesive 

sticking on the substrate (Figure 3-3).  
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Figure 3-2 Mold frames and concrete prisms for bonded joint tests 

 

Figure 3-3 Preparation of FRP bonded concrete joints (a) treatment of concrete substrate; (b) applying 

FRP sheets using wet lay-up method 

 

The procedures of applying the FRP laminates varied according to types of FRP. For CS and 

CP1, one thin layer of well mixed epoxy primer (SW-3P for CS and Sika 330 for CP1, 

respectively) was applied on the concrete substrate. The primers used for GS and CP2 were 

identical to the sheet/plate resins since the resins already had a very ideal viscosity to fill the 

void on the concrete substrate. CFRP sheets and GFRP sheets were applied using the wet-

layup method. The sheets were uniformly impregnated with resins first, and were then 

applied onto the primer and leveled with a rub roller along the fiber direction. Differently, 

when the CFRP plates were applied, the plate surface was firstly brushed with sandy paper, 

solvent wiped and fully dried. The plate surface was then coated with a layer of adhesive in a 

triangular section shape. Afterwards, the plate was attached onto the concrete substrate and 

pressed uniformly with a roller to squeeze out excessive adhesive. After one-day curing, 

insulating tapes and excessive adhesives were removed carefully, so that a clean and regular 

bond was achieved. The specimens were cured indoors (20±2°C) for more than 7 days 

before being placed into the chamber or outdoors. 
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Figure 3-4 FRP bonded concrete joint specimens: (a) CP1 (b) CP2 (c) CS and (d) GS 

 

3.2.3 Test procedure and instrumentation 

 

A steel rig for the single-lap shear test was carefully designed and manufactured to carry out 

the single-lap shear tests. The instrument consisted of a platform, load head, hydraulic oil 

jack and load cell (Figure 3-5). Before the specimen was loaded, the alignment was adjusted 

very carefully so that the direction of the applied force was not only horizontal (Figure 3-7), 

but also coincided with the centerline of the FRP laminate (Figure 3-8). The load was 

applied manually using a hydraulic oil jack. The increase of load was monotonic with a 

constant increment of 25% of the debonding load per minute predicted by Chen and Teng’s 

model (2001). In this way, the loading time of all tests was about 4-6 minutes. 

 

Strain gauges and linear variable displacement transducers (LVDTs) were adopted. Strain 

gauges of 5mm in gauge length were attached at spacing of 20mm along the centerline of 

FRP laminate from the loaded end towards the free end (Figure 3-6) for the purpose of 

obtaining dense and accurate local strain distributions. Another 5mm strain gauge was 
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attached in the free zone of the laminate, 25mm from the loaded end. Meanwhile, three 

strain gauges of 5mm in gauge length were installed symmetrically along the transverse 

direction of FRP laminate at spacing of 15mm and a distance of 150mm from the loaded end 

to check the load alignment. Apart from strain gauges, two LVDTs were installed on both the 

loaded end and the free end for displacement monitoring. 

 

 

Figure 3-5 Loading set-up 

 

Figure 3-6 Layout of strain gauges on FRP laminates 

 

Figure 3-7 Adjustment of horizonal plane of FRP plates 
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(a)                                            (b) 

 

(c)                                            (d) 

Figure 3-8 Adjustment of loading axis: (a) laser calibrator; (b) free end of the FRP laminate; (c) 

loaded end of the FRP laminate; (d) reaction plate of oil jack 

 

3.3 EXPERIMENTAL OBSERVATIONS 

 

Loading axis 

Loading axis 

FRP plate 

Loading axis 
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Due to very long durations of the proposed experiments and limited time for the master 

study, 0-month and 8-month accelerated laboratory tests were completed so far. For 

simplicity, all the 0-month and 8-month specimens mentioned in the rest of present chapter 

refer to accelerated laboratory tests unless otherwise noted. 

 

3.3.1 Strain evolutions in FRP during exposure 

 

Strains in different types of FRP laminates were monitored using FBG fiber optic sensors 

during environmental exposure. The sensors were applied indoors at room temperature 

(20°C). The fiber optic sensors were attached on the FRP laminates at spacing of 50mm. 

Details of the installation procedures of FBG sensors will be introduced in chapter 5. When 

the specimens were monitored after being exposed for 4 months, residual strains were 

discovered in the FRP laminates (Figure 3-9). When the joints were submerged in heated 

water, different thermal expansions occurred in FRP laminates and concrete due to the 

thermal incompatibility of these two materials. The thermal expansion of FRP composites 

was larger than that of concrete under the same temperature, but the cohesive interaction 

impeded the relative slip between FRP laminates and concrete. As a result, interfacial stress 

was induces and the strains in FRP distributed in an arched shape. Because the interfacial 

bond stress-slip was nonlinear, strains in FRP induced by the heat expansion could not fully 

recover to the original state although the temperature was dropped to original state. 

Therefore, the residual strains remained as observed in the specimens after exposure. 
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(c)                                                                   (d) 

Figure 3-9 Strain variations in FRP laminates during exposure in different specimens (a) CP1 (b) CP2 

(c) CS and (d) GS  

 

3.3.2 Failure modes of FRP bonded concrete joints 

 

For the FRP-to-concrete interface under single-lap shear test, there are several types of 

failure modes (Chen and Teng, 2001): (a) Concrete failure; (b) FRP sheet fracture; (c) 

Concrete-to-adhesive interface failure; (d) Adhesive failure; (e) Deamination in FRP sheets 

and (f) FRP-to-adhesive interface failure. In the present tests, all of the failure modes were 

observed except the concrete-to-adhesive interface failure, which only exists theoretically. 

Figure 3-24 in the appendix illustrates the failure modes of all tested specimens. 

 

Amongst the tested specimens, the most often observed failure was the concrete failure 

(Figure 3-10). Specimens CS, GS-0m, CP2-0m, CP1-0m-2 and CP1-8m failed in this mode 

(Figure 3-10). The failure process started with visible concrete cracking near the loaded end 

of the concrete prism. Surface cracks in concrete were observed on both sides of FRP 

laminates, with an angle of 45 degree to the longitudinal axis of the FRP laminate. As the 

load increased, the FRP laminate initiated to debond from cracked concrete at the loaded end. 

The cracks then propagated towards the far end of the FRP laminate, which led to a complete 

brittle debonding. The thickness of the debonded concrete layer varied between 1mm and 

5mm, and the surface of concrete was very uneven. 
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Figure 3-10 Concrete failure 

 

In addition, adhesive failure occurred in specimen CP1-0m-1 and CP1-0m-3 (Figure 3-11). 

The debonding initiated by delamination between the plate resin and the primer at the loaded 

end; however, the debonding surface partly propagated into the concrete layer as load 

increased. This might be caused by the insufficient curing and large difference in stiffness 

between the resin and primer. When the joint was loaded, high stress concentration was 

induced between the primer and resin. As a result, delamination of the adhesives occurred 

instead of concrete cracking. Interestingly, the bond strengths in these two specimens were 

even larger than CP1-0m-2 specimen which failed in concrete, indicating that the interface 

provided very good load capacity despite the adhesive failure. 

 

Figure 3-11 Adhesive failure 

 

Combined plate delamination and plate-adhesive delamination occurred in all of CP2-8m 
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specimens (Figure 3-12) which is very different from CP2-0m’s concrete failure. A thin layer 

of FRP laminate delaminated from the plate when debonding. Apparent plate-adhesive 

delamination could be observed as well. Such large change in failure mode indicated that the 

interface has degraded during exposure. The cohesion between the FRP and resin has been 

weakened. However, no reduction in bond strength of CP2-8m was found. 

 

Figure 3-12 Combined plate-adhesive interface debonding and FRP delamination 

 

In GS-8m, FRP sheets fractured instead of debonding when being loaded (Figure 3-13). As 

described in Section 2.3.3, the ultimate strength of the GFRP laminate decreased by 49% 

after 8-month exposure. Such degradation in GFRP composites directly affected the failure 

mode of the joints.  

 

Figure 3-13 FRP sheet fracture 

 

Plate splitting occurred due to poor alignment in the specimen CP2-0m-1 (Figure 3-14). The 
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FRP plate was split into two parts along the longitudinal direction while being loaded. The 

imbalance of load distribution in the section induced one part of the FRP debonding 

prematurely. The ultimate load was obviously lower than the bond strength of specimens 

failing in concrete since only half part of the bond was in service. Considering these features, 

the test results were ignored in the following analysis. 

 

Figure 3-14 Plate splitting due to eccentric loading 

In addition, FRP-adhesive interfacial premature failure was observed in a trial test (Figure 

3-15). The main reason of such failure was improper treatment of the FRP surface which led 

to insufficient cohesion between the adhesive and FRP plate. The load capacity of such joint 

was extremely small (less than 1 kN). By abrading the polished surface using sandy papers 

with 240# sandy paper and solvent-wiping and fully drying the plate, such premature could 

be suppressed. 

 

Figure 3-15 Plate-adhesive failure due to improper surface treatment  

 

3.4 ANALYTICAL OBSERVATIONS 

 

3.4.1 Ultimate bond strength and debonding strains 
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The ultimate bond strengths are listed in Table 3-3. Variations in bond strength are observed, 

which were 4.13 kN (13.7%) and 0.72 kN (2.8%) increase in CP1 and CP2, while 0.86 kN 

(3.2%) and 2.39 kN (16.4%) decrease in CS and GS, respectively. It indicates that the 

exposure has improved the CP1’s bond strength largely; however the influences on CP2 and 

CS were not that apparent. The GFRP composites suffered great loss in tensile strength 

(48.9%) after exposure, which led to the inferior ultimate load of the specimens due to FRP 

fracture, and thus the bond strength could not be acquired.  
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Table 3-3 Results of single-shear pullout tests 

Specimen 
Eftf A( B(mm-1) Gf  (N/mm) Pmax (kN) 

Ppre./Pexp. 
Slip (mm) 

Spre../sexp. Failure mode 
kN/mm   Avg.   Avg.   Avg. Exp. Avg. Pre. sexp. sexp.avg. Spre. 

