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Abstract 

Composite fiber patching techniques are being considered as alternatives to traditional 

methods of strengthening and fatigue crack repair in structures due to the growing use of 

fiber reinforced polymer (FRP) composite materials to different engineering structures. In 

the past few decades, most of the research studies focused mainly on the application of 

FRP on the repair of aluminum or titanium alloys, which are the common materials used 

in aircraft engineering, and also in strengthening and repair of reinforced concrete 

structures. However, there are relatively fewer studies of the application of FRP patching 

on the repair of steel structures. Therefore, an investigation of the application of FRP 

patching on repairing steel structures was carried out. The investigation includes three 

main parts: (1) a study of the tensile load transfer behaviour of FRP/steel double lap 

joints, (2) a study of the fracture behaviour of cracked steel plates repaired by FRP 

patching and (3) a study of the fatigue behaviour of cracked steel plates repaired by FRP 

patching. 

An experimental and a numerical study of the static tensile strength of carbon fiber 

reinforced polymer (CFRP)/steel double lap joints were carried out and the results 

showed that loading could be transferred successfully from the parent steel plate to the 

CFRP plate. Finite element models were developed for predicting the stress intensity 

factor (SIF) of cracked steel plates with CFRP patching and the model was calibrated by 

the experimental results of Kennedy and Cheng (1998). The finite element results showed 

that for cracked steel plate with single-side CFRP patching, the SIF was reduced 

significantly on the patched side and increased slightly on the unpatched side. In addition, 



the SIFs varied non-linearly across the thickness of the crack tip and as a result, different 

crack grow rate was expected through the thickness of the crack tip. To account for the 

variation of the SIFs through the thickness of the crack tip, a new set of finite element 

models was developed for the cracked plate with single-side FRP patching. Based on the 

finite element results, a set of equations was proposed for predicting the fatigue life of 

welded steel plates with cracks in the welded region repaired by Boron FRP patching. 

The analytical results compared well with the fatigue test results of welded steel plates 

with edge crack and single-side FRP patching (Roach and Rackow 2005). In addition, 

finite element parametric study of the SIF and prediction of fatigue life of cracked steel 

plates with FRP patching with different adherent stiffness ratio and different forms of 

crack and patching were carried out. It is shown that a higher efficiency of FRP patching 

was observed for the plates with edge crack than that of the central crack plate. It is also 

found that the increase in fatigue life was more pronounced for cracked plates with 

double-side patching. Lastly, based on the finite element model of the cracked plates 

with FRP patching, cracked steel circular tube structures with FRP patching were studied 

and the corresponding extension of the fatigue life was investigated. 
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1 INTRODUCTION 

1.1 Background 

Fatigue and fracture behavior are important considerations in determining the condition 

of metal structures subjected to cyclic loads. The existing microscopic cracks in structural 

members can propagate into large cracks due to repeated loading and the presence of 

large cracks will reduce the load-carrying capacity of a structural member. When the 

crack length reaches the critical crack length, the crack will propagate unstably and 

subsequently cause total failure of the members. There are several methods concerning 

the repair of fatigue cracks in steel members, such as hole drilling method, hole drilling 

and bolt pre-tensioning, hole expansion, overloading, crack bridging etc (Grondin et al. 

2004). For the mentioned first three methods, a hole is drilled at the end of crack to 

'blunt' the crack. By introducing a hole, the net section will be reduced. Therefore, the 

stresses at the net section should be re-evaluated after the repair to ensure that the repair 

is not detrimental to the integrity of the structures. 

Crack growth rate can be slow down by introducing overloading to the structure. 

However, overloading of a structure requires careful consideration of other aspects of 

behavior such as instability of the structure or member or unstable fracture. Crack 

bridging method is one of the methods for repairing cracked structures. It is done by 

welding or bolting cover plates over the location of crack. When carrying out a repair by 

crack bridging method, some issues should be considered. For example, the stiffness of 

the cover plates may introduce a stress concentration and the repair may aggravate the 

situation and cause new cracks. Repairs musl be designed to cause gradual transfer of 

1 



loads and stresses. Besides, it is noticed that current techniques for strengthening steel 

structures have several drawbacks including the use of heavy equipment for installation, 

poor fatigue performance of the member after repair, the introduction of heat affected 

zones around welds, and the need for ongoing maintenance due to continued corrosion 

attack and crack growth (Karbhari and Shulley 1995). 

Composite fiber patching techniques are being considered as alternatives to traditional 

methods of strengthening and fatigue crack repair in structures due to the growing use of 

fiber reinforced polymer (FRP) composite materials to different engineering structure. 

The use of fiber reinforced composite materials has several advantages such as lighter 

weight, higher strength and higher corrosion resistance than traditional structural 

materials such as steel. The advantages of composite patching include: (1) elimination of 

fastener holes or weld stress risers that produce new crack initiation sites, (2) good 

fatigue resistance, (3) high strength-to-weight ratio, (4) good durability, (5) ability to 

tailor strength to meet anisotropy needs thus eliminating the undesirable stiffening of a 

structure in directions other than those required, (6) corrosion resistance, and (7) 

formability to complex contours (Konur and Matthews 1989). 

1.2 Objective and scope 

Research studies have shown that the application of FRP patching on cracked structures 

for extending the fatigue life of the structures is effective. However, most of the studies 

focused mainly on the application of FRP on the repair of aluminum or titanium alloys 

which are the common materials used in aircraft engineering (Baker 1987, Callinan et al. 
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1996, Klug et al. 1999, Schubbe and Mall 1999) and reinforced concrete structures 

(Meier 1992, Deniaud and Cheng 2000, Karbhari and Seible 2000, Teng et al. 2004). 

There are relatively few studies of the application of FRP patching on the repair of 

cracked steel structures (Roberts 1995, Kennedy and Cheng 1998, Bassetti et al. 2000). 

Therefore, an investigation of the application of FRP patching on improving the fatigue 

performance of steel members is required. The objective of this project is to investigate 

the fatigue behavior of cracked steel structures repaired by FRP patching. In order to 

achieve this objective, following studies were carried out. 

(1) Experimental and numerical studies of the strength and bond behavior of 

FRP/steel double lap joint. 

(2) To examine the fracture behavior of cracked steel plates repaired by FRP patching 

by using the finite element analysis in order to determine the change of stress 

intensity factor due to various parameters of patching. 

(3) To analyze the fatigue life of cracked steel plates repaired by FRP patching by 

mean of finite element method. 

(4) To develop the prediction equation for determining the fatigue life of cracked 

steel plates with different crack pattern and form of patching. 

(5) To apply the developed equation for determining the fatigue life of a cracked steel 

circular tube repaired by FRP patching. 

1.3 Methodology 

Since the behavior of a patching is highly dependent on the transfer of loads between the 

patching and adherend, an understanding of the static tensile behavior of FRP/steel 
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double lap joint is essential. Kennedy and Cheng (1998) studied the bond behavior of 

CFRP/steel double lap joint experimentally. However, the adherend stiffness ratios of 

their specimens were relatively low. Therefore, additional study of the bond behavior of 

CFRP/steel double lap joint was first carried out by both experimental and numerical 

methods with a higher and wider range of adherend stiffness ratio. For the study of the 

fatigue crack growth behavior, since it is known that fatigue crack growth rate is related 

to the change of the stress intensity factor. Study of the stress intensity factors for cracked 

plates with single-side FRP patching was carried out next by the finite element method. 

The finite element model developed herein was then calibrated by the static and the 

fatigue test results obtained from literature. The calibrated finite element model was used 

to perform a parametric study for investigating the effect of various parameters on the 

reduction of the stress intensity factor of cracked steel plates with FRP patching. Based 

on the finite element results, equations which account for the effect of FRP patching was 

developed for determining the increase in fatigue life cracked steel plate with FRP 

patching. Lastly, the fatigue life of a cracked steel tube structure repaired with FRP 

patching was analyzed. 