CP1-0m-1 198 3190 

3110 

10.57 

12.30 

0.987 

0.938 

30.94 

30.16 30.39 1.01 

0.527 

0.494 0.470 0.95 

AF 

CP1-0m-2 198 3004 13.47 0.875 29.14 0.387 CF 

CP1-0m-3 198 3134 12.86 0.953 30.4 0.569 AF 

CP1-8m-1 198 3863 

3535 

9.03 

9.52 

1.448 

1.217 

37.47 

34.29 34.43 1.00 

0.376 

0.472 0.533 1.13 

CF 

CP1-8m-2 198 3327 10.94 1.074 32.27 0.461 CF 

CP1-8m-3 198 3415 8.59 1.131 33.12 0.580 CF 

CP2-0m-1 198 \ 

2683 

\ 

12.72 

\ \ 25.5 

25.85 26.1 1.01 

\ 

0.371 0.404 1.09 

PS 

CP2-0m-2 198 2717 11.49 0.716 
0.698 

26.35 0.423 CF 

CP2-0m-3 198 2650 13.95 0.681 25.7 0.319 CF 

CP2-8m-1 198 \ 

2745 

\ 

7.53 

\ 

0.732 

26.45 

26.57 24.76 0.93 

\ 

0.349 0.380 1.09 

AF 

CP2-8m-2 198 2829 6.39 0.776 27.44 0.342 AF 

CP2-8m-3 198 2661 8.67 0.687 25.81 0.355 AF 

CS-0m-1 81.5 6793 

6766 

4.12 

6.73 

1.834 

1.821 

27 

26.89 27.03 1.01 

0.878 

1.089 1.055 0.97 

CF 

CS-0m-2 81.5 6997 9.69 1.946 27.81 1.260 CF 

CS-0m-3 81.5 6509 6.37 1.684 25.87 1.130 CF 

CS-8m-1 81.5 6519 6550 8.12 8.20 1.689 1.717 25.91 26.03 26.28 1.01 1.054 0.931 1.040 1.12 CF 

CS-8m-2 81.5 5895  10.37  1.381  23.43    0.846    CF 

CS-8m-3 81.5 7236  6.12  2.081  28.76    0.892    CF 

GS-0m-1 25.99 7261 7736 17.36 16.58 0.995 1.133 13.7 14.60 14.72 1.01 1.480 1.621 1.270 0.78 CF 

GS-0m-2 25.99 8305  15.67  1.301  15.67    1.929    CF 

GS-0m-3 25.99 7642  16.70  1.102  14.42    1.453    CF 

GS-8m-1 25.99 \ \ \ \ \ \ 10.37 12.21 \ \ 0.041 0.157 \ \ FF 

GS-8m-2 25.99 \  \  \  12.35    \    FF 

GS-8m-3 25.99 \  \  \  13.91    0.273    FF 

Note: a) Ef=Elastic modulus of FRP; tf=thickness of FRP; A, B= parameters in Dai et al. (2005)’s model; max=maximum bond stress; smax=slip corresponding to the maximum bond stress; Pmax=ultimate load;  

CF=cohesive failure; AF=adhesive failure; PS=plate splitting; FF=FRP fracture b) Data marked as ‘\’ are ignored due to specific failure of specimens. 
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The bond strengths and debonding strains are illustrated as the function of FRP stiffness Eftf 

in Figure 3-16 and Figure 3-17. The ultimate load had a positive correlation with the FRP 

stiffness; on the contrary, the debonding strain in FRP descended as the FRP stiffness 

increased.  According to Dai et al. (2005), the bond strength can be denoted by the following 

equation: 

max 2f f f fP b E t G  (eq. 3-1) 

Eq. 3-1 indicates that the FRP stiffness is very important variable to describe the FRP’s 

contribution on the FRP-to-concrete interface regardless of the type or the Young’s modulus 

of the FRP materials. The figures interpreted the relationship between bond strength and 

FRP stiffness properly. 
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Figure 3-16 Ultimate bond strength vs FRP stiffness 
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Figure 3-17 FRP debonding strain vs FRP stiffness 

 

The test bond strengths were predicted using Teng and Chen (2001)’s model. Comparisons 

are illustrated in Figure 3-18. Good agreement was found for GS, CP1 and CP2, while the 

predicted results of CS are relatively conservative. Moreover, because of the difference in 

FRP stiffness, the ratio of effective bond length to the whole bond length varied. Since there 

is no exposure-dependent parameter indicating the environmental effects in the Teng and 

Chen’s model, the strength variations after exposure cannot be predicted. 
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Figure 3-18 Bond strengths vs bond length 

 

3.4.2 Bond-slip relationships of FRP-to-concrete interfaces 

 

3.4.2.1 Theoretical background 

According to Dai et al. (2005), the strain-slip response at the loaded end of the FRP laminate 

can be represented by the following equation: 

    1
B x

f x A e


 


      (eq. 3-2) 

where A and B are two parameters which can be determined by regression analysis from a 

bonded joint test. The physical meaning of A is the maximum strain in FRP if the bond 

length is longer than the effective bond length. B controls the shape of the bond stress-slip 

curve. A large parameter B denotes a brittle bond-slip curve in which the ascending and 

descending path is steeper. Noting that 

 

 
1

p pE t d x

dx








 (eq. 3-3) 

and 

 
 d x

x
dx


   (eq. 3-4) 

in which /p p p c c cE t b E t b  , bp and tp= width and thickness of the FRP laminate; bc and tc = 

width and thickness of the concrete prism; and Ep and Ec = Young’s modulus of the FRP and 

concrete, respectively.  

 

Combining eq. 3-3 to eq. 3-4 yields the following bond stress-slip model: 

 
 

    22

1

p p B x B xE t
x A B e e

 




 
 


 (eq. 3-5) 

The interfacial facture energy of bond, Gf is defined as 
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0

fG ds


    (eq. 3-6) 

By substituting eq. 3-5 into eq. 3-6, the following equation can be obtained: 

 
2

1
f

p p

G
A

E t
   (eq. 3-7) 

And the bond stress-slip model can be rewritten as 

      2
2

B x B x

fx G B e e
 


 

   (eq. 3-8) 

If a sufficient long bond length (at least longer than the effective bond length) is provided so 

that the loaded end slip is large enough, the bond strength can be calculated using the 

following equation: 

max 2
1

f f

f f

E t
P b G





 (eq. 3-9) 

It is obvious that eq.3-1 is a special case for eq3-9, in which the stiffness of concrete 

substrate is assumed ultimately large, in which case, (1+)=1 and eq.3-1 can be deduced by 

eq.3-9. 

 

3.4.2.2 Determination of Gf and B 

Using eq. 3-9, the Gf can be obtained from the test pull load Pmax without difficulty: 

 
2

max

2
1

2
f

p p p

P
G

E t b
   (eq. 3-10) 

The strain distribution along the FRP laminate,  x at different pull load P can be obtained 

as (Dai et al. 2013) 

 
  max1

BA L x

A
x

P P
e

P







 

 (eq. 3-11) 

Comparatively, eq3-2 denotes the strain-slip response at the loaded end of a bond, while eq3-

11 denotes the load strain in bond as a function of the load level and location. If the strain 
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distributions at different load levels ,i j are obtained from tests (i=1, 2,…, m denotes the 

number of load level, j=1, 2,…, n denotes the number of strain gauge), the value of B can be 

determined through least-square minimization of the difference between the test and 

predicted strain values with the use of eq. 3-11, i.e. the B can be obtained by minimizing the 

following equation: 

   .

2

, ,

1 1

pre test

m n

i j i j

i j

e  
 

  
   (eq. 3-12) 

The parameters Gf and B determined from previous tests are listed in Table 3-3. The 

regressed strain curves are illustrated in Figure 3-25 in the appendix. The parameters varied 

depending on FRP types and the exposure history. The maximum Gf and B were found in 

CS-0m and GS-0m, and the minimum Gf and B were found in CP2-8m and CS-8m, 

respectively. The B in CP1-0m and CP2-0m was very close, and B decreased in both CP1-

8m (22.6%) and CP2-8m (40.8%) after exposure. On the contrary, B in CS increased by 

23.3%. Gf increased by 29.7% in CP1, 4.8% in CP2, but decreased by 5.7% in CS. The 

parameters of GS-8m were not obtained due to the fracture failure in FRP laminates. 

 

3.4.2.3 Predicted bond-slip model and load-slip curves 

Once the parameters Gf and B are obtained, the bond stress-slip relationship can be obtained 

using eq. 3-8. The predicted bond-slip models are illustrated in Figure 3-19. In comparison 

of bond-slip models, (a) the ascending stiffness of the curve in CP1-8m did not change 

largely, but the area beneath the curve became larger due to a larger Gf; (b) the stiffness of 

CP2 became much smaller due to a large decrease of parameter B; (c) a steeper acending and 

descending path was found in the curve of CS-8m, however the area beneath the curve was 

did not change largely. 
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(c)                                                                                  (d) 

Figure 3-19 Proposed bond stress-slip curves of FRP-to-concrete interfaces of different specimens (a) 

CP1 (b) CP2 (c) CS (d) GS 

 

3.4.2.4 Validation of the bond-slip models and discussions 

The proposed bond stress-slip models could then be used to predict the bond behavior by an 

interating process. The FRP laminate can be devided into a finite number of elements along 

the longitudinal direction. Without loss of generality, it assumes that there are n elements and 

n+1 nodes (Figure 3-20). 
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Figure 3-20 Illustration of nodes and elements in the model 

 

The free end of the bond is not constraint, i.e. 

1 0  ; 
1 0F   (eq. 3-13) 

If the slip at the node 1 s1 is known, the stress at the node 1 can be obtained as 

 1 12

1 2
Bs Bs

fBG e e  
   (eq. 3-14) 

For ist node, it is assumed that the stress in ist element remains constant and equals the stress 

at ist node. Such assumption can be reasonable if a considerable large number of elements 

are used. The load-transfer relationship between the ist and (i-1)st node can be expressed as 

follows: 

 

1 1

1 1

2

( ) / 2

2 i i

i i i

i
i

f f

i i i i

Bs Bs

i f

F F bl

F

E t b

s s l e e

BG e e







 

 

 

 

 


   


 


 (eq. 3-15) 

Therefore, if the condition in (i-1)st node is known, the status of ist node, i.e. Fi, I, si, and i 

can be obtained accordingly. As a result, given any free end slip s1, the force and slip at the 

loaded end can be deduced. Due to the nature of the local bond stress-slip model, there is 

always a maximum load corresponding to a certain free end slip value. 

 

A MATLAB program was compiled to conduct the calculation. It was found that the 

accuracy was acceptable (99.5%) if the more than 1000 elements were defined. The program 

started from a very small trial value of free end slip (less than 1e-6 mm) and output the bond 

status. The input value was increased gradually in loops until the load at the loaded end 

began to drop, which meant that the maximum load had been found. The increment of the 

free end slip in each loop was set reasonably small (smaller than 1e-6 mm) in order to 

guarantee the accuracy of results. During the calculation, the bond status at every calculated 

load levels was recorded. 
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The predicted bond strengths are listed in Table 3-3. A comparison between the predicted 

and test results is illustrated in Figure 3-21. The differences between most of the predicted 

and test results are within 1%, which is reasonable since the parameters of the models were 

regressed from the test results. The stain distributions at maximum load were also simulated, 

which are illustrated in Figure 3-25 in the appendix. The average parameters in the regressed 

bond stress-slip model were used to predict the strain distribution at peak load. However, 

there existed variations in the results of identical tests, which seem inevitable and reasonable. 

A comparison between test and predicted loaded end slip at peak load is listed in Table 3-3, 

in which good match was also found. 
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Figure 3-21 Test versus predicted bond strength 

 

The predicted load-slip curves show very good agreement with test curves (Figure 3-26 in 

the appendix). For ease of comparison, all the predicted curves are illustrated in Figure 3-22. 

The load-slip responses are all exponential curves. The stiffness of bond was relatively large 

at the beginning of loading but softened gradually as the slip increased. The specimen CP1 

and CP2 had a similar initial stiffness, while the stiffness of CS and GS were lower. As a 

matter of fact, according to eq. 3-2, the stiffness of bond is controlled by many parameters, 



68 

 

namely the FRP stiffness, the parameter B and the fracture energy. GS-0m achieved the best 

ductility due to its large ratio of bond length to effective bond length. The influences of wet-

dry cycles varied in different types of specimens: (a) In CP1-8m, a stiffened load-slip curve 

and higher ultimate load were observed, which was mainly contributed by the post cured 

resins. As discussed previously, two of the CP1-0m failed in the primer-adhesive interface; 

comparatively, after 8-month exposure, all the specimens failed totally in concrete. The post 

curing in the wet-dry cycles provided a better cohesion between the primer and resin, which 

led to a better stress transfer capability. (b) On the contrary, in CP2-8m, the load-slip 

responses behaved almost linearly in a much lower stiffness compared with CP2-0m. Such 

change mainly resulted from the degradation of cohesion between the FRP plate and epoxy. 