1.4 Thesis Organization 

A brief review of the application of FRP patching to extend the fatigue life of aircraft and 

civil engineering structures is presented in Chapter 2. Experimental and numerical studies 

of the tensile behavior of FRP/steel double lap joints are presented in Chapter 3. After 

understanding the static behavior of FRP/steel lap joint, fracture behavior, such as, the 

reduction of stress intensity factor (SIF) of cracked plate repaired by applying FRP 
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patching is presented in Chapter 4. Finite element study of the stress intensity factor of 

cracked steel plates with FRP patching at different crack length stage is presented in 

Chapter 5. Analytical solutions based on the finite element results are compared with the 

fatigue test results of welded steel plate with FRP patching in the same chapter. With the 

calibrated finite element models, a parametric study to examine the reduction of stress 

intensity factors and fatigue crack growth rate is presented in Chapter 6. Based on the 

finite element model of the cracked plates with FRP patching, cracked steel circular tube 

structures with FRP patching are studied and the reduction of the stress intensity factor of 

the tube structure is investigated and presented in Chapter 7. Summary, conclusions and 

discussions of the mentioned work is presented in Chapter 8. 
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2 LITERATURE REVIEW 

2.1 Introduction 

Due to several properties such as lighter weight, higher strength and higher corrosion 

resistance of composite materials, composite materials have been using in different type 

of engineering aspect such as in aircraft engineering, automobile engineering, 

infrastructures etc in the past decades. In this chapter, a brief introduction about the fiber 

reinforced polymer (FRP) is presented. Then, several researches about the application of 

bonded FRP patching for fatigue repair of aluminum structure which is considered as the 

main structural material in aircraft engineering and steel structures are summarized. 

2.2 Fiber Reinforced polymer (FRP) 

The use of fiber reinforced polymer (FRP) for new construction and strengthening of 

older structures has increased steadily nowadays. Fiber reinforced polymers offer 

numerous advantages over steel including excellent corrosion resistance, good fatigue 

resistance, low coefficient of thermal expansion, as well as being lightweight. An 

additional advantage of FRP is in the endless ways in which polymers and fibers can be 

combined in a material to suit the specific needs of a structure (Meier 1992). 

A composite is defined as a material system consisting of two chemically dissimilar 

phases that are separated by a distinct interface. The two different materials are usually 

referred as matrix and reinforcing material (Figure 2.1). The reinforcing material can be 

in different form (such as particulate or fiber form) for a composite material. If the 

reinforcement element were given a fiber-like shape characterized by a high aspect ratio, 
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then the resulting composite is termed a 'fiber' reinforced composite. There are three 

commonly used fibers for producing FRP for civil engineering applications: glass, aramid 

and carbon/graphite. These are strong ceramic materials with that depict both a stiff and a 

brittle behavior. The cost of glass fiber is relatively lower than the other two fibers. 

However, its poor durability in alkaline cementitious environments has caused concern. 

Aramid fiber is an aromatic organic compound made of carbon, hydrogen, oxygen and 

nitrogen. Its advantages are low density, high tensile strength, and high impact resistance. 

Its drawbacks include its low compressive properties and degradation in sunlight. Carbon 

fiber is produced from one of the three precursors: polyacylonitrile (PAN), rayon and 

mesophase/isotropic pitches. These fibers, or their allotropic form graphite, have the most 

desired properties from the civil engineering applications view point (Kaw 1997). 

Mechanical properties of some commonly used FRPs are shown in Table 2.1 (ISIS 

Canada 2001). 

2.3 FRP patching in aircraft engineering structures 

Bonding of FRP materials to metallic structures was first used in mechanical engineering 

applications. In the past few decades, in order to restore the structural integrity of aging 

aircraft due to the damage from fatigue cracking and corrosion, the use of composite 

materials in aircraft structural components has increased gradually. Finite element 

analysis of cracked plate repaired by patching was initiated by Jones and Callinan (1979). 

Their main purpose was to develop the theoretical tools by mean of using finite element 

method to study the behavior of cracked structures repaired by patching. Rose (1982) 

developed the analytical model to study the crack extension force affected by bonded 

9 



repair. Rose studied a plate with a semi-infinite crack which was repaired by bonding 

reinforcing sheets to its faces and was subjected to uniformly distribute tensile load at 

right-angle to the crack. It was shown that the crack extension force has a finite value, 

provided that the reinforced structure could still carry the load. 

Baker (1987) summarizes the theoretical and experimental work of Australian work on 

fiber composite repair of cracked metallic aircraft components. In the paper, experimental 

results of the fatigue strength of 3.18 mm thick (IM) aluminum plate (2024-T3, elastic 

modulus (EAI) equal to 72 GPa) with edge crack was presented. In the fatigue test, two 

similar specimens were simultaneously tested while joined together to form a honeycomb 

panel, with the patched sides facing outwards. Therefore, out of plane bending of the 

plates was prevented. The dimension of the plate was 300 mm long x 160 mm wide. 

Seven layers of boron/epoxy composite material with thickness equal to 0.13 mm/ply 

(tfrp/ply) and elastic modulus (Efrp) equal to 200 GPa was bonded on one side of the crack 

plate. With this configuration, the stiffness ratio of the composite to the plate (ETR = 

Efrptfrp/EAitAi) was about 0.8. Two specimens with composite patching were prepared with 

two different initial crack lengths (a, = 5 mm and 25 mm respectively). The plates were 

loaded by tensile loading with a far end stress equal to 138 MPa. The test results showed 

that, (1) the fatigue life of the patching specimens was increased by more than 20 times 

when compared with the non-patched specimen; (2) significant retardation in crack 

growth is experienced with the longer (25 mm) starting crack, the crack did not 

propagated until about 180,000 cycles; and, (3 ) crack growth under the patch often 

follows a parabolic relationship. 
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Fatigue test involving thick metallic plates was performed by Jones and Chiu (1999). The 

specimens were aluminum alloy (2024-T4) with dimensions of 108.3 mm (width), 304 

mm (length) and 11.1 mm (thickness) and the plate contained a centrally located surface 

crack. The surface length of the crack was 37 mm and was 6 mm deep. Five unrepaired 

specimens were tested under a constant amplitude stress of 65 MPa with stress ratio (R = 

o"max / <7min) equal to 0.01 and six specimens were repaired with a 10-ply thick boron fiber 

patch (tfrp = 1.27 mm) which was bonded on the crack using the 0.1 mm thick structural 

film adhesive FM73. The test results showed that the unpatched specimens lasted an 

average of 22,450 cycles and the patched specimens lasted an average of 527,000 cycles. 

The increase in fatigue life is about 23 times. Another group of test specimens (four 

unpatched and four patched specimens) were tested under the FALSTAFF (Fighter 

Aircraft Loading STAndard For Fatigue) loading with a peak stress of 138.9 MPa. Test 

results showed that the unpatched specimens lasted for an average of 354,117 cycles and 

the patched specimens lasted for an average of 2,052,557 cycles, an increase in fatigue 

life of about 5.8 times. This was significantly lower than the value obtained using 

constant amplitude loading. It was explained that the different result was due to the 

following effects: (1) Fatigue damage in the adhesive due to the higher loads; (2) growth 

of disbond/delamination directly over the crack; and, (3) load history effects due to the 

visco-plastic nature of the adhesive. Repair of aluminum lugs were also presented in the 

paper. Aluminum lugs (7075-T651) of 8 mm thick, 145 mm long and 50 mm wide 

containing a 20 mm diameter hole were tested. Those specimens had a 1 mm notch 

machined on one side of the hole. A fatigue crack was initiated from this notch and 

grown an average length of 1 mm to give a total crack length of 2 mm. Two specimens 
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were tested without FRP patching and four specimens were tested with boron/epoxy 

composite patching. The patched specimens were further divided into groups, two 

specimens were repaired by bonding 0.8 mm thick (6 ply) boron/epoxy on each sides of 

the plate and the other two specimens were repaired with a combination of composite and 

a 1 mm thick steel-sleeve insert. The structure was loaded from 1 to 14.4 kN (stress 

range, ACT - 36 MPa) using a sinusoidal wave-form at a frequency of 5 Hz. The average 

fatigue life of the unpatched specimens, specimens with patched boron/epoxy only and 

specimens with patched boron/epoxy and steel-sleeve were 12,200 cycles, 149,000 cycles 

and 194,500 cycles respectively. The increases in fatigue life were about 12 times and 16 

times, respectively. 