As described previously, the CP2-8m failed mostly in FRP-adhesive interfaces other than in 

the concrete. The change in failure mode led to less efficient stress transfer through the FRP-

to-concrete interfaces. Noting the formation of strain distributions in the FRP plate in CP2-

8m (Figure 3-26), the effective bond length of CP-8m could even be larger than the bond 

length. It is well known that if there is no sufficiently long bond provided, the ductility of 

bond can be very poor. Therefore, the load-slip curves in the CP2-8m specimens were almost 

linear due to the insufficient bond length. (3) The CS-8m became slightly stiffer but 

achieved lower bond strength; however the changes were not very obvious. (4) Linear load-

slip curves were observed in GS-8m due to fracture of FRP laminates, which was not 

simulated in the predicted model. 
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Figure 3-22 Predicted load-slip curves of FRP bonded concrete joints 

 

Moreover, Figure 3-23 demonstrates the stress distribution in the interface at peak load. 

Stress distributions varied correspond to the variations of bond stress-slip curves. 
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(c)                                                            (d) 

Figure 3-23 Predicted interfacial shear stress distributions in different specimens (a) CP1 (b) CP2 (c) 
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CS and (d) GS 

 

According to the regression analysis by Dai et al. (2005), the Gf has a negative correlation 

with the normalized shear stiffness of adhesive layer Ga/ta: 

   
0.0230.352 0.2360.446 /f a a c f fG G t f E t


  (eq. 3-16) 

in which Ga=shear stiffness of adhesive and ta=thickness of adhesive layer. In present study, 

the thickness of adhesives was controlled according to the product handbook so as to 

provide best cohesion performance, which was 3mm for Sika30 (in CP1) and 0.1mm for 

Araldite106 (in CP2). The tensile modulus of adhesives, which is close and proportional to 

the shear modulus of the adhesive, was obtained as: Ea,Sika30=11.4MPa and Ea,Aral106=0.90MPa. 

As a result, the ratio Ea,Sika30/ta,Sika30=3.8N/mm3< Ea,Aral106/ta,Aral106=9.0 N/mm3, i.e. the 

adhesive layer in CP1 is ‘softer’ than the adhesive in CP2. Using eq. 3-16, the ratio of 

predicted fracture energy between CP1 and CP2 can be calculated as: 

0.352

, 1 , 30 , 30

, 2 , 106 , 106

/
1.35

/

f CP a Sika a Sika

f CP a Aral a Aral

G G t

G G t



 
   
 

 (eq. 3-17) 

which is very close to the ratio obtained from tests (=1.4, Table 3-3). Therefore, the 

discussion above proves the assumption that a soft adhesive can indeed improve the bond 

performance. 

 

3.5 CONCLUSIONS 

 

This chapter has presented both experimental and analytical studies on the exposure-

dependent behavior of FRP-to-concrete interfaces. Four types of FRP-to-concrete interfaces 

were subjected to 8-month exposure in wet dry cycles. Single-lap shear tests were used to 

evaluate the bond performance after exposure. Analytical study was also conducted and 

exposure-dependent bond stress-slip curves were proposed. The following conclusions were 

made based on above work: 



71 

 

 

(a) Arch-shape strain distributions emerged in the FRP laminates during exposure, and the 

residual strains were not likely to fully recover even the bonded joints were fully dried 

and placed back to the original indoor environment.  

 

(b) The wet-dry cycles caused changes in the failure mode of joints. Although most of the 

specimens (CP1-8m, CP2-0m, CS, GS-0m) failed in concrete, two of CP1-0m failed in 

the adhesive layer; CP2-8m failed in the adhesive-epoxy interface combined with FRP 

delamination; and GS-8m failed by FRP sheet fracture. Changes in the failure mode 

indicating that the exposure has brought out different effects on the interfaces or the FRP 

composites. The exposure improved the cohesion between the primer and resins in CP1, 

while weakened the cohesion between the FRP plate and adhesive in CP2 and the 

strength of GFRP sheets. 

 

(c) Variations in bond strengths were also observed: 13.7% and 2.8% increase in CP1 and 

CP2 while 3.2% and 16.4% decrease in CS and GS, respectively. The ultimate bond 

strength of GS series decreased largely due to rupture of GFRP sheets. 

 

(d) Predicted bond stress-slip models were proposed. The parameters were regressed from 

the tests. Bond degradation was well interpreted by the variations in parameters B and Gf. 

Good agreement was found in predicted and test results. 

 

(e) It is proved that a soft adhesive layer could improve the bond performance. In present 

study, CP1 with a softer adhesive layer achieved a higher bond strength than CP2 using 

the same FRP plate but a harder adhesive layer. 

 

Although the experimental and analytical study has successfully interpreted the long-term 

behavior of the FRP-to-concrete interfaces after 8-month exposure, it is insufficient to come 
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up with a formula to predict the long-term bond performance due to limited test duration and 

sampling. Further studies have been designed to fulfill such target, which will be discussed 

in Chapter 6. 
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APPENDIX 
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(h) 

Figure 3-24 Failure in specimen (a) GS-0m (b) GS-8m (c) CS-0m (d) CS-8m (e) CP1-0m (f) CP1-8m 

(g) CP2-0m (h) CP2-8m 
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(g-3) 

Figure 3-25 Test vs. predicted strain distributions in FRP at ultimate load in different specimens (a) 

CP1-0m (b) CP1-8m (c) CP2-0m (d) CP2-8m (e) CS-0m (f) CS-8m (g) GS-0m 
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(g)                                                                        (h) 

FRP fracture 
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Figure 3-26 Test and predicted load-slip curves of specimens (a) CP1-0m (b) CP1-8m (c) 

CP2-0m (d) CP2-8m (e) CS-0m (f) CS-8m (g) GS -0m (h) GS-8m 
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CHAPTER 4  

LONG-TERM BEHAVIOR OF FRP-

PLATED RC BEAMS 

 

4.1 INTRODUCTION 

 

Bonding FRP reinforcement in the form of pultruded or wet-layup plates to RC beams (i.e., 

FRP-plated RC beams) has been widely used as a strengthening technique. The performance 

of FRP-strengthened RC beams depends on the bond of FRP-concrete interface, through 

which concrete stress is transferred to FRP reinforcement. As a practical strengthening 

technique, the bond between FRP and concrete is required to be robust not only in short-term 

but also in long-term. Recently, study on the long-term performance of bond of the FRP-

concrete interface and FRP-strengthened RC beams is gaining increasing interest. 

 

4.2 EXPERIMENTAL PROGRAM AND TEST OBSERVATIONS 

 

4.2.1 Design of specimens 

Forty FRP-strengthened beams were designed and prepared in this experimental program. 

These beams are expected to fail by IC debonding, as IC debonding is one of the most 

common failure modes of FRP-plated RC beams, and strongly depends on the bond between 

concrete and the FRP plate. All the beams had the same dimensions: 150 mm in width, 200 

mm in height and 2150 mm in length as illustrated in Figure 4-1. Two 10 mm steel bars and 

two 8 mm steel bars were used as the internal tensile and compressive reinforcement, 

respectively. In order to avoid undesirable shear failure, 8mm stirrups were set at the spacing 

of 100 mm center to center. Two-layer CFRP sheets (0.167 mm for each layer), four-layer 
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GFRP sheets (0.172 mm for each layer) and one-layer pultruded CFRP plate of 1.2 mm in 

thickness were adopted as the flexural reinforcement aiming at IC debonding failure in 

beams. The FRP sheets/plates used were all 100 mm in width. The distance from plate end to 

the near support is very small (50 mm) so as to reduce the normal stress in the plate end, 

which prevents the FRP plate-end debonding. The mechanical properties of materials in 

beams have been described in Chapter 2. 

 

These beams were distinguished from each other type of FRP sheets and bonding adhesives, 

exposure conditions and exposure durations. Detailed arrangement of beams is given in 

Table 4-1. The same as these used in FRP bonded concrete joint tests, four types of FRP-

epoxy combinations were used in beams, i.e. CFRP sheet (CS), GFRP sheet (GS), CFRP 

plate-Sika30 (CP1), and CFRP plate-Araldite106 (CP2). For each FRP-epoxy combination, 

five beams were prepared for accelerated lab tests and another five for field exposure tests. 

The exposure durations were set the same as the FRP bonded concrete joints. 

 

Figure 4-1 Dimension of FRP-strengthened RC beams 

 

Table 4-1 Information of FRP-strengthened RC beams for accelerated laboratory tests 

Serial number 
Specimen 

type 

Specimen 

size 
FRP type Adhesive type Exposure duration Quantity 

L-GS 

L-GS-0m 

RC beam 150×200×2300  GFRP sheet Sika330 

0 month 1 

L-GS-6m 8 months 1 

L-GS-12m 12 months 1 

L-GS-18m 18 months 1 

L-GS-24m 24 months 1 

L-CS 
L-CS-0m 

RC beam 150×200×2300  CFRP sheet SW-3C 
0 month 1 

L-CS-6m 8 months 1 
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L-CS-12m 12 months 1 

L-CS-18m 18 months 1 

L-CS-24m 24 months 1 

L-CP1 

L-CP1-0m 

RC beam 150×200×2300  CFRP plate Sika30 

0 month 1 

L-CP1-6m 8 months 1 

L-CP1-12m 12 months 1 

L-CP1-18m 18 months 1 

L-CP1-24m 24 months 1 

L-CP2 

L-CP2-0m 

RC beam 150×200×2300  CFRP plate Araldite106 

0 month 1 

L-CP2-6m 8 months 1 

L-CP2-12m 12 months 1 

L-CP2-18m 18 months 1 

L-CP2-24m 24 months 1 

 

Table 4-2 Information of FRP-strengthened RC beams for field exposure tests 

Serial number 
Specimen 

type 
Specimen size FRP type Adhesive type Exposure duration Quantity 

F-GS 

F-GS-18m 

RC beam 150×200×2300 GFRP sheet Sika330 

18 months 1 

F-GS-36m 36 months 1 

F-GS-60m 60 months 1 

F-GS-96m 96 months 1 

F-GS-144m 144 months 1 

F-CS 

F-CS-18m 

RC beam 150×200×2300 CFRP sheet SW-3C 

18 months 1 

F-CS-36m 36 months 1 

F-CS-60m 60 months 1 

F-CS-96m 96 months 1 

F-CS-144m 144 months 1 

F-CP1 

F-CP1-18m 

RC beam 150×200×2300 CFRP plate Sika30 

18 months 1 

F-CP1-36m 36 months 1 

F-CP1-60m 60 months 1 

F-CP1-96m 96 months 1 

F-CP1-144m 144 months 1 

F-CP2 

F-CP2-18m 

RC beam 150×200×2300 CFRP plate Araldite106 

18 months 1 

F-CP2-36m 36 months 1 

F-CP2-60m 60 months 1 

F-CP2-96m 96 months 1 

F-CP2-144m 144 months 1 

 

4.2.2 Specimen preparations 

The steel reinforcement cages were carefully fabricated to ensure the internal steel 

reinforcements are accurately positioned. Two strain gauges were set on the tensile bars at 

mid-span of the beam (Figure 4-2 (a)). Another pair of strain gauges were applied at 100 mm 

from the mid-span in case the former ones are damaged.  The gauges were protected with 
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two layers of water-resistant adhesives. On one end of the steel cage, lead wire was planted 

for the purpose of corrosion monitoring (Figure 4-2 (b)). The beams were cast using the 

same batch of concrete which was well mixed and vibrated. The beams were all carefully 

cured indoors for more than 28 days. 

 

Figure 4-2 Measurement of tensile steel reinforcement (a) strain gauges; (b) lead wires for corrosion 

monitoring 

After more than 28 days’ curing of RC beam, FRP reinforcement was applied (Figure 4-3). 