Fatigue crack growth behavior of 6.35 mm thick aluminum panels (2024-T3) repaired 

with the asymmetrically bonded full width boron/epoxy composite patch was investigated 

experimentally by Schubbe and Mall (1999). The tested materials were aluminum sheet 

(2024-T3) of 3.175 mm thick and aluminum plate (2024-T351) of 6.35 mm thick and the 

length and width of the specimens were 508 mm and 153 mm, respectively. A 25.4 mm 

initial central crack was introduced to all the specimens before repair. Some of the 

specimens were repaired by bonding a unidirectional boron/epoxy composite along the 

loading direction. Different numbers of ply of composites were bonded to the plate to 

achieve the adherend stiffness ratios (ETR) of 1 and 1.3. Besides the two adherend 

stiffness ratios, three different patch lengths (51 mm, 68 mm and 102 mm) were chosen 

to investigate the effects of patch length. Fatigue testing of all repaired specimens was 

conducted at constant maximum stress equal to 120 MPa with stress ratio of 0.1 at 10 Hz. 
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Compared to the non-repaired specimens, test results showed that the average increase in 

fatigue life of the 6.35 mm thick and 3.175 mm thick specimens with ETR = 1 was about 

4.2 times and 7.1 times, respectively. For those 6.35 mm thick and 3.175 mm thick 

specimens with ETR = 1.3, the average increase in fatigue life was about 5.3 times and 

7.1 times. It was shown that by increasing the adherend stiffness ratio (ETR) from 1 to 

1.3, the fatigue life of the 6.35 mm thick repaired specimens was increased by 26%, 

whilst for those 3.175 mm thick repaired specimens, the fatigue life did not increase with 

the increased adherend stiffness ratio. The effect of patch length to the fatigue life was 

found either no beneficial or even detrimental on the fatigue life for the thin specimens. 

An examination of cracked aluminum plates repaired by single-side and double-side 

patching is presented by Klug et al. (1999). Aluminum plates (2024-T3) (dimension = 

177.8 mm long, 88.9 mm wide and 3.1 mm thick) with initial edge crack (crack length = 

12.7 mm) were repaired by bonding graphite/epoxy (AS4/3501-6) on either single-side or 

double- sides using FM73 adhesive (thickness = 0.1 mm). Two thicknesses of composite 

repairs were chosen for comparison of both the single and double sided repaired. Both 

four-ply (0.508 mm) and eight-ply (1.016 mm) repairs were used. The elastic modulus of 

the aluminum plate and the FRP are 72 GPa and 138 GPa (along the loading direction), 

respectively. Therefore, the corresponding adherend stiffnesses ratios (ETR) were 0.3 and 

0.6, respectively, for single-side patching and 0.6 and 1.2 for double-side patching. The 

applied stress range for single-sided repaired specimens and double-sided repaired 

specimens were 68.5 MPa and 137.5 MPa respectively with R = 0. Test results showed 

that the fatigue life for the non-repaired specimen was 30,000 cycles. With the single-side 
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patched repair (four-ply and eight-ply), the fatigue life was about 120,000 cycles and 

140,000 cycles, respectively. For those specimens with double-sides patched repair (four-

ply and eight-ply), the corresponding fatigue life was about 140,000 cycles and 330,000 

cycles, respectively. 

A case study involving repair to primary aircraft structures is presented by Chester et al. 

(1999). In order to repair a 48 mm long crack in the lower wing skin of an RAAF F-l 11 

aircraft structure, two different sets of fatigue tests were carried out. The first set of 

specimens consisted of two box specimens (approximately 900 mm x 430 mm x 65 mm) 

which were constructed to simulate the wing structure as quasi-full scale test articles. The 

second set of specimens consisted of twenty panel specimens (approximately 300 mm x 

190 mm), simulating the local geometry of the wing skin, which were designed as 

structural detail specimens. The repair technique applied to the aircraft structures 

consisted of a 14 ply boron/epoxy patch adhesively bonded to the wing skin with FM73 

adhesive. The lay-up of the patch was (02, ±45, 03)s, with the 0° fiber oriented along the 

wing axis and the 45° fiber presented for the local shear stresses and to resist the torsional 

loads. The wing skin thickness in the location of the crack initiation point was nominally 

4 mm thick with the adjacent integral stiffener being 8 mm thick. Fatigue spectrum 

loading derived from multi-channel recorders fitted to an RAAF F-l 11 aircraft which was 

scaled from the results of the detailed finite element analysis (Callinan et al. 1996) was 

applied for testing the specimens. Test results showed that the unrepaired specimen 

suffered rapid crack growth and failed after 15.8 flight hours. However, the two repaired 

box specimens survived for more than 200 hours. 
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Aglan et al. (2001) summarize some of the research that deals with the development of 

composite repairs bonded to defective aircraft structures. In addition, fatigue crack 

growth behavior of a pre-cracked aluminum plate (7075-T6) repaired by bonding 

boron/epoxy using 3M adhesive (AF163-2K) was investigated experimentally and 

analytically. The dimension of the aluminum plate was 305 mm long, 51 mm wide and 

1.6 mm thick. The elastic modulus of the aluminum plate and the FRP material were 72 

GPa and 190 GPa, respectively. The specimens were repaired by bonding 2, 4 or 6 plies 

of FRP on only one side of the specimens. This resulted in an adherend stiffness ratio 

(ETR) of 0.429, 0.858 and 1.286 for the 2, 4 and 6 plies repaired specimens respectively. 

An initial crack (8 mm length) was introduced to the edge of the plates. All the specimens 

were loaded by 109 MPa uniformly distributed stress with a frequency of 3 Hz and at a 

stress ratio equal to 0.1. Test result showed that the fatigue life of the non-repaired 

specimen, specimens with 2, 4 and 6 plies bonded FRP were 4,245 cycles, 42,500 cycles, 

63,200 cycles and 102,280 cycles, respectively. The increases in fatigue life were about 

10, 15 and 24 times for the specimen with 2, 4 and 6 plies of boron/epoxy patching. 

A summary of the above mentioned literature is shown in Table 2.2 and Table 2.3. The 

investigations listed involve the testing of aluminum plates which is the main material 

used in aircraft engineering. 

2.4 FRP patching used in the repair of civil engineering structures 

Application of FRP composites to strengthen reinforced concrete (RC) structures has 

become very popular during the last few years. Major application of FRP on 
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strengthening RC structures include: (1) flexural strengthening of RC beams and slabs; (2) 

shear strengthening of RC beams; (3) strengthening of axially and eccentrically loaded 

RC columns; and, (4) seismic retrofit of RC columns. A state of the art summary of the 

application of FRP strengthening of RC structures can be found in several references 

(Meier et al. 1993, ACI 440R-96 1996, Karbhari and Seible 2000, Deniaud and Cheng 

2000 and Teng et al. 2004). The application of FRP composites in strengthening and 

repair of steel structures is not as widespread as the strengthening of RC structures. One 

of the reasons is that the high strength and stiffness of steel make it more difficult 

material to strengthen. In addition, the FRP/adhesive bond is generally the weakest link 

and is likely to control the mode of failure. 

Roberts (1995) carried out experimental work to examine the behavior of crack growth 

retardation in steel plates reinforced with carbon fiber composite patching. Fatigue tests 

of ASTM A-516 Gr 70 pressure steel vessel were carried out. The thickness of the steel 

specimens (ts) was 15.9 mm and the width and length of the specimens were 120 mm and 

144 mm, respectively. An initial machine notch (length = 52 mm) was introduced to the 

specimens. Fatigue loading was applied to introduce a pre-crack (length = 8 mm). 

Therefore, the initial crack length was about 60 mm. Then, the unpatched specimen was 

loaded with a cyclic tensile loading range (AP = 4.76 kN) and a stress ratio equal to 0.05. 

The test was terminated when the final crack length reached about 98 mm and the 

corresponding fatigue cycle number (N) was 5,345,000. Another specimen was repaired 

by carbon fiber reinforced polymer (CFRP) patching on both sides. The length of the 

CFRP plate was 140 mm and the width was 60 mm with the edge of the plate located at 
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the tip of the machine notch (the CFRP plate covered the pre-crack only). Initially, the 

same fatigue loading which was used for loading the unpatched specimen was applied to 

the patched specimen. However, the crack did not propagate during this applied loading 

range. The cyclic loading range was increased to AP = 5.22 kN under the same stress 

ratio of 0.05. Under this cyclic loading range, the fatigue life of the patched specimen 

was about 28,500,000. The increase in fatigue life was about 5 times. This testing showed 

that the patch slowed down the growth rate of the propagating crack and in some cases, 

arrested the crack altogether. 

The repair of cracked steel elements using carbon fiber reinforced polymer (CFRP) 

material patching were examined by Kennedy and Cheng (1998). Steel plates (dimension 

= 750 mm x 400 mm x 6.5 mm) with a central crack (80 mm) were tested under uni-axial 

tensile loading (far end stress =100 MPa). At the crack location, some of the specimens 

were reinforced with CFRP (4 or 6 layers) on one side. Other test parameters included the 

patch length, patch width, type of tapered end and patch pattern. In their study, the strain 

distribution in a cracked steel plate with and without CFRP patching was examined. It 

was shown that the strain at the cracked tip could be reduced by applying CFRP patching. 