The application of FRP sheets/plates followed the introduction in Chapter 3. It should be 

noted that there are much more technical difficulties to produce a high-quality FRP-concrete 

bond on RC beams than on concrete prisms because of the much larger bond area. It is not 

only required to apply the FRP sheets plainly and uniformly, but also made sure that the 

epoxy was free of air bubbles while mixed despite the very large quantity. 

 

Figure 4-3 Bottom view of FRP-strengthened RC beams 

 

4.2.3 Test procedures and instrumentations 

The specimens were loaded by a hydraulic loading system (Figure 4-5). A steel beam was 

installed on the mid-top of the beam to distribute the load to two load points with a span of 
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300 mm (Figure 4-1). Ahead of loading, the beams and the loading frame were carefully 

aligned. The increment of load was set as 1 kN per step before concrete cracked. After the 

first crack was discovered, the load was set as 2-4 kN per step, according to the predicted 

ultimate load of each beam. After tensile bars yielded, the increment of mid-span 

displacement was set as 2 mm per minute and 1 mm for each step. 

 

At each load step, the load forces, displacements and strains in the beam were monitored 

(Figure 4-4). Two load cells were installed at loading points. Two LVDTs were installed on 

the top of supports, and another two were set at mid-span on both sides of the beam due to 

limited space (Figure 4-6). The location of the reference plates is 75 mm downwards from 

the top surface of the beams so that the reference plates would not be interfered by cracks. 

Twenty-one 5 mm strain gauges at spacing of 100 mm were installed on the FRP laminate 

along the longitudinal orientation; one 100 mm strain gauge was installed on the top of 

compressive zone at the mid-span of the beam. In addition, two 100 mm strain gauges were 

attached on one side of the beam at vertical spacing of 50 mm from the top surface to 

monitor crack propagations. 

 

Figure 4-4 Layout of strain gauges and LVDTs 
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Figure 4-5 Loading set-up of beams 

   

Figure 4-6 Locations of LVDTs at mid-span and two supports 

 

4.2.4 Test results and observations 

Considering the very long period of the experiment and the limited time for the master study, 

only 0-month and 8-month accelerated laboratory tests were completed. This section reports 

the test results of these beams. For simplicity, all the specimens mentioned in the following 

sections of this chapter refer to accelerated laboratory tests. 

 

The ultimate loads of beams are listed in Table 4-3. The ultimate loads of non-exposed beam 

CP1-0m, CP2-0m, CS-0m and GS-0m were 77.65kN, 75.07kN, 56.36kN and 46.53kN 

respectively. The load capacity showed a good positive correlation with the FRP stiffness. 

Different scales of degradation in load capacities of beams were observed in exposed beams. 

After 8-month exposure, the ultimate load of CP1-8m, CP2-8m, CS-8m and GS-8m 

decreased by 2.6%, 10.8%, 1.4% and 7.9%, respectively. The load-deflection curves of all 

Load head 

Load beam 

LVDTs 

Load cells 
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beams are presented in Figure 4-7. Three stages can be observed clearly in all curves: (a) the 

beams behaved linearly before concrete cracking. In non-exposed beams, the stiffness was 

found very close although they were strengthened in beams with different FRP composites. 

(b) Obvious variations in stiffness of beams appear after concrete cracked. The stiffness of 

beams corresponded to the stiffness of FRP reinforcement (Ecptcp>Ecstcs>Egstgs). (c) In the 

third stage when the tensile bars yielded, the stiffness of beams further decreased towards a 

brittle failure. After 8-month exposure, the CP beams suffered decrease in stiffness and 

ultimate load, while the CS and GS beams behaved in a stiffer response but also a slight 

lower load capacity. The mechanisms of the changes will be discussed in detail in Section 

4.3.2.6 
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Figure 4-7 Test and predicted load vs. mid-span deflection curves (a) CP1 (b) CP2 (c) CS (d) GS 



88 

 

 

Table 4-3 Predicted vs. test results of FRP-strengthened RC beams 

Specimen  Results 
Maximum FRP strain at 

peak load p 
p.pre./f.test 

Concrete compressive strain at 

peak load c 
c.pre/c.test 

Maximum load Pu 

(kN) 
Pu.pre./Pu.test 

CP1-0m 

Test 6077 \ -2644 \ 77.65 \ 

Ana.1 6200 1.02 -2100 0.79 72.22 0.93 

Ana.2 5890 0.97 -2668 1.01 72.32 0.93 

CP1-8m 

Test 5972 \ -2102 \ 75.61 \ 

Ana.1 6400 1.07 -2100 1 74.12 0.98 

Ana.2 5310 0.88 -2077 0.99 66.31 0.88 

CP2-0m 

Test 5394 \ -2658 \ 75.07 \ 

Ana.1 6200 1.15 -2100 0.79 79.00 1.05 

Ana.2 5360 0.99 -2444 0.92 69.75 0.93 

CP2-8m 

Test 4964 \ -2178 \ 66.95 \ 

Ana.1 6400 1.29 -2100 0.96 74.12 1.11 

Ana.2 4990 1.01 -2368 1.09 64.96 0.97 

CS-0m 

Test 12020 \ -3165 \ 56.36 \ 

Ana.1 10000 0.83 -2400 0.76 56.35 1.00 

Ana.2 7040 0.58 -2375 0.75 47.99 0.85 

CS-8m 

Test 10415 \ -2296 \ 55.56 \ 

Ana.1 10300 0.99 -2400 1.05 58.90 1.06 

Ana.2 8290 0.80 -2193 0.96 50.70 0.91 

GS-0m 

Test 9421 \ -2920 \ 46.53 \ 

Ana.1 9900 1.05 -2400 0.82 57.88 1.24 

Ana.2 8700 0.92 -2744 0.94 44.09 0.9478 

GS-8m 

Test 8354 \ -2302 \ 42.84 \ 

Ana.1 10200 1.22 -2400 1.04 59.23 1.38 

Ana.2 \ \ \ \ \ \ 

 Note: The calculated FRP debonding strain is 1.3 times of the value determined according to Lu et al. (2007).  

 

All beams failed by IC induced debonding regardless the FRP systems and exposure history 

(Figure 4-8 to Figure 4-11). The crack patterns of the debonding side of the beams are 

illustrated in Figure 4-17 in the appendix. Crack propagations and failure in beams are 

similar: the presence of the first crack was at 8 kN to 12 kN. As the load increased, more 

cracks were developed in the constant moment zone and distributed uniformly. It was 

followed by the presence of more cracks in the bending-shear area of beams at spacing of 

stirrups. The height of cracks propagated fast until the load reached 50% of the maximum 

load. After yielding of tensile bars, substantial secondary cracks were observed between the 
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existed cracks. At the meantime, the width of cracks in the constant zone increased rapidly, 

while the height of the cracks increased very slowly. The crack peak reached 50 mm from 

the top surface at the final stage of loading. The dominating cracks, at which the FRP 

sheets/plates debonding initiated, were observed in the constant moment zone or under the 

loading point. The FRP laminate debonded with a thin concrete layer, which was 

approximately 3mm-5mm in thickness. In particular, a part of concrete cover was split off 

between the dominating crack and one adjacent crack in CS and CP1. It also should be noted 

that although the GFRP sheets fractured in bonded joint tests, the GFRP strengthened RC 

beams stilled failed by FRP debonding. The most possible reason of the difference is that the 

GFRP sheets used in beams were thicker than that used in the bonded joints, which was 

more resistant to corrosion by exposure. 

  

 

Figure 4-8 Failure of beams CP1-0m (left) and CP1-8m (right) 
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Figure 4-9 Failure of beams CP2-0m (left) and CP2-8m (right) 

 

 

Figure 4-10 Failure of beams CS-0m (left) and CS-8m (right) 
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Figure 4-11 Failure of beams GS-0m (left) and GS-8m (right) 

 

4.3 ANALYTICAL OBSERVATIONS 

 

In this section, analytical studies were conducted for the tested FRP-strengthened  RC beams. 

The debonding strain of FRP was first studied using Lu et al. (2007)’s model. Finite Element 

(FE) simulations were then conducted to explore the global performance of beams. 

 

4.3.1 Prediction of FRP debonding strain in FRP flexural strengthened RC beams 

An analytical study was conducted to predict the FRP debonding strain. The FRP debonding 

strain is deduced following Lu’s model (2007): 

ff

IC

f tE/41.4(114.0C max ）
 (eq. 4-1) 

in which 
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 C= modified factor, use C=1.3 due to the conservative prediction of the original model. 

dee LL /41.3
 (eq. 4-2) 

ffee tEL 228.0  (eq. 4-3) 

cf

cf

ttw
bb

bb
ff

/25.1

/25.2
5.15.1max




 

 (eq. 4-4) 

where Ld = distance from the loaded section to the end of the FRP plate (Figure 4-1). The 

predicted values of FRP debonding strain are listed in Table 4-3. Good agreement is met 

between predicted and test results. Due to the short-term nature of the model, the debonding 

strains could not reflect the weathering effect of the wet-dry cycles. 

 

The plane-section assumption was adopted to calculate the ultimate load in beams. For a 

given section, the force equilibrium can be represented as the addition of the force in 

concrete, steel reinforcement and FRP laminates: 

1 2 0c s s frpF F F F F       (eq. 4-5) 

in which 

1c cu cF k f b  (eq. 4-6) 

1 1 1s s sF A f  (eq. 4-7) 

2 2 2s s sF A f  (eq. 4-8) 

frp frp frp frpF t b f  (eq. 4-9) 

where 
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,frp ic frp frpE   (eq. 4-13) 

 
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 


 (eq. 4-14) 

 

 
1frp s

si

frp

x d

x d








 (eq. 4-15) 

in which ds1, ds2, dfrp represent the height from the top of the compression zone to the center 

of the tensile bars, compressive bars and FRP laminates, respectively. The height of 

compressive zone, x can be deduced from eq. 4-5 by an iteration process. A MATLAB 

program was compiled to conduct the calculation. Once the x is known, the strains in 

concrete and steel reinforcement can then be deduced by eq. 4-14 and eq. 4-15. The ultimate 

moment, Mu, can then be calculated by eq.4-16: 

1 2 1 1 1 2 2 2
2 2 2 2

u cu c s s s s s s frp frp frp

h h h h
M k f b x k x A d A d A d  

       
              

         

(eq. 4-16)        

And the ultimate load can be obtained by eq.4-17: 

 2 / 50u u dF M L   (eq. 4-17) 

in which Ld is the length from mid-span of the beam to the FRP plate end and (Ld + 50) = 

length of the beam span. The calculated ultimate loads, strains in concrete and FRP at peak 

load were listed in Table 3-3. Relatively good agreement was achieved although the effect of 
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wet-dry cycles was not considered. 

 

4.3.2 Finite element analysis 

In the simulation of FRP-strengthened RC beams, the accurate simulation of concrete is the 

most complex part. Generally, two common approaches are used in FE analysis for the 

modeling of concrete cracking: (a) the discrete crack approach and (b) the smeared-crack 

approach. The discrete-crack model simulates a crack as a geometrical identity. However, 

discontinuities arise from these modeled cracks. Another problem is that the cracks modeled 

in discrete-crack approach are commonly located along element boundaries which introduce 

mesh bias (ACI 1997). Several automatic remeshing algorithms were developed for the 

purpose of solving this problem (e.g., Yang el al. 2003), but it is still a challenge to 

overcome the computational difficulties caused by remeshing (De Borst et al. 2004). Some 

studies on FRP-strengthened RC beams were based on the discrete-crack approach, such as 

Yang et al (2003); Niu and Wu (2005); Pham et al. (2006) and Camata et al. (2007). 

 

In the smeared-crack approach, the cracked concrete is assumed as a continuum, and the 

deterioration process of cracked concrete is presented by a constitutive relationship. 

Therefore, there is no need to consider the issues of mesh bias and topology changes in 

discrete-crack. However, the smeared-crack approach also has its drawbacks. The main 

problem is the strain localization phenomenon (Chen et al. 2011), which can induce the 

mesh-nonobjective effect for the models. Among several attempts of solving this problem, 

crack band model (Bazant and Planas 1998) is one of the most successful solutions. The 

crack band model relates the size of elements to the constitutive law of concrete, thus the 

fracture energy becomes independent to the element size. Several models for debonding 

failure in FRP-strengthened RC members were developed using this approach [Wond and 

Vecchio (2003); Teng et al. (2004); Lu et al. (2007); Pham and Al-Mahaidi (2005); Coronado 

and Lopez (2006) Neale et al. (2006); Baky et al. (2007); Kotynia et al. (2008) Nour et al. 

(2007) and Chen et al. (2010 & 2011)]. 
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4.3.2.1 General 

In order to obtain a better understanding of the behavior of FRP flexural strengthened RC 

beams subjected to wet-dry cycles, Finite Element (FE) simulations were conducted. The 

method by Chen et al. (2011) was followed in this study. In this model, the behaviors of all 

components in the beams were represented, including the concrete, steel bars, FRP and the 

interfaces between them. Only half of the beam was modeled considering its symmetry. The 

support was modeled with plane stress elements using steel materials, and the mid-bottom of 

the support was fixed in both x and y directions. The load was applied onto a steel plate first 

then spread to the concrete, in order to overcome the stress centralization on the load point in 

concrete. The boundary on the symmetry axis was defined with symmetric boundary 

condition. 

 

4.3.2.2 Modeling of Concrete  

The concrete is modeled using 2-dimension plane stress elements CPS4 in ABAQUS (2004). 

The concrete was meshed into very fine elements for purpose of accuracy and good 

representation of cracks in the form of logarithmic strains in elements. The size of the 

concrete element was 12.5mm×10mm. The concrete material was defined using the concrete 

damaged plasticity (CDP) model. The CDP model adopts concepts of scalar damaged 

elasticity in combination with isotropic tensile and compressive plasticity to represent the 

inelastic behavior of concrete.  

 

The uniaxial compression and tension behavior of concrete need to be defined in the CDP 

model. The equation for concrete under uniaxial compression is represented as (Saenz 1964) 

[Figure 4-12 (a)]: 

21 [( / ) 2]( / ) ( / )p p p p




     


  
 (eq. 4-18) 

in which 
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 and  =compressive stress and compressive strain, respectively; 

 =experimentally determined coefficient representing the initial modulus, which is set 

to equal to the elastic modulus of concrete Ec. Ec was obtained by using ACI (2008) equation: 

4730c cE f , in which fc is the concrete compressive strength fc from standard 

concrete cylinder tests. 

p  and 
p were set to  fc and 0.0002 respectively following Chen et al. (2011) 

In CDP model, the uniaxial compression stress-strain response is defined linear until the 

initial yield is reached, which was set as 1/3 of the ultimate stress (Chen et al. 2011). In the 

plastic regime the response is typically characterized by stress hardening followed by strain 

softening beyond the ultimate stress. 

 

For concrete under uniaxial tension, the tension-softening curve proposed by Hordijk’s 

(1991) was adopted (Figure 4-12 (b)) which can be represented by the following equations: 

 
2

2

( )
3 3

1[1 ( ) ] 1

t

cr

w
c

w ct t t

t cr cr

w w
c e c e

f w w

 


     (eq. 4-19) 

5.14 F
cr

t

G
w

f
  (eq. 4-20) 

where 

tw =crack opening displacement; 

crw =crack opening displacement when the stress or fracture energy in concrete is fully 

released; 

tf is the concrete uniaxial tensile strength, which can be obtained by eq. 4-21 (CEB-FIP, 

1993): 

 2/3
8

1.4
10

c
t

f
f

 
  

 
 (eq. 4-21) 

FG =fracture energy required to create a stress-free crack over a unit area, which can be 
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estimated by the following equation (CEB-FIP, 1993): 

 
0.7

20.0469 0.5 26
10

c
F a a

f
G d d

 
    

 
 (eq. 4-22) 

where 10ad mm  is the maximum aggregate size; and 1 3.0c  and 2 6.93c  , which were 

determined from tensile tests of concrete (Chen et al. 2011). 

 

Under uniaxial tension the stress-strain response follows a linear elastic relationship until the 

value of the tensile strength is reached. Beyond the tensile strength, a nonlinear descending 

curve was adopted to represent the formation of micro-cracks by lose of stress capacity 

along with growing local strain. 

 

In the CDP model, the uniaxial tension and compression behavior are user-defined in the 

form of strain-stress data array obtained by eq. 4-18 and eq. 4-19. The evolution of the yield 

surface is controlled by two hardening variables, namely compressive equivalent plastic 

strain 
pl

c , and tensile equivalent plastic strain 
pl

t , which can be simply represented by the 

following equations: 

 

 

pl

t t t

pl

c c c

  

  




 (eq. 4-23) 

When the concrete is unloaded from any point on the strain softening branch of the stress-

strain curves, the unloading response, i.e. the elastic stiffness of concrete is likely to degrade. 

The degradation of the elastic stiffness is characterized by two damage variables, dt  and dc, 

which can be valued from zero to one, representing the change of materials from undamaged 

state to total loss in strength. For simplicity without losing much accuracy, compression 

damage in concrete was ignored herein since the loading is monotonic. Definition of damage 

evolution in tension followed the recommendation of Yu (2006) [Figure 4-12 (c)]: 
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Figure 4-12 Descriptions of concrete constitutive models: (a) uniaxial compression; (b) uniaxial 

tension; (c) tension damage factor dt 

 

4.3.2.3 Modeling of steel and FRP reinforcements 

In this study, both the steel and the FRP reinforcements were modeled with one-dimensional 

truss elements in ABAQUS. The steel reinforcement was assumed to be elastic-perfectly 

plastic, while the FRP reinforcement was assumed to be linear elastic-brittle. The length of 

truss elements was the same with the length of concrete elements (12.5 mm) so that the 

element nodes on the interfaces were aligned, which improved convergence of the 

simulation. 

 

4.3.2.4 Modeling of interfaces 
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SPRING2 elements were used to simulate bond behavior of the interfaces between concrete 

and steel reinforcement. The spring2 elements can couple a force with a relative 

displacement acting in one fixed directions between two points. In each couple of adjacent 

nodes of concrete and steel reinforcement, a pair of spring2 elements was set to define the 

load-slip behavior in transverse and normal directions respectively. The nonlinear 

constitutive bond-slip model in CEP-FIP (1993) was used as the spring constitutive model in 

transverse direction as recommended by Chen et al. 2011. The force-slip relationship in a 

spring is an element-size based constitutive model since the interfacial load is applied on 

discrete interfacial nodes instead of the element surfaces. Meanwhile, an elastic spring with 

relatively large stiffness is defined in the normal direction (Huang 2009). In addition, the 

stirrups were set embedded into the concrete element, which had few influences on test 

results, but improved the convergence of the simulation. 
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Figure 4-13 Bond stress-slip model for steel-to-concrete interface 

 

The concrete-to-FRP interface was modeled with cohesive elements which are particularly 

designed for modeling bonded interfaces in ABAQUS. In a two dimensional rectangular 

cohesive element, four nodes and two directions (normal and transverse) were defined 

(Figure 4-14). The surface 1-2 and 3-4 were embedded with FRP and concrete element 

surfaces respectively so that the adjacent FRP and concrete elements are connected. Since 

the adhesive layer is very thin, modeling the interface with real continuum seems very 

difficult. In such a case, the traction-separation type cohesive elements were adopted. 

Instead of modeling the macroscopic material properties, the traction-separation cohesive 
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element resorts to a fracture mechanics based approach, which can simulate all stages of 

interfaces, i.e. the initial loading, the initiation of damage and the propagation of damage 

leading to eventual failure. In this present study, the displacement-stress mode of traction-

separation cohesive element is used. The traction and separation (i.e. relative displacement 

in transverse and normal direction) between two surfaces 1-2 and 3-4 were coupled with 

stress based on the predefined constitutive laws which were converted from the proposed 

bond-slip models in Section 3.4.2.3. The following variables were defined: (a) initial 

stiffness in normal and transverse direction; (b) maximum shear strain that damage initiates; 

and (c) damage variables versus traction after initiation of damage. The damage variable is 

used to describe the degradation in the stiffness of cohesive elements, which can vary from 0 

to 1, meaning from no loss to eventual loss in stiffness. Due to the nature of debonding 

mechanics which is mainly concerned with transverse shearing, the damage in normal 

direction was ignored, and the normal stiffness was defined 100 times of the initial 

transverse stiffness (Huang, 2009). By such a definition, the cohesive had a nonlinear stress-

slip behavior only in shear direction. The stress-displacement behavior was firstly linear 

until the maximum shear strain criterion was reached. After the initiation of damage, the 

damage factor increased as a function of traction, which defined a nonlinearly ascending 

stress-slip curve before the maximum stress was reached and a descending curve beyond the 

maximum stress. Considering the interfacial contact area in beams was different from the   

bonded joints in Chapter 3, the width factor (Chen and Teng, 2001) was adopted to calculate 

the width of the section of cohesive elements: 

   

   
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 (eq. 4-25) 

in which cob =width of cohesive element; 1pb , 2pb =width of FRP sheet/plate in bonded joints 

and beams, respectively; 1cb , 2cb  =width of concrete prism of bond joints and beams, 
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respectively; 1w ,
2w =width factor of FRP-to-concrete interface of bonded joint and FRP 

strengthened RC beams, respectively. 

 

 

Figure 4-14 Modeling of FRP-to-concrete interface 

 

4.3.2.5 Convergence issues 

The beam was simulated using ABAQUS Standard which was an implicit calculation 

process. Due to the complexity of the model and severe nonlinearity in constitutive models, 

the convergence issue was a critical problem. Efforts were taken to overcome this difficulty: 

(a) The determination of the element size of concrete was very important. A fine mesh could 

produce a precise crack distribution. Chen et al. (2011) reported that if the element size is 

smaller than 20mm, the numerical results changed very slightly. However, if the element 

size is too small, there might be convergence issues caused by severe singularity of stiffness 

matrix after cracking (Lu et al. 2004). As a result, 12.5mm×10mm was used as the size of 

concrete elements and other elements used matching sizes.  (b) An automatic stabilization 

scheme built in ABAQUS was adopted in static calculation. In this scheme, viscous forces 

induced by artificial damping were added into the global equilibrium equation so that severe 

local energy releases can be stabilized. Unfortunately, the value of damping factors varied 

largely from case to case and was heavily based on experience. Many trials were made to 

find a suitable value. It was found that using a relatively small damping factor (2E-10) was a 
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reasonable solution. A smaller damping factor than 2E-10 could cause severe convergence 

problem; on the contrary, if a larger damping factor was used, the ratio of the energy 

dissipated by viscous damping to the total strain energy will increased largely, which could 

affect the accuracy negatively. A visible error using a large damping factor was that the 

concrete crack was smeared in a very large area, which indicated the energy dissipated to the 

ambient elements very efficiently. As a result, the strain distribution on the FRP laminate 

was very smooth, was not consistent with the actual situation. (c) The initial, maximum and 

minimum increment value in calculation steps, and maximum step numbers as well as 

cutback times of incrementations were adjusted properly without losing accuracy. 