Higher stiffness patches reduced the crack tip stresses while lower stiffness patches 

reduced the stress concentrations in the steel at the patch edge. Based on these 

experimental and numerical studies, minimum bond length for load transfer and for load 

redistribution were proposed. 

The fatigue behavior of a riveted steel bridge repaired by bonding CFRP plates was 

studied by Bassetti et al. (2000) and Colombi et al. (2003). Fatigue tests on central notch 
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steel specimens with a 30 mm initial crack length were carried out. The dimension of the 

steel plate specimens was 1000 mm x 300 mm x 10 mm. The notched steel plates were 

reinforced on both sides with CFRP plates (500 mm x 50 mm x 1.2 mm (or 1.4 mm)). 

Pre-stressing of the CFRP plate was introduced in some of the specimens. The CFRP 

plates were placed 10 mm from the crack tip symmetrically on both sides. The applied 

stress range (AG) was 80 MPa with R = 0.4. Compared to the fatigue life of unpatched 

specimen, test results showed that the increase in fatigue life for the patched specimens 

varied from 3.5 to 20 times. A summary of the test results is given in Table 2.4. In 

addition, fatigue tests on a cross-girder of the riveted steel bridge reinforced by CFRP 

plates were also performed in order to show the applicability of the technique to bridge 

reinforcement. It was shown that the application of pre-stress of CFRP plates prior to 

bonding introduces a compressive stress which prevents further cracking by promoting a 

crack closure effect. 

Jones and Civjan (2003) carried out experimental and finite element studies to examine 

the fatigue behavior of cracked steel plates repaired with CFRP patching. Two different 

configurations of cracks were tested: the center crack and symmetric edge notched crack. 

The initial crack length for the center crack specimens (2ai) and symmetric edge notched 

crack specimens (aj) were 11.4 mm and 5.7 mm respectively. Different types of CFRP 

materials (CFRP plate and CFRP sheet) were used in the studies. It was shown that the 

maximum increase in fatigue life was less than 2 times. However, in most of the 

examined cases, the increase in fatigue life was less than 50%. It was reported that the 

epoxy performance was critical to the overall behavior and all specimen failures were 
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initiated by CFRP debonding. A summary of test specimens and the test results is given 

in Table 2.5. 

Fatigue tests of steel beam specimens repaired by CFRP patching were carried out by 

Tavakkolizadeh and Saadatmanesh (2003). Steel beams (SI27 x 4.5) with an edge notch 

in the tensile flange were tested under cyclic loading at various stress levels. The length 

of the steel beams was 1.22 m and were tested under a two point loading (loads were 200 

mm apart symmetrically located with respected to mid-span). CFRP patching was applied 

on the tensile flange of the steel beam. The width and length of the CFRP plate were 76 

mm and 300 mm, respectively, and the thickness was 1.27 mm. The modulus of elasticity 

was 144 GPa. The fatigue life of the steel beams without CFRP patching was evaluated at 

various values of stress range (207, 241, 276, 310 and 345 MPa). For the steel beams 

with CFRP patching, one more stress range (379 MPa) was included in the study. The 

fatigue life of the non-repaired and repaired beams loaded at different stress range values 

is shown in Table 2.6. It was observed that the fatigue life of specimens with CFRP 

patching was increased by 2.5 to 3.4 times. This improvement was equivalent to 

upgrading the detail from the AASHTO category D to category C (AASHTO 2000). 
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Table 2.1 Properties of typical commercial FRP systems 

FRP system Areal 

Weight 

(g/m2) 

Density 

(gW) 
Rep 

Type 30 

Type HM 

300 

200 

1.8 

2.1 

Thickness 

(mm) 

Tensile 

Strength 

(MPa) 

Modulus 

in Tension 

(GPa) 

Elongation 

at Failure 

(%) 

ark (Mitsubishi) 

0.167 

0.143 

3400 

1900 

230 

640 . 

1.5 

0.3 

Mbrace (Master Builders) 

CF130 300 1.82 0.165 3480 227 1.5 

Tyfo Fibrwrap (Composite Retrofit International) 

SHE51 930 0.72 1.3 552 27.6 2.0 

Sika 

SikaWrap 

Hex 103C 

CarboDur S 

618 

2240 

1.8 

1.6 

1.0 

1.2-1.4 

960 

2800 

73.1 

165 

1.3 

1.7 
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3 ADHESIVE CFRP/STEEL BONDED LAP JOINTS 

3.1 Introduction 

It is shown in Chapter 2 that composite fiber patching techniques have been considered as 

alternatives to traditional methods of strengthening and fatigue crack repair in steel 

structures. As illustrated in Figure 3.1, by using the composite fiber patching techniques, 

some of the loadings can be transferred through the composite materials. In addition, the 

composite patching provides deformation constraint to the cracked mouth. The behavior 

of a patch is highly dependent on the transfer of load between the patch and adherend. 

This load transfer mechanism is best studied by using adhesive bonded joints. In order to 

understand the load transfer between composite patch and the base metal adherend, 

Kennedy and Cheng (1998) investigated the bond behavior of carbon fiber reinforced 

polymer (CFRP)/steel double lap joints. In their experiment, CFRP sheets with relatively 

thin thickness were used to form the CFRP/steel double lap joint. The corresponding 

adherend stiffness ratio (ETR) of CFRP to steel varied from 0.046 to 0.138. The 

experimental results showed that the axial strength of the CFRP/steel double lap joint 

increases with increasing ETR value. In this chapter, the experimental results of Kennedy 

and Cheng (1998) about the CFRP/steel double lap joint was summarized and discussed. 

In order to study the bond behavior of CFRP/steel double lap joint with higher ETR 

value, additional experimental and numerical studies were carried out. In the numerical 

study, non-linear finite element analysis was carried out to study the stress-strain 

!A version of this chapter has been published in Dec, 2007 of the Canadian Journal of Civil 

Engineering. 
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behavior of adherend and adhesive of the double lap joint. Based on the finite element 

results, the analytical solution which was developed by Hart-Smith (1973) was applied to 

predict the maximum axial strength and minimum required lap length of the joint. 

3.2 Background 

Adhesive bonded joints have been used in the engineering industry such as the aircraft 

industry for several decades. A major advantage of the adhesive bond is that it enables 

dissimilar materials to be joined, even when one or both of these materials are non-

metallic. Studies of adhesive bond strength were carried out by several researchers. 

Volkersen (1938) proposed a closed-form elastic equation to predict the elastic shear 

stress distribution of the adhesive of single lap joint. Goland and Reissner (1944) and 

Kutscha and Hofer (1969) made modifications on Volkersen's closed-form solution to 

consider other parameters such as the eccentricity of loading which would affect the 

strength of the joint. Hart-Smith (1973) studied the adhesive bonded joint more 

extensively. Both numerical and experimental studies of adhesively bonded composite 

joints were carried out. The studied parameters included: joint configurations, lap length, 

thickness of adherend, temperature effect etc. It was found that a better joint efficiency 

could be obtained by assigning suitable adherend stiffness ratio and lap length to the joint. 

Uni-axial tensile tests of CFRP/steel double lap joint were carried out by Kennedy and 

Cheng (1998). Five specimens were prepared by bonding CFRP sheets (Mitsubishi 

Chemical Co. 1999) with a thickness of 0.11 mm/ply on both sides of steel plate. Before 

the application of CFRP sheet, all steel plates were sandblasted to provide a rough 
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enough surface for bonding. The composite was applied using a hand lay-up procedure. 

The corresponding two-part epoxy was used as the matrix material of the composite and 

also as the adhesive between the steel plate and the composite. Different adherend 

stiffness ratios were achieved by increasing the number of layers (Np) of CFRP composite 

material. Since hand lay-up procedure was used in patch fabrication, it was reported that 

the thickness of the resulting composite was highly variable. Therefore, the thicknesses of 

five CFRP sheets composite coupons were measured and an average composite thickness 

of 0.23 mm/layer was obtained with a coefficient of variation of 4%. The material 

properties, the average thickness and the detail dimensions of specimens, such as the lap 

length, number of layers and thickness of epoxy are shown in Table 3.1. All specimens 

were loaded with a uni-axial tensile loading up to failure. The load versus stroke curves 

of the five specimens are re-produced in Figure 3.2 and the corresponding maximum load 

and stroke at failure are summarized in Table 3.1. The results indicated that the maximum 

load increases with increasing adherend stiffness ratio (ETR). A finite element analysis 

was carried out to study the stress-strain behavior of the bond. Based on both 

experimental and numerical results, a minimum lap length (Lmjn) for load transfer was 

proposed, as follows: 

L m m = 3 0 % ^ + 17 (in mm) (3.1) 
E.t. 

where Ecfrp and tcfrp are the elastic modulus and thickness of CFRP and Es and ts are the 

elastic modulus and thickness of steel plate. The above equation was developed for 

Ecfrptcfrp / Ests less than 0.25. 
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3.3 Experimental program 

In order to investigate the tensile behavior of CFRP/steel double lap for a high adherend 

stiffness ratio (ETR), 14 CFRP/steel double lap joint specimens were designed and tested 

under static tensile loading. Major test parameters included the bonded lap length (LL) 

and the adherend stiffness ratio (ETR = 2Ecfrptcfrp/Ests) in which ECfrp, Es, tcfrp and ts are the 

elastic module and thicknesses of the CFRP plate and steel plate, respectively. 

3.3.1 Material properties of test specimens 

A CFRP plate with a thickness of 1.2 mm/ply was used in preparing the specimens. The 

carbon fibers were placed in the longitudinal direction only. Tension coupons of the 

CFRP plates were prepared and tested to obtain the mechanical properties of the materials 

according to ASTM D3039/D3039M-00 (2000). The composites exhibited a linear stress 

versus strain relationship to failure, which was generally sudden and complete. The mean 

elastic modulus and ultimate strength of the composite materials are shown in Table 3.2. 

The steel test specimens were prepared using 300 mm long steel tabs (CSA 40.21-M 

300W). Two different thicknesses of steel plate were used and the width of the steel plate 

was 50.8 mm for all specimens. Tension coupons of each type of steel plate were 

prepared and tested according to ASTM A3 70-02 (2002). The mean elastic modulus, the 

static yield strength, and the ultimate strength of the steel plates are also shown in Table 

3.2. All of the steel plates were sandblasted in order to provide a rough enough surface 

for bonding (Roberts 1995). The Sika CFRP plates (Sika 2003), which were pre-
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fabricated and ready to use, were used in preparing the specimens. The corresponding 

two part epoxy, which was recommended by the manufacturer, was used as the adhesive 

between the steel plate and CFRP plate. The material properties of the adhesives 

provided by the manufacturer are shown in Table 3.2. 

Different adherend stiffness ratios were achieved by increasing the number of layers (Np) 

of CFRP composite material. Typical test specimens are illustrated in Figure 3.3. The 

average thickness and the detail dimensions of each test specimens such as the lap length, 

number of layers and thickness of epoxy are shown in Table 3.3. 

3.3.2 Test specimen, instrumentation and test setup 

The CFRP plates were cut into specified length and cleaned using acetone before 

bonding. The two-component epoxy paste adhesive was prepared according to the 

manual provided by the manufacturer and it was applied to the two sandblasted steel tabs 

by hand to both sides of the steel tabs. Subsequently, the specimens were allowed to cure 

at room temperature for a minimum of seven days before testing. Strain gauges were 

applied along the surface of the CFRP plates and steel plates to monitor the strain 

distribution as loading progressed. Strain gauges were applied primarily to one face of the 

specimen and a single gauge was applied to the other face for a symmetrical check. 

Specimens were tested in tension under stroke-controlled loading at a rate of 0.02 

mm/min to failure in two of the four bonded surfaces. The applied load, stroke of the 

testing machine, and all the strain readings were recorded real time by a data acquisition 

system. 
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3.4 Test results 

The test results, which included the maximum load, the stroke, and the maximum average 

shear stress of the adhesive, are shown in Table 3.4. The test results showed that all of the 

specimens failed by debonding of the CFRP in the adhesive. Linear load versus stroke 

behavior was observed in the early stage, then, nonlinear load versus stroke behavior was 

observed up to the maximum load. For specimens with long lap length, after the 

maximum load was reached, plateau stroke was observed up to the failure. The specimens 

with relatively short lap length failed without experiencing plateau stroke. Plateau stroke 

here is defined as the amount of stroke in which the change of loading is not significant 

(change of loading is less than 5% of the maximum load). 

3.4.1 Effect of joint lap length 

To study the effect of lap length, the specimens were divided into three groups. These 

three groups of specimens were prepared using CFRP plates with ETR 0.17, 0.34, and 

1.03. The lap length varied from 50 mm to 150 mm for each group. The axial load versus 

stroke curve for these three groups of specimens are shown in Figure 3.4 and Figure 3.5. 

As shown in the figures, when the lap length was increased from 50 mm to 150 mm, the 

maximum load only increased marginally (less than 18%). However, much larger stroke 

was observed for specimens with longer lap length. The increase in stroke was more 

pronounced in specimens with lower adherend stiffness ratio (about 80% increases for 

specimens with ETR = 0.17 and 38% increase for with ETR = 1.03). Therefore, it can be 
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seen that the axial load capacity of the bonded CFRP/steel double lap joint increased with 

increasing lap length. In addition, it was found that the increase in the axial load capacity 

of the double lap joint was not linearly proportional to the lap length. Once a certain lap 

length was achieved, the axial load capacity of the joint could not be increased further 

and the capacity was governed by the bond strength of the adhesive. Besides, when the 

lap length was increased; the corresponding stroke at failure was increased. This change 

of failure mode is compensated by the decrease of average shear stress of adhesive. The 

effect of increasing lap length to the shear stress of the adhesive is discussed in the 

section of finite element analysis. 

The measured strains of the CFRP plate are shown in Figure 3.6 for specimens with ETR 

equal to 0.17 and 1.03. For each group of specimens, the strain results corresponding to 

two different loading stages (50% of maximum load and 100% of maximum load) are 

shown. It was observed that the maximum strain always occurs at the location of the gap. 

Since the steel plate was discontinuous at the gap, all the loading which was originally 

carried by the steel plate was transferred to the CFRP composite. As it was shown in 

Figure 3.6 the lower the adherend stiffness ratio, the higher the strain on CFRP composite 

was observed. The strain readings at locations other than the gap location were almost the 

same for either the short lap length or the long lap length specimens. This low strain 

implied that the additional lap length did not significantly contribute in load sharing of 

the joint. As a result, the capacity of the joint could not be increased significantly by 

increasing the lap length. 
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3.4.2 Effect of adherend stiffness ratio 

The effect of relative stiffness ratio of the adherend can be shown by grouping the test 

results of the specimens with the same lap length. The plot of load versus stroke for the 

specimens with 100 mm and 150 mm lap length is shown in Figure 3.7. The results 

showed that the strength of the joint increased when the adherend stiffness ratio increased 

for the same lap length. The maximum loads obtained from each specimen are shown in 

Table 3.4. For the specimens with 50 mm lap length, test results showed that increasing 

the ETR by two and three times, the maximum loads were increased by about 36% and 

59% respectively. For the 100 mm and 150 mm lap length specimens, test results showed 

that by increasing ETR by two times, the corresponding increase in the maximum 

strength was about 39% for both specimens. 

Typical strain readings of CFRP composite corresponding to the maximum load level for 

specimens with different ETRs are shown in Figure 3.8. Maximum strain readings were 

obtained at the location of gap for all specimens. For specimens with lower ETR (-0.17), 

significant drop of strain was observed at those locations other than the location of the 

gap. For specimens with higher ETR (=1.03), strain readings along the lap length were 

more uniform. This implied that the load was shared more evenly on the CFRP composite 

for specimens with higher value of ETR. Hence, increasing the adherend stiffness ratio 

increases the load capacity of the joint. 

3.4.3 Effect of tapering 

Two specimens were prepared with tapered CFRP plates bonded to the steel plates. The 

dimensions of the tapered specimens are shown in Figure 3.9. The results of the tapered 
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specimens were compared with those of the specimens with 50 mm and 150 mm lap 

length having the same ETR value. The corresponding loads versus stroke curves are 

shown in Figure 3.10 and Figure 3.11. The curves illustrate that the axial strength of the 

specimens did not decrease by using a tapering joint with 150 mm lap length and the 

same adherend stiffness ratio. It should be noted that the axial strength of the specimens 

with 3 layers of CFRP plates bonded to 6.09 mm steel plate reached the static yield load 

of the steel plate. The specimen with the non-taper lap pattern failed suddenly when the 

yielding capacity of the steel plate was reached. However, for the specimen with the taper 

lap pattern, ductile behavior was observed after the yielding capacity of the steel plate 

was reached. Strains reading at the same load level of the tapered specimens were 

compared with those of the non-tapered specimens with 150 mm lap length. The results 

showed that the strain reading of the strain gauges located at the gap were almost the 

same for tapered and non-tapered specimens. However, the strain readings of those strain 

gauges which were away from the gap of the tapered specimens were higher than those 

non-tapered specimens due to the reduced thickness of CFRP material at the tapered end. 