 

4.3.2.6 Results and discussions 

The predicted ultimate loads of beams from FE simulations are listed in Table 4-3. The load-

mid-span deflection curves are illustrated in Figure 4-7. (a) Similar to the test results of CP1 

and CP2, slight decrease in stiffness and load capacity was found in predicted curves, which 

was mainly contributed by the decrease in stiffness of the FRP-to-concrete interface. On the 

other hand, larger fracture energy of the FRP-to-concrete interface improved the ductility of 

beams, which could be concluded by comparing the deflection of CP1-0m and CP1-8m at 

peak load. (b) As observed in tests, CS-8m had larger stiffness than CS-0m. however, the 

difference between predicted CS-0m and CS-8m load-displacement responses varied very 

slightly although the trend was captured by considering the increase of concrete strength, 

changes in FRP stiffness and variations in FRP-to-concrete interfacial behavior which were 

all obtained by previous tests and analysis. Some other factors are proposed to affect the 

beam’s stiffness. The most possible one is the slight corrosion of the steel reinforcement. As 

reported by Li et al. (2012), if there was no corrosion crack yet in concrete, the bond-slip 

behavior could be restrained and larger bond strength was observed between concrete and 

corroded steel reinforcement. Other scholars also reported similar phenomenon for relatively 

low corrosion levels (e.g. Abdullah et al. 1996, Stanish 1999). As described in Chapter 2, the 

steel bars were probably slightly corroded after exposure, which was not severe enough to 
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induce corrosion cracks. As a result, the stiffened concrete-to-steel interface increased the 

stiffness of the beam. (c) Due to lack of bond-slip model of FRP-to-concrete interface for 

GS-8m, the load-displacement curve was not simulated. However, by comparing the tested 

results of GS-0m and GS-8m, it can be inferred that the GFRP-to-concrete might obtained a 

stiffer bond-slip curve but a lower fracture energy after exposure, which is similar to CS as 

they were all produced by wet-layup method and had similar matrix structures. 

 

The logarithmic strains (LE) of concrete elements which can indicate the crack behavior are 

illustrated in Figure 4-18 in the appendix. The cracks distributed similarly with the tested 

beams. 

 

Predicted strain distributions in FRP at peak load are compared with test results in Figure 

4-15. The strains in the constant moment zone increased very fast as the load increases. The 

maximum strains in FRP sheet/plate were generally located in the constant moment zone, 

near the toe of the critical cracks. The strain generally descended along the longitudinal axis 

of the beam. The strains at the free end remained very small even at the final stage of 

loading. The fluctuations in strain distributions indicated the existence of cracks. If there is a 

crack in concrete, a peak strain in FRP would appear under the crack. The strains in 

debonding area of FRP laminate were relatively high and constant which was especially 

obvious in CP2-0m. The distributions of FRP-to-concrete interfacial stress are illustrated in 

Figure 4-16. Correspondingly, it can be seen that there were fluctuations of stress under 

every crack. The stress peak was very low in some areas (except the plate end), which 

indicated the interface was totally damaged and the FRP laminate was debonded. 
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Figure 4-15 Predicted strain distribution in FRP at peak load 
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Figure 4-16 Interfacial shear stress of FRP-to-concrete interface 

 

4.4 CONCLUSIONS 

 

This chapter presents an experimental and analytical study on the durability performance of 

FRP-strengthened RC beams subjected to 8-month wet-dry cycles. The following findings 

were obtained: 

 

(a) The ultimate loads were 77.65kN, 75.07kN, 56.36kN and 46.53kN for CP1-0m, CP2-0m, 

CS-0m and GS-0m, respectively. The load capacity showed a positive correlation with 

the FRP stiffness. CP1 and CP2 with the highest FRP strengthening ratio responded in 

higher stiffness and larger load capacity, while CS and GS specimens which were 

strengthened with smaller ratio had lower load capacity but better ductility. 

 

(b) Degradation in load capacities was observed of beams under wet-dry cycles. After 8-

months exposure, the ultimate load of beams decreased by 2.6%, 10.8%, 1.4% and 7.9% 
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for CP1-8m, CP2-8m, CS-8m, GS-8m, respectively. The stiffness of beams slightly 

decreased in CP1-8m and CP2-8m but increased in CS-8m and GS-8m, which was 

supposed to be contributed by a combination of many effects, such as aging of concrete, 

variations in FRP stiffness and FRP-to-concrete interfacial behavior, and possibly 

corrosion in steel bars. 

 

(c) FE simulations were conducted in present study. The proposed model properly simulated 

all the components of FRP strengthened RC beams. The simulated results interpreted the 

mechanism of IC debonding. The models also provided good predictions for the 

exposure effects of wet-dry cycles by properly considering variations of material and 

interfacial properties of all components of the beams. 

 

4.5 APPDENDIX 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 
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(g) 

 

(h) 

Figure 4-17 Crack pattern of beams (a) CP1-0m (b) CP1-8m (c) CP2-0m (d) CP2-8m (e) CS-0m (f) 

CS-8m (g) GS-0m and (h)GS-8m 

 

(a) 

 

(b) 

Figure 4-18 Simulated crack patterns of CP1-0m at (a) steel yielding (b) peak load 
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(a) 

 

(b) 

Figure 4-19 Simulated crack patterns of CP1-8m at (a) steel yielding (b) peak load 

 

(a) 

 

(b) 

Figure 4-20 Simulated crack patterns of CP2-0m at (a) steel yielding (b) peak load 

 

(a) 

 

(b) 

Figure 4-21 Simulated crack patterns of CP2-8m at (a) steel yielding (b) peak load 
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(a) 

 

(b) 

Figure 4-22 Simulated crack patterns of CS-0m at (a) steel yielding (b) peak load 

 

(a) 

 

(b) 

Figure 4-23 Simulated crack patterns of CS-8m at (a) steel yielding (b) peak load 

 

(a) 
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(b) 

Figure 4-24 Simulated crack patterns of CS-8m at (a) steel yielding (b) peak load 
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CHAPTER 5  

LONG-TERM BEHAVIOR OF FRP-

STRENGTHENED RC BEAMS 

SUBJECTED TO SUSTAINED LOAD 

 

5.1 INTRODUCTION 

 

The FRP-strengthened structures are subjected to service load throughout their service life. 

When a FRP-strengthened RC beam is subjected to service load, sustained stress arises 

inside all the components of the beam, particularly if the FRP strengthening system is pre-

stressed or applied to carry additional load. Time-dependent deflections and post cracks are 

supposed to occur in RC beams subjected to load, which are the dominating serviceability 

criteria for a flexural RC member. The long-term deflection is mainly contributed by creep 

and shrinkage of concrete. Moreover, it has been reported by many researchers that creep in 

the FRP reinforcement could contribute a noticeable proportion of deflection in FRP-

strengthened RC beams. The FRP reinforcement is effective in reducing the instantaneous 

deflection of the beam by increasing stiffness of the beam. Although the creep in FRP 

composites is very small, which can be neglected within the service life of structures 

(Ascione et al. 2012); however, the creep in adhesive layer could be significant under service 

load within a very short period (Choi et al. 2007). In the present chapter, the time-dependent 

behavior of the FRP-to-concrete interface is analyzed first, and then the time-dependent 

behavior of FRP-strengthened RC beams under sustained load are evaluated through both 

experimental and analytical study. The ultimate load capacity of FRP-strengthened RC 

beams is also evaluated after sustained loading tests. 
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5.2 EXPERIMENT I: SUSTAINED LOAD TESTS 

 

5.2.1 Experiment outline  

In the present study, four RC beams in total were tested (Table 5-1). Two sustained load 

levels, 15.1 kN and 25.2 kN, were evaluated. Under the load levels the concrete cracked but 

the steel reinforcement did not yield. Two types of FRP systems, CFRP sheet and CFRP 

plate were used. The dimensions of beams, FRP strengthening schemes are identical with 

those used in the beams for exposure tests in Section 4.2.1. 

Table 5-1 Information of FRP-strengthened RC beams under sustained load 

 

5.2.2 Test procedures and instrumentations 

The set-up is illustrated in Figure 5-1. The beams were placed bottom-to-bottom in pairs, 

and there were one CS (upper) and one CP (lower) in each pair. The load was applied with a 

pre-stressed frame at the mid-span of the beams. The frame consisted of two steel rods and 

two steel beams. The frame was fastened with screw nuts at both ends of steel rods. When 

the frame was loaded, an oil jack was installed on top of the frame (Figure 5-2). 

Serial number Load P P/Pmax Exposure condition FRP type 
FRP stiffness Eptp 

(kN/mm) 

SL-1 

CS1 

15 kN 

30% 

Indoor 

(Temperature = 15~30°C; 

 Humidity = 50%~95%) 

CFRP Sheet 81.5 

CP1 23% CFRP Plate 198 

SL-2 
CS2 

25 kN 
51% CFRP Sheet 81.5 

CP2 39% CFRP Plate 198 
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Figure 5-1 Schematic of the test set-up for sustained loading tests 

 

Figure 5-2 Details of test set-up installation 

 

The instruments used in this present test are shown in Figure 5-3. The load was monitored 

with a load cell. Mechanical dial gauges were installed at the top of the beams and supports. 

Fiber Bragg Grating (FBG) fiber optic sensors (FOS) were applied to measure strains in FRP 

and concrete because of their stability and convenience for long-term use. Unlike strain 
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gauges, status of FBG sensors could be read in absolute values so that it was possible to 

track data time by time. FBG sensors were attached on the FRP laminate at spacing of 100 

mm. An FBG sensor was attached on each side of the beam, 25mm downward from the top 

surface of the compressive zone. FBG sensors were also applied on the pre-stressed steel 

rods so as to monitor the load level. Sensors were read by an optical sensing interrogator. 

Each sensor has an inherent wavelength; when the fiber was tensioned, the sensor’s inherent 

wavelength would change accordingly. The relationship between the increment of 

wavelength and strain can be represented as (Zhu, 2009): 

n
T

n

L
T

L
  


   

 (eq. 5-1) 

in which 

nL =reference wave length of nth gating under a reference temperature; 

nL =difference in wave length between present reading and reference value; 

T = difference in temperature between present and reference time; 

 =difference in strain; and 

0.783

6.78 6T E







 
 (eq. 5-2) 

Therefore, by testing the difference in wave length of sensors with temperature 

compensation, the strains in the test point can be obtained accordingly. 