3.5 Finite element analysis of CFRP/Steel double lap joint 

In order to study the stress-strain behavior of the adhesive double lap joints, especially 

the stress-strain behavior of the adhesive, ten tested specimens which were prepared 

using the CFRP plates with adherend stiffness ratio (ETR) varied from 0.17 to 1.03, short 

and long lap length (LL = 50mm and 150mm) and tapered pattern, were analyzed by 

using the finite element method. Specimens with intermediate lap length, as it was 

shown from the test results, failed at a maximum load that was almost the same as that of 
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specimens with short and long lap length. Hence, the results from specimens with 

intermediate lap length were not included in the finite element study. The finite element 

package ABAQUS 6.4 (2004) was used to carry out the analysis. Since the specimens 

were subjected to axial tensile load only, it was assumed that the transverse behavior of 

the specimens were uniform. Therefore, two dimensional, plane strain, 4 nodes elements 

were used in the finite element models. The model represented one quarter of an 

experimental specimen, taking advantage of symmetry. Boundary conditions restrained 

the assembly from out-of-plane motion. A typical finite element model of a lap joint is 

shown in Figure 3.12. 

3.5.1 Material properties used in the finite element analysis and the finite element 

analysis procedure 

Based on the material test results, non-linear material properties were used for the steel 

plates and linear material property was used for the CFRP composite. For the adhesive, a 

theoretical adhesive shear stress-strain curve, which was proposed by Grant (1978), was 

used in the finite element analysis. Grant proposed that the nonlinear shear stress-strain 

relationship of adhesive could be represented by the following equations: 

x = y G e for y<y e (3.2) 

x = te + for y > ye (3.3) 
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where a = yG e-x e and |3 = xraax-x 

in which x = shear stress, xmax = maximum shear stress, xe = limit of elastic shear stress, y 

= shear strain, ye = limit of elastic shear strain and Ge = elastic shear modulus. From the 

material properties provided by the manufacturer, the elastic modulus of the adhesive 

(Sikadur 30) is 4500 MPa. By assuming a Poisson's ratio of 0.34 for the adhesive (May 

and Hutchinson 1992), an elastic shear modulus (Ge) of 1680 MPa was used for the 

adhesive. The design maximum shear strength of the adhesive (xmax) was 24.8 MPa, a 

value provided by the manufacturer. Assuming the properties of the adhesive is highly 

non-linear, the shear stress-strain relationship was assumed to be linear up 2.48 MPa (xe), 

which is 10% of the maximum shear stress. Therefore, the corresponding elastic shear 

strain (ye) could be obtained. The theoretical shear stress-strain curve is shown in Figure 

3.13. The theoretical shear stress-strain curve of the adhesive was converted to axial 

stress-strain curve, which was needed in the finite element analysis. The following 

equations were used to convert the shear stress (x) and strain (y) to axial stress (a) and 

strain (s) (Bassetti et al. 2000) 

a = V3x (3.4) 

e= y (3.5) 
2(l + v ) r 
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Non-linear analysis was carried out by controlling the displacement of the inner steel 

plate of the model (to simulate stroke control). At each step of the displacement, stress of 

the inner steel plate was monitored. With the stress of the inner steel plate, the 

corresponding axial load was obtained. It was observed from the test results that 

progressive local failure occurred at part of the areas in the adhesive layer after the 

ultimate load of the specimen was reached. The progressive local failure of the adhesive 

could not be captured by the current finite element model. Therefore, it was decided to 

terminate the analysis at the maximum axial load level to obtain the maximum shear 

strain of the adhesive. At this maximum load level, the maximum shear strains of the 

adhesive were obtained. This maximum shear strain value will be used in the equations 

for predicting the maximum load and this will be discussed in the later section. Typical 

finite element result of load versus stroke curve is shown in Figure 3.4. The finite 

element results gave good prediction of the load versus stroke behavior in the elastic 

stage. Later on, stiffer behavior was observed for the finite element result up to the 

maximum load level. 

3.5.2 Comparison of axial strain distribution of CFRP plates of test and finite element 

results 

The axial strain distribution of CFRP plates obtained from the finite element analyses 

were compared with the experimental results at the max imum load level. Figure 3.14 

shows the load versus strain results of 2 specimens with different adherend stiffness ratios 

(ETR = 0.17 and 1.03) and the axial strain distribution of CFRP plate of 2 sets of 

specimens with 2 different adherend stiffness ratios and 2 different lap lengths (LL = 50 
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mm and 150 mm). It can be seen from the figure that the finite element results agreed 

well with the experimental results. The finite element results showed that the maximum 

axial strain in the CFRP plates decreased with increased axial stiffness of the plates. For 

specimens with short lap length (LL = 50 mm), the axial strain distribution of CFRP plate 

decreased almost linearly from the gap location (x = 0 mm) to the end (x = LL mm) of the 

lap. However, for specimens with a longer lap length (LL =150 mm), the maximum 

strain occurred at the gap location (x = 0 mm) followed by a plateau over the center of the 

lap and finally dropped to zero at the end of the lap (x = LL mm). The difference between 

the maximum strain at the beginning of the lap and the plateau strain at the center region 

varied with different adherend stiffness ratios. It is shown from Figure 3.14 that when the 

adherend stiffness ratio was small, the difference between the maximum strain and the 

plateau strain was large. When the adherend stiffness ratio was close to unity, the 

difference between the maximum strain and the plateau strain was small. 

The axial strain distributions of the tapered CFRP plate specimens were compared with 

the non-tapered specimens, as shown in Figure 3.15. Experimental results are also 

included in the figures and they are in good agreement with the finite element results. It 

can be seen from the figure that for the tapered joint, the axial strains at the tapered end 

were higher than those of the non-tapered specimens due to the reduction of axial 

stiffness of the CFRP plates at the tapered end. Although the axial stiffness of the CFRP 

plates at the tapered end was reduced, the axial strain of CFRP plates at the tapered end 

was still lower than the failure strain of the CFRP plate. This also agreed with the 

experimental failure mode that failure occurred in the adhesive layer. 
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3.5.3 Shear stress and strain of adhesive layer 

In the experimental program, it was observed that failure occurred in the adhesive layer. 

Therefore, the shear stress/strain distribution of the adhesive, which was obtained from 

the finite element analysis, was examined. In the finite element model, two layers of 

elements were used for the adhesive layer. The shear stress/strain results at the top and 

bottom layer of the adhesive layer are shown in Figure 3.16 and Figure 3.17. These 

figures also show the shear stress/strain distribution of the adhesive between the steel and 

the CFRP plates of the specimens with adherend stiffness ratio equaled to 0.17, 0.34 and 

1.03 and a lap length of 50 mm and 150 mm. As can be seen from the figures, the 

maximum shear stress/strain occurred at the ends of the lap. When the lap length 

increased, the maximum shear stress/strain did not decrease. For the long lap length 

specimens, the shear stress/strain at the center region of the lap was relatively low. Due 

to this low shear stress at the center region, increasing the lap length did not increase the 

axial capacity significantly. For the specimens with a low adherend stiffness ratio, the 

difference between the shear stress/strain at the ends of lap was large. For the specimens 

with the adherend stiffness ratio closed to unity, the shear stress/strain results at both ends 

were close to each other. This might imply that load was picked up at both ends (at the 

end of lap and at the location of the gap) of the lap for specimens with adherend stiffness 

ratio closed to unity. Therefore, specimens with higher adherend stiffness ratio have 

higher load transfer capacity than those specimens with lower adherend stiffness ratio. 
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The shear stress/strain distribution of the tapered and non-tapered specimens was also 

compared as shown in Figure 3.16 and Figure 3.17. It can be seen from the figures that 

the shear stress/strain of the tapered specimens was lower than that of the non-tapered 

specimens at the location where tapering started. However, higher shear stress/strain was 

observed at the second tapering step for specimen P-2-taper-1/2 and the second and third 

tapering steps for specimen P-3 -taper-1/4. This might imply that a larger amount of loads 

was carried by the adhesive for the tapered joints within the stiffer region but a smaller 

amount of loads was carried up by the adhesive within the less stiff region. Therefore, the 

failure load did not decrease by using a tapered lap with the same adherend stiffness ratio. 

3.6 Prediction of maximum strength and minimum lap length of adhesive double 

lap joints 

It was shown from both the experimental and numerical results that the strength of the 

adhesive double lap joint was mainly affected by the adherend stiffness ratio and the 

strength of the adhesive. In order to develop the maximum strength, a minimum lap 

length should be provided for the joint. The prediction of maximum strength and 

minimum required lap length is shown in the following section. 