 

Figure 5-3 Details of test instrumentation 

Optical sensing interrogator 

Data logger for load 

cell 

Manual hydraulic oil 

jack 

 
 

 
 

 
 

Dial gauges 
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The application procedures of FBG sensors are as follows: (a) the sensor was tensioned at 

the initiation. The FBG sensor only works in tension within the range of 0-7 nm in the 

wavelength according to the manufacture. In present tests, 3nm offset was set for 

compression test point; while for tensile test point, 0.5 nm offset was set to provide as long 

work range as possible; (b) after being tensioned to required state, the fibers were fixed with 

quick-drying adhesive onto the test points; (c) once the fibers were fixed, the fibers were 

coated with epoxy coating adhesive, which could protect the fiber sensor against damage 

and corrosion and force the sensor deforming simultaneously with the tested surface. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 5-4 Preparation of FOS: (a) pre-tensioning; (b) fixing; (c) surface coating; (d) completion 

 

Loading procedures are shown in Figure 5-5. The beams were firstly loaded to required load 

levels (i.e. 15 kN or 25 kN) using the oil jack, and the strains in steel rods, and were 

recorded as references. The beam was then loaded 5% higher than the required load; 

afterwards, the frame was fastened with screw nuts. This process was to offset the stress loss 

in rods when the oil jack was released. After the release of the oil jack, the strains in rods, 

’and ’were checked and compared with reference strains. It was required that the 

difference was within 5% between the sum of strains (’’and reference strain 

(If the requirement was not met, the load procedure was repeated. As the beam 

deflected, the stress in rods decreased gradually. The strains in the steel rods were checked 

from time to time to make sure the load was always above 85% of the required load level; 

once the threshold was reached, the loading procedure was conducted to regain the load to 

the required level. It has been found that at the initiation of the test, the load dropped quickly 

and reloading is relatively frequent. As time went on, the frequency of reloading reduced 

gradually. The time spacing between two reloading processes were 2 day at the initiation and 

20 days after 9 months, respectively. 
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Figure 5-5 Procedures for implemeting the sustained load 

 

5.2.3 Test observations 

Test and normalized total deflections in beams are shown in Figure 5-6 and Figure 5-7, 

respectively. After initial loading, the instantaneous deflections in CS1, CP1, CS2 and CP2 

were 2.96mm, 2.65mm, 6.18mm and 4.46mm, respectively. It can be seen from the curves 

that the deflection increased very quickly at the beginning of loading; with the development 

of time, the increase of deflections decelerated. After the beams were loaded for 150 days, 

deflections in beams became relatively stable. The time dependent deflections after 299 days 

 

Load to 15 kN 

Record the strain 
1
 & 

2 
in 

steel rods 

Load to 15.75 kN (105%) 

Tighten the threaded rod with nuts 

Release the load of oil jack & check if 

95%<(1’+ 2’)/(1+ 2) <105% 

No 

Yes 

Record data 
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in CS1, CP1, CS2 and CP2 were 7.50mm, 6.88mm, 9.28mm and 7.66mm, which were 2.53, 

2.60, 1.50 and 1.72 times the initial deflections, respectively.  It can be seen that: (a) the 

higher the load level, the larger instantaneous and time-dependent deflections; however, 

higher load led to a smaller ratio of time-dependent to instantaneous deflections. This is 

mainly due to the increase in instantaneous deflection was larger than the increase in time-

dependent deflection with the increase of load. Similar phenomena were also observed by 

other studies (e.g., Tan et al. 2006). (b)  Under the same load level, higher FRP stiffness led 

to lower instantaneous and time-dependent deflections. Moreover, with the increase of load, 

the contribution of FRP in reducing the time-dependent deflections became more significant. 

After 9 months, the time-dependent deflections of CP1 and CP2 were 8.3% and 17.5% less 

than CS1 and CS2, respectively. Lastly, the larger the FRP stiffness, the larger the ratio of 

the time-dependent to instantaneous deflection. This phenomenon became less significant 

with the increase of load level. 

Table 5-2 Deflection of FRP strengthened RC beams 

Beam 
Instantaneous deflection 

(mm) 

Time-dependent 

deflection (mm) 
Total deflection (mm) 

Time-dependent/ 

instantaneous 

deflection 

CS1 2.96 7.50 10.46 2.53 

CS2 2.65 6.88 9.53 2.60 

CP1 6.18 9.28 15.46 1.50 

CP2 4.46 7.66 12.12 1.72 
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Figure 5-6 Test and predicted time-dependent mid-span deflection 
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Figure 5-7 Normalized time-dependent mid-span deflection 

Strain evolutions in concrete and FRP laminates over time are illustrated in Figure 5-8 and 

Figure 5-9, respectively. It can be seen that strains in concrete and FRP laminates increased 

fast in the early stage and became stable at the end. By the end of sustained load test, the 

concrete compression strain increased by 309%, 279%, 250% and 200% and the maximum 

strain in FRP increased by 242%, 272%, 238% and 175% in CS1, CP1, CS2 and CP2, 

respectively. 
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Figure 5-8 Evolutions of compressive strains in concrete at the mid-span of different beams under 

sustained load 
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(a)                                                                              (b) 
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(c)                                                                                 (d) 

Figure 5-9 Time-dependent strain evolutions in FRP sheets/plates in different beams under sustained 

load (a)CS-15kN (b) CP-15kN (c) CS-25kN (d) CP-25kN 
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5.3 FINITE ELEMENT SIMULATIONS ON SUSTIANED LOAD TESTS 

 

5.3.1 Modeling of FRP-strengthened RC beams 

FE simulations were conducted for predicting the behavior of FRP-strengthened RC beams 

subjected to sustained load. The FE simulations were on the basis of the models used in 

Chapter 4; however, additional modifications were made in order to achieve the simulation 

of time-dependent behaviors of beams (Table 5-3). 
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Table 5-3 Details of FE models for FRP-strengthened RC beams under sustained load 

Material Element Material Property 

Concrete 2-D plane stress element Damaged plasticity + nonlinear creep behavior 

Steel Truss Elasto-plastic 

Concrete-steel interface Spring element Nonlinear bond-slip model 

FRP composites 2-D truss element  Elasto-brittle 

FRP-to-concrete interface 
Traction-separation cohesive 

element 
Elastic + nonlinear creep 

 

5.3.1.1 Outline 

The dimensions of beams were identical with the modeled beams in Chapter 4. Half span of 

the beam was modeled by taking advantage of symmetry. The support was modeled with 

plane-stress elements and steel materials, and the mid-bottom of the support was fixed in 1 

and 2 directions. The load point was covered by a steel plate to overcome the stress 

centralization. The boundary at the mid-span was defined with symmetric constraint 

condition. 

 

5.3.1.2 Modeling of creep behavior in FRP-to-concrete interfaces 

The creep in FRP-to-concrete interface was firstly modeled so that it can be implemented in 

the simulation of beams. Due to lack of experimental explorations, the tests by Choi et al. 

(2007) were used. In this test, the FRP bonded concrete joints were loaded by a sustained 

load, forcing the interface to shear slip over time. An FE model was built to simulate this 

process (Figure 5-10). In the FE model, the dimensions of the beam model followed the 

tested beams. The concrete joint was modeled with the 2-D plane-stress model. The concrete 

material was modeled using the concrete damage plasticity model. The FRP reinforcement 

was modeled with 2-D truss elements with elasto-brittle material property. The creep in FRP 

composites and concrete tension was neglected because they were very limited (Choi et al. 

2007; Ascione et al. 2012). The interface was modeled using traction-separation cohesive 

elements. The bond stress-slip behavior was defined linearly considering the relatively low 

stress state in the creep test. The interfacial creep coefficient was presented by the following 
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equation (Choi et al. 2007): 

     *

0 0, 1 exp /ut t t t     
 

 (eq. 5-3) 

where 

 0,t t
= creep coefficient 

 0u t =ultimate creep coefficient at infinite time 

* =retardation time denoting the time when 63% of the creep has occurred.  

 0u t and 
* are constant parameters which can be obtained from tests. According to Choi 

et al. (2007)’s experimental exploration,  0 1.17u t   and 
* 43.3   was used for the 

FRP-to-concrete interface bonded with epoxy adhesives. By knowing creep coefficient, the 

time-dependent effective shear modulus of the interface could be deduced with the following 

equation: 

   *

0
1 1 1 exp /cr e u

E E
E

t t

 

     
   

     
 

 (eq. 5-4) 

in which 

E =effective shear modulus of the interface; 

cr =creep strain in the interface; and 

e =elastic strain in the interface. 

The time-dependent effective interfacial shear modulus was realized by using an ABAQUS 

subroutine: the User Defined Field (USDFLD). ABAQUS subroutines are composed in 

FORTRAN, which is saved as .for files and can be called by ABAQUS during calculation 

processes. Users can define the value of a field as a function of specified variables through 

the USDFLD. Herein the USDFLD was used to define the shear modulus as a function of 

step time. At the beginning of every time increment, ABAQUS updated the interfacial shear 

modulus corresponding to the step time as defined in USDFLD and then calculated the new 

equilibrium equation. The predicted slip-time curve is illustrated in Figure 5-11, which 
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matches well with the original test results. Figure 5-13 shows distributions of maximum 

principal stress in concrete before and after creep. The creep in the interface induced stress 

redistribution in concrete. In this case, a more significant stress concentration was found at 

the both ends of FRP laminate. 

 

Figure 5-10 Schematic of creep test on FRP bonded concrete joints 

0 30 60 90 120 150
0.00

0.05

0.10

0.15

 Predicted
 Choi et al. (2007)

D
is

pl
ac

em
en

t (
m

m
)

Time (days)
 

Figure 5-11 Predicted versus test slip-time curves 
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Figure 5-12 Predicted strain distributions in the FRP laminate 
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(a) 

 

(b) 

Figure 5-13 Predicted stress distribution in concrete (a) t = 0 day (b) t = 120 days 

The linear-viscous FRP-to-concrete interface model was implemented to the beam models. 

The initial shear modulus was defined as the initial modulus of the bond-slip model 

proposed in Chapter 3 since the shear slip was very small (less than 0.05mm) based on 

analytical observations. 

 

5.3.1.3 Modeling of creep behavior in concrete 

The concrete creep law can be represented as (Choi et al. 2010): 

   ,

1
exp /cr i u i

c

t t
E

   


   (eq. 5-5) 

where 

 ,cr i t =component creep strain rate at time t; 

cE =concrete Young’s modulus; 

 =retardation time, denoting the time when 63% of the creep has occurred, which can 

be obtained from tests; 

u =creep coefficient, which can be obtained from tests; 

i =stress component applied at time t 

Following Choi et al. (2010), each component of creep strain rate was assumed to develop 
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only from the corresponding stress component. The tension creep component was set to zero 

since it’s very limited. Assuming that the strain rate is constant in each increment, the 

incremental creep strain can then be obtained by multiplying the strain rate with the length 

of time increment. At the beginning of each increment, the creep strain increment was 

calculated for each integration point. The total strain of an integration point was obtained by 

summing the incremental creep strain and initial strain. New equilibrium could then be 

obtained with the updated strain state. 

 

The modeling of creep in concrete was realized by using the subroutine USDFLD and 

UXPAN. The function of USDFLD was used to retrieve the stress components and step time 

as state-dependent variables. The creep strain increment was then calculated by eq.5-5 in 

UXPAN and output as expansion strains in ABAQUS. 

 

5.3.1.4 Definition of calculating procedures 

Two steps were defined. Step 1 was defined to apply initial loading, in which an 

instantaneous deflection occurred but the creep was restrained; step 2 was used to simulate 

time-dependent behavior. In this step, the load remained constant and the step time was set 

equal to real time. Creep in concrete and FRP-to-concrete interface was activated. The time 

increment of step 2 was set as small as 24 hours for satisfactory accuracy based on trial 

calculations. 

 

5.3.2 Results and discussions 

To evaluate the creep in concrete, proper determination of the variables in the creep model of 

concrete are necessary. In Choi et al. (2010)’s study, 365  and 2.65u  were 

recommended based on a reference RC beams creep test for 2500 days. Unfortunately, due 

to lack of reference tests in present study, it is difficult to determine the value of these two 

variables directly from tests. It has been found by Choi et al. (2010) that the variables varied 
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largely according to many factors such as the age and components of the concrete, 

temperature and humidity. Therefore, it is not reasonable to use the variables directly 

obtained from other tests. Under these circumstances, a series of trial calculations were 

conducted to find the most suitable values based on the least square method. As a result, 

when 49   and 9.4u  , the simulations can give closest predictions for the test results. 

The simulated mid-span deflection-time curves are illustrated in Figure 5-6, which could 

give good predictions for the test results. The predicted strain evolutions in concrete and 

FRP are also shown in Figure 5-8 and Figure 5-9, respectively. A relatively good agreement 

was achieved. The stress distributions in beam CP1 are illustrated in Figure 5-14, which 

indicate the stress redistribution in beams during loading history. 

 

(a) 

 

(b) 

Figure 5-14 Stress distribution in concrete of beam CP2 (a) t=0 (b) t=300 

The contribution of FRP reinforcement was explored using a parametric study. Taking CS1 

as example, the long-term performance under the following three cases were evaluated: (a) 

CS1; (b) CS1 without adhesive creep and (c) RC beam without FRP reinforcement. The 

predicted displacement-time curves are shown in Figure 5-15. The following can be 

observed: (1) The initial deflection of (a) and (b) were the same and 48% smaller than (c); (2) 

the ratios of time dependent deflection to instantaneous deflection in (a) (b) and (c) were 

3.62, 3.47 and 3.39, respectively. The ratio of long-term to instantaneous deflection in FRP 

strengthened RC beams was larger than those of the beam without FRP reinforcement; at the 
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meantime, the ratio is larger if adhesive creep is considered. 
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Figure 5-15 Predicted displacement-time responses 

5.4 EXPERIMENT II: DESTRUCTIVE BENDING TEST 

 

After being loaded for about 300 days, the beams were loaded to damage using four-point-

bending tests to check their ultimate load capacities. The load scheme was identical to the 

bending tests in Chapter 4. Figure 5-16 illustrates the load-displacement curves of these four 

beams. It can be seen that (a) the initial stiffness of beams decreased largely since they had 

been loaded to crack in previous sustained load tests. The curves remained almost linear 

until the tensile steel reinforcements yielded; (b) the curves of SL-1 and SL-2 beams with 

the same type of FRP reinforcement were identical, indicating that the different load levels 

had little different influences on the load-deflection responses of beams; (c) After being 

loaded for 9 months, severe deformation occurred in beams and was not fully recovered 

although the sustained load was released. This caused the reduction in ductility of beams, 

especially in CS1 and CS2; (d) however, the ultimate load capacities were not largely 

affected. 
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Figure 5-16 Load vs mid-span deflection curves of different beams tested at the end of sustained 

loading process 

 

5.5 CONCLUSIONS 

 

This chapter introduced explorations on the influences of sustained load on the long-term 

performances of FRP-strengthened RC beams. CFRP sheet and CFRP plate-strengthened RC 

beams were subjected to 9-month sustained loading with two service load levels: 15kN and 

25kN. The beam deflected as a function of the load level and time. The long-term deflections 

were 201%~246% of their instantaneous deflections. FE simulations were used to study the 

process. According to the test and analytical observations, the following findings were 

obtained: (a) A higher FRP strengthening ratio can reduce the absolute value of 

instantaneous deflection and long-term deflection; however, the long-term deflections 

occupied a larger proportion of total deflection in this case. (b) No significant change in the 

load capacity of strengthened beams was observed on the after being loaded for 9 months 

regardless of the sustained load levels. (c) Both the stiffness and the ductility of strengthened 

beams reduced after the sustained loading. 
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CHAPTER 6  

CONCLUSIONS AND 

RECOMMENDATIONS 

 

In the present study, the long-term performance of FRP-to-concrete interfaces and FRP-

strengthened RC beams subjected to accelerated wet-dry cycles, which simulate sub-tropical 

environments, was investigated. The thesis consists of four parts of work: (1) The 

degradation of material components in the FRP-strengthened RC structures subjected to 8-

month wet-dry cycles was evaluated; (2) The long-term performance of FRP-to-concrete 

interface subjected to 8-month exposure was examined using single-lap shear tests, and 

exposure-based interfacial bond-slip models were established accordingly. Degradations 

were observed in FRP-to-concrete interfaces after 8-month exposure, and the degradations 

were well interpreted by the proposed models; (3) The durability of FRP-strengthened RC 

beams was assessed under 8-month exposure in dry-wet cycles. FE analysis was conducted 

to simulate their performances with due consideration of the degradation of materials and 

FRP-to-concrete interfaces and good predictions were achieved. (4) The long-term 

performance of CFRP sheet and CFRP plate-strengthened RC beams under sustained load 

were tested. Four beams were loaded under two service load levels for 9 months. FE 

simulations were conducted to simulate the time-dependent behavior in beams, which were 

in good agreement with the test results. Load capacity of beams was also tested at the end of 

sustained load tests. 

 

6.1 DEGRADATION IN MATERIALS SUBJECTED TO WET-DRY 

CYCLES 
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After 8-month exposure, the compressive strength of concrete, tensile strengths of CFRP 

sheets and CFRP plates obtained 6.9%, 6.0% and 12.3% increase, while the Young’s 

modulus remained the same. On the contrary, the ultimate tensile strength of the GFRP 

sheets (GS) decreased by 48.9%, which was a severe degradation.  At the same time, the 

resins 3C, Sika330, Sika30 and Araldite106 obtained 37.9%, 40.8%, 52.4% increase in 

tensile strength and no change in their stiffness, while the Araldite106 underwent 15.0% 

decrease in the tensile strength but a 48.9% increase in its stiffness. 

 

6.2 DEGRADATION IN FRP-TO-CONCRETE INTERFACES 

SUBJECTED TO WET-DRY CYCLES 

 

Both experimental and analytical studies were conducted on the exposure-dependent 

behavior of FRP-to-concrete interfaces. The FRP bonded concrete joints were exposed in 

wet-dry cycles for 8 months, in which four different combinations of FRP and epoxy 

adhesives were used. Single-lap shear tests were used to evaluate the bond performance after 

exposure. The following conclusions are made based on the above work: 

 

(a) Arch-shape strain distributions emerged in the FRP laminates during exposure, and the 

residual strains were not likely to fully recover even the bonded joints were fully dried 

and placed back to the original indoor environment.  

 

(b) The exposure in wet-dry cycles induced changes of the failure mode of joints. Most of 

the specimens (CP1-8m, CP2-0m, CS, GS-0m) failed in concrete; however, two of CP1-

0m failed in the adhesive layer; CP2-8m failed in the adhesive-epoxy interface 

combined with FRP delamination; and GS-8m failed by FRP sheet fracture. Changes in 

the failure mode indicate that the exposure has brought out different effects on the 

interfaces or the FRP composites. The 8-month exposure improved the cohesion 
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between the primer and resins in CP1 but weakened the cohesion between the FRP plate 

and adhesive in CP2 and the strength of GFRP sheets. 

 

(c) Variations in bond strengths were also observed: 13.7% and 2.8% increase in CP1 and 

CP2 while 3.2% and 16.4% decrease in CS and GS, respectively. The ultimate bond 

strength of GS series decreased largely due to rupture of GFRP sheets. 

 

(d) Predicted bond stress-slip models were proposed. The parameters were regressed from 

tests. Bond degradation was well interpreted by variations in parameters B and Gf. Good 

agreement was found between predicted and test results. 

 

(e) It is proved that a soft adhesive layer could improve the bond performance. In present 

study, CP1 with a softer adhesive layer achieved higher bond strength than CP2 using 

the same FRP plate but a stiffer adhesive layer. 

 

6.3 BEHAVIOR OF FRP-STRENGTHENED RC BEAMS SUBJECTED TO 

WET-DRY CYCLES 

 

In the present study, the durability performances of FRP-strengthened RC beams under wet-

dry cycles were evaluated by both experimental and analytical study and the following 

findings were obtained: 

 

(a) The ultimate loads were 77.65kN, 75.07kN, 56.36kN and 46.53kN for CP1-0m, CP2-0m, 

CS-0m and GS-0m, respectively. The load capacity showed a positive correlation with 

the FRP stiffness. CP1 and CP2 with the highest FRP strengthening ratio responded in 

higher stiffness and larger load capacity, while CS and GS specimens which were 

strengthened with smaller ratio had lower load capacity but better ductility. 
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(b) Degradation in load capacities was observed of beams under wet-dry cycles. After 8-

months exposure, the ultimate load of beams decreased by 2.6%, 10.8%, 1.4% and 7.9% 

for CP1-8m, CP2-8m, CS-8m, GS-8m, respectively. The stiffness of beams slightly 

decreased in CP1-8m and CP2-8m but increased in CS-8m and GS-8m, which was 

supposed to be contributed by a combination of many effects, such as aging of concrete, 

variations in FRP stiffness and FRP-to-concrete interfacial behavior, and possibly 

corrosion in steel bars. 

 

(c) FE simulations were conducted in present study. The proposed model properly simulated 

all the components of FRP strengthened RC beams. The simulated results interpreted the 

mechanism of IC debonding. The models also provided good predictions for the 

exposure effects of wet-dry cycles by properly considering variations of material and 

interfacial properties of all components of the beams. 

 

6.4 BEHAVIOR OF FRP-STRENGTHENED RC BEAMS SUBJECTED TO 

SUSTAINED LOAD 

 

CFRP sheet and CFRP plate-strengthened RC beams were subjected to 9-month sustained 

loading in two service load levels: 15kN and 25kN. The beam deflected as a function of the 

load level and time. The time-dependent deflections were 1.73~2.60 times the instantaneous 

deflections, which varied according to sustained load level and FRP stiffness. FE simulations 

were used to study the process. According to the test and analytical observations, the 

following findings were obtained: (a) the higher the load level, the larger instantaneous and 

time-dependent deflections; however, higher load led to a smaller ratio of time-dependent to 

instantaneous deflections. (b)  under the same load level, larger FRP stiffness led to lower 

instantaneous and time-dependent deflections. Moreover, with the increase of load, the 
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contribution of FRP in reducing the time-dependent deflections became more significant. 

Lastly, the larger the FRP stiffness, the larger the ratio of the time-dependent to 

instantaneous deflection. This phenomenon became less significant with the increase of load 

level. (c) no significant change in load capacity of the strengthened beams was observed 

after they were loaded for 9 months regardless of the sustained load levels. (d) both the 

initial stiffness and the ductility of beams reduced in all beams subjected to sustained load. 

 

6.5 RECOMMENDATIONS FOR FUTURE WORK 

The completed work in this present study is a part of a long-term project named “durability 

of bond between FRP and concrete exposed to a humid subtropical environment”. The 

project is aiming at (a) obtaining a good understanding of long-term bond behavior of the 

FRP-to-concrete interface; (b) evaluating the global performance of FRP-strengthened 

structures using degraded FRP reinforcement; (c) establishing a relationship between 

accelerated tests and field exposure tests; and (d) establishing a reliable predictive method to 

measure long-term performance of bond. Due to limitation of time of the master study, only 

8-months accelerated laboratory tests were completed. 4 more durations of accelerated 

laboratory tests and five durations of field tests were designed and prepared by the author. 

 

6.5.1 Accelerated laboratory tests and field exposure tests 

In present study, 120 FRP bonded-joints, 48 FRP-strengthened RC beams and materials 

coupons were prepared for both accelerated laboratory tests (5 durations) and field exposure 

tests (5 durations) (Figure 6-1). Detailed information of specimens are listed in Table 2-1, 

Table 2-2, Table 2-6, Table 2-7, Table 3-1, Table 3-2, Table 4-1 and Table 4-2, respectively. 

Figure 6-1 shows the specimens prepared for field exposure tests. 
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Figure 6-1 Specimens for future field exposure tests 

 

6.5.2 On-going experiment on combined effects of moisture and sustained load 

This test was designed to evaluate the combined effects of moisture and sustained load. For 

ease of comparison, the set-up of the test was the same with the sustained load test in 

Chapter 5; additionally, a coating sponge was settled between the two beams covering the 

FRP bonded area of RC beams. The sponge was soaked with pure water so as to provide a 

moisture submerging environment for the FRP-to-concrete interface. The beams were 

subjected to 15 kN and 25kN sustained load respectively. Mid-span deflections and strains in 

concrete and FRP were monitored by mechanical dial gauges and FOS, respectively.  

 

Figure 6-2 Specimens for future sustained load tests 

 

Coating sponge, 

submerged in pure 

water  
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Figure 6-3 Test set-up of sustained loading test  
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