3.6.1 Prediction of maximum strength of adhesive double lap joints 

Hart-Smith (1973) extended the elastic analyses of Volkersen (1938) by considering the 

non-linear material behavior of adhesive. Hart-Smith proposed that the joint reached its 

maximum strength when the maximum shear strain of the adhesive reached its failure 

47 



shear strain value. He also showed that for any arbitrary elastic-plastic curve 

representation of the shear behavior of an adhesive, its strain energy per unit bond area 

was the unique, necessary, and sufficient characterization defining the maximum 

attainable bond strength between two adherends. Hence, for any arbitrary elastic-plastic 

curve representation of the shear behavior of an adhesive in which the strain energy is the 

same will give the same maximum attainable bond strength between two adherends. For 

ductile adhesives, Hart-Smith (1973) proposed the following equations for predicting the 

maximum strength per unit width of adhesive bond double lap joint; 

P = 2xavLL = j4kTpr,(Ye +YP)Eitl(l + i ^ - ) for ETR>1 (3.6) 

P = 2xavLL = /̂8kTpri(Ye +yp)E0t0(l + ETR) for ETR<1 (3.7) 

where k = i_l_if ill, Ei and E0 = elastic modulus of the inner and outer adherends 

( Y e + Y p ) 

respectively, LL = lap length, tj and t0 = thickness of inner and outer adherends 

respectively, TP = shear yield stress of adhesive, ye = elastic strain limit of adhesive, yp = 

plastic strain limit of adhesive, r) = thickness of adhesive and ETR = 2E0t0 / Eft,. By 

replacing the symbols in Eqs. 3.6 and 3.7 with the current symbols used with CFRP, the 

steel plate and the adhesive, Eqs. 3.6 and 3.7 were rewritten in the following format; 

P = j2xmaxn(ye+2yp)Ests(l + i ^ ) for ETR>1 (3.8) 
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P = 2jimi\(y. + 2yp)Ecfrptcftp(l + ETR) for ETR<1 (3.9) 

where Tmax = maximum design shear stress of the adhesive. 

Based on this condition, the non-linear shear stress-strain curve, which was used in the 

finite element analysis, was replaced by an elastic-plastic shear stress-strain curve. This 

required obtaining the maximum design shear stress and maximum design shear strain of 

the adhesive. From the finite element analysis results, the maximum shear stress and 

strain of the adhesive were obtained and is shown in Table 3.5. It was found that for 

specimens with steel plate thickness equal to 12.44 mm, the maximum shear strain at 

failure ranged from 0.1 to 0.135 and the maximum shear stress of the adhesive was close 

to the design shear stress (24.8 MPa) which was provided by the manufacturer. 

Therefore, by setting the maximum shear stress for the adhesive to 24.8 MPa and the 

maximum shear strain to 0.1, the non-linear shear stress-strain curve could be converted 

to an elastic-plastic shear stress-strain curve. This could be done by equating the area 

under the non-linear shear stress-strain curve and the elastic-plastic shear stress-strain 

curve. Therefore, based on the elastic-plastic shear stress-strain curve, the elastic shear 

strain (ye) and the plastic shear strain (yp) were found to be 0.0679 and 0.0321, 

respectively. By substituting the above values to Eqs. 3.8 and 3.9, the maximum joint 

strength per unit width of plate could be obtained. 
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The analytical results and the corresponding test results of the fourteen specimens tested 

are shown in Table 3.6. It can be seen from the table that the analytical predictions agreed 

well with the test results except for specimens with steel plate thickness equal to 6.09 mm 

and specimen P-3-50-1/2. The analytical predictions for the specimens with steel plate 

thickness equal to 6.09 mm were all greater than the static yield load of the 6.09 mm steel 

plate. Since Eqs. 3.8 and 3.9 did not take into account the effect of yielding of the 

adherend, the static yield load for the steel plate should be checked and the lower value 

(values predicted by Eqs. 3.8 or 3.9 and the static yield load) would give the maximum 

load. For specimen P-3-50-1/2, although the analytical prediction was lower than the 

static yield strength of the steel plate, the analytical prediction was found to be greater 

than the test result. The shear stress distribution of the adhesive which was obtained from 

the finite element result of specimen P-3-50-1/2 is shown in Figure 3.17. It is shown that 

the shear stress of the adhesive was almost uniform along the overall lap length. 

Therefore, for specimen with short lap length and ETR value closes to unity, the plastic 

shear strength of the adhesive, which is equal to 126 kN for this specimen should be used 

as the maximum strength for this specimen. It is shown in Table 3.6 that the modified 

analytical predictions were in better agreement with the test results. The test-to-predicted 

ratio varied from 0.88 to 1.14 with a mean of 1.00 and coefficient of variation of 8.43%. 

3.6.2 Prediction of minimum lap length of adhesive double lap joints 

Hart-Smith (1973) also suggested equations for predicting the minimum lap length of a 

double lap joint. The minimum lap length of double lap joints with adhesive can be 

predicted by using the following equation; 
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(3.10) 
2T„ max 

In practice, it is suggested that the practical lap length should be made longer in order to 

account for small fabrication tolerance and to provide enough residual strength for long-

term environmental exposure. Therefore, the practical design lap joint length (Lpractice) 

should be, 

P 1_ 
^Practice ~ ~ + - (3.1 1) 

max 

where X - —-
f 1 2 ^ 

• + • 

, E , t f E t , 
\̂  cfrp cfrp s s J 

The equivalent elastic-plastic shear modulus (Gep) was 365.2 MPa in this study. The 

predictions of the practical design lap length of double lap joints with adhesive by Eq. 

3.11 are shown in Table 3.6. The specimens which experienced plateau stroke and failed 

are marked with an asterisk in Table 3.6. The appearance of the plateau stroke implied 

that the applied lap length was more than enough for developing the maximum strength 

of the joint. For example, the test result of specimen P-2-50-1/2 with lap length equal to 

50 m m did not show any plateau stroke but specimen P-2-150-1/2 with lap length equal 

to 75 mm did. The predicted design lap length is about 60 mm for this group of 

specimens. This prediction is in good agreement with the test results. 
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3.7 Summary and conclusions 

In this chapter, the experimental results of the behavior of fourteen CFRP/steel double lap 

joint specimens subjected to axial loading were presented. The test parameters included: 

(1) lap length, (2) adherend stiffness ratio and (3) tapered and non-tapered lap joint 

pattern. Based on the experimental results, the following conclusions were made. 

(1) All of the specimens failed by debonding of the adhesive. 

(2) For specimens with short lap length, brittle failure behavior was observed. 

(3) The axial capacity of the joint did not increase further once the lap length 

reached the required minimum lap length. 

(4) Once the lap length reached the required minimum lap length, the axial load 

carrying capacity of the joint with the same adherend stiffness ratio could only 

be increased marginally by increasing the lap length. However, a larger failure 

deformation could be achieved before failure for specimens with longer lap 

length. 

(5) With the same inner adherend thickness, specimens with higher adherend 

stiffness ratio showed a higher axial load carrying capacity. 

(6) The axial capacities of the tapered lap joints with longer lap length were 

almost the same as the non-tapered lap joints. Higher shear strains were 

observed in the tapered lap joint specimens within the stiffer section. 

A non-linear finite element analysis was carried out to study the stress-strain behavior of 

the adherend and the adhesive of a double lap joint. The finite element analysis results 

predicted well the experimental axial strain of the CFRP. Based on the finite element 
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results, the analytical solution which was developed by Hart-Smith (1973) was applied to 

predict the maximum axial strength and minimum required lap length of the joint. The 

analytical solution provided good predictions of the test ultimate loads of the specimens. 

The test to predicted ratio of the maximum joint strength varied from 0.88 to 1.14 in this 

study. The corresponding minimum lap length of the joint can be predicted based on the 

prediction of the maximum joint strength. The prediction of minimum lap length agrees 

well with the test results in this study. 
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Table 3.2 Material properties of steel plate, CFRP composite and epoxy 

Steel plate 

Steel plate (ts = 12.44mm) 

Steel plate (ts = 6.09mm) 

Elastic modulus 

(MPa) 

203150 

205700 

Static yield 

stress (MPa) 

316.3 

328.7 

Ultimate stress 

(MPa) 

491.0 

474.7 

CFRP composite Elastic modulus Ultimate stress 

(MPa) (MPa) 

CFRP composite plates 

Epoxy 

Epoxy for CFRP plates 

176061 

Elastic modulus 

(MPa) 

4500* 

1618 

Shear strength 

(MPa) 

24.8* 

•Material properties provided by the manufacturers. 
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Table 3.3 Dimension of test specimens 

Thickness Thickness Thickness No. of layer Adherend Lap 

Specimen 

P-l-50-1/2 

P-l-75-1/2 

P-l-100-1/2 

P-l-150-1/2 

P-2-50-1/2 

P-2-100-1/2 

P-2-150-1/2 

P-2-taper-l/2 

P-3-50-1/2 

P-2-50-1/4 

P-3-50-1/4 

P-3-100-1/4 

P-3-150-1/4 

P-3-taper-1/4 

ofCFRP 

material 

tcfrp (mm) 

1.22 

1.22 

1.22 

1.22 

2.44 

2.44 

2.44 

2.44 

3.66 

2.44 

3.66 

3.66 

3.66 

3.66 

of steel 

plate 

ts (mm) 

12.44 

12.44 

12.44 

12.44 

12.44 

12.44 

12.44 

12.44 

12.44 

6.09 

6.09 

6.09 

6.09 

6.09 

of 

adhesive 

r\ (mm) 

0.55 

0.49 

0.53 

0.56 

0.61 

0.53 

0.61 

0.66 

0.59 

0.60 

0.65 

0.55 

0.71 

1.01 

ofCFRP 

material 

NP 

1 

1 

1 

1 

2 

2 

2 

2 

3 

2 

3 

3 

3 

3 

stiffness 

ratio 

ETR 

0.170 

0.170 

0.170 

0.170 

0.340 

0.340 

0.340 

0.340 

0.510 

0.680 

1.030 

1.030 

1.030 

1.030 

length 

LL 

(mm) 

50 

75 

100 

150 

50 

100 

150 

150,100 

50 

50 

50 

100 

150 

150,100 

,50 

Designation of specimens: P-2-25-1/2 = Plates-Np-LL-ts 

The thickness of adhesive was obtained by subtracting the thickness of steel plate and composite from the 

total thickness of the lap joint. 
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Table 3.4 Test results 

Specimen 

P-l-50-1/2 

P-1-75-1/2 

P-l-100-1/2 

P-l-150-1/2 

P-2-50-1/2 

P-2-100-1/2 

P-2-150-1/2 

P-2-taper-l/2 

P-3-50-1/2 

P-2-50-1/4 

P-3-50-1/4 

P-3-100-1/4 

P-3-150-1/4 

P-3-taper-1/4 

Adherend stiffness 

ratio 

ETR 

0.170 

0.170 

0.170 

0.170 

0.340 

0.340 

0.340 

0.340 

0.510 

0.690 

1.030 

1.030 

1.030 

1.030 

Maximum 

load 

(kN) 

70.32 

70.91 

71.25 

78.65 

95.48 

98.72 

109.38 

107.54 

111.70 

93.86 

91.65 

103.88 

107.96 

110.68 

Average shear 

stress of adhesive 

(MPa)* 

13.84 

9.31 

7.01 

5.16 

18.79 

9.72 

7.18 

7.06 

21.99 

18.48 

18.04 

10.22 

7.08 

7.26 

Stroke 

(mm) 

0.49 

0.56 

0.67 

0.88 

0.57 

0.62 

0.76 

0.67 

0.64 

0.89 

0.81 

0.96 

1.12 

5.57 

"Average shear stress of adhesive = Maximum load / (2 x LL x width) 
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Table 3.5 Finite element results of maximum shear stress and strain of adhesive 

Specimens Maximum shear Maximum shear 

stress strain 

(MPa) (mm/mm) 

P-l-50-1/2 

P-l-150-1/2 

P-2-50-1/2 

P-2-150-1/2 

P-2-taper-l/2 

P-3-50-1/2 

P-2-50-1/4 

P-3-50-1/4 

P-3-150-1/4 

P-3-taper-l/4 

21.89 

22.30 

22.12 

21.81 

21.50 

23.03 

21.73 

20.98 

19.58 

17.48 

0.1138 

0.1350 

0.1255 

0.1115 

0.1000 

0.2085 

0.1080 

0.0853 

0.0615 

0.0424 
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Table 3.6 Comparison of test maximum joint strength with analytical results 

Specimens ETR TestLL PTest P PANA j je^ Lpracticai 
p 
1 ANA 

(mm) (kN) (kN) (kN) (mm) 

P-l-50-1/2 0.17 50 70.32 68.32 68.32 1.03 60.39 

P-l-75-1/2 0.17 75* 70.91 64.49 64.49 1.10 57.00 

P-l-100-1/2 0.17 100* 71.25 67.07 67.07 1.06 59.28 

P-l-150-1/2 0.17 150* 78.65 68.94 68.94 1.14 60.94 

P-2-50-1/2 0.34 50 95.48 108.89 108.89 0.88 89.53 

P-2-100-1/2 0.34 100* 98.72 101.50 101.50 0.97 83.46 

P-2-150-1/2 0.34 150* 109.38 108.89 108.89 1.00 89.53 

P-2-taper-l/2 0.34 150* 107.54 113.27 113.27 0.95 93.09 

P-3-50-1/2 0.51 50 111.70 139.23 125.98 0.89 107.82 

P-2-50-1/4 0.69 50 93.86 121.14 101.69 0.92 89.04 

P-3-50-1/4 1.03 50 91.65 164.66 101.69 0.90 112.95 

P-3-100-1/4 1.03 100 103.88 151.47 101.69 1.02 103.90 

P-3-150-1/4 1.03 150* 107.96 172.09 101.69 1.06 118.05 

P-3-taper-l/4 1.03 150* 110.68 205.26 101.69 1.09 140.74 

PTest = Test results, Py = Static yield load of steel plate = 199.89 kN for 12.7 mm plate and 101.69 kN for 

6.35 mm plate, PAdhv = Fully yield load of adhesive = 24.8 x LL X 50.8 X 2 kN, P = value obtained from Eq. 

3.7 or 3.8 X width of specimen, PANA = smallest value of P (Eq. 3.7 or 3.8) x width of specimen, Py and 

PAdhv 

The specimens which experienced plateau stroke and failed are marked with *. 
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(a) Illustration of typical double lap joint specimen (b) Photo of CFRP/steel double lap joint 
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Figure 3.3 CFRP/steel double lap joint 
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ETR = 0.34 and 1.03 
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Figure 3.5 Load versus stroke curve of specimens with different lap length and ETR: 
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Lap length = 100 mm and 150 mm 
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Figure 3.8 Strain profile of CFRP of specimen with lap length = 50 mm and 150 mm 
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Figure 3.16 Shear stress/strain of adhesive of specimens with ETR = 0.17 and 0.34 and 
LL = 50 and 150 mm 
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4 FINITE ELEMENT STUDY OF STRESS INTENSITY FACTOR OF 
CRACKED STEEL PLATES WITH SINGLE-SIDE CFRP PATCHING 

4.1 Introduction 

In the design of metal structures, such as steel structures, ductile fracture failure, which 

consists of exceeding the tensile strength of the material on the net section, or local or 

global instability of members or frames, is considered most often. However, when 

dealing with structures or mechanical equipment subjected to cyclic or impact loading, 

other modes of failure can take place at stress levels that can be substantially lower than 

the ultimate or yield strength of the material. These modes of failure either take the form 

of slow propagation of a crack under cyclic loading in a process called fatigue, or take the 

form of a sudden propagation of a crack when a critical stress is exceeded in a process 

called brittle fracture. Fracture is the result of cracks forming in a structural component 

either instantaneously as the stress reaches a critical value, or gradually under the action 

of repeated loading. In the presence of a crack, the behavior and safety of a structure or 

structural component can be compromised since cracks can lead to sudden fracture. The 

behavior of cracks in a structure is strongly dependent on the state of stress at the crack 

tip and ability of the material to resist propagation. Assuming a crack having a border 

defined by a simple curve or straight line, and crack extension in the crack plane, Irwin 

(1957) showed that the stress field in the region dominated by the singularity of stress can 

lA version of this chapter has been prepared for publication in ASCE Journal of composites for 

construction. 
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be regarded as the sum of three invariant stress patterns taken in proportions which 

depend upon loads, dimensions and shape factors. The three stress patterns are due to 

(Figure 4.1): the opening mode (Mode I), the forward shear mode (Mode II) and the 

parallel or anti-plane shear mode (Mode III). An illustration of the stress field in the 

vicinity of a crack tip is shown in Figure 4.2. Based on the assumption that the material is 

linear elastic, the stress field (axx, ayy and Txy) at the tip of a crack for Mode I fracture can 

be described by the following equations: 

KT 9 
<J_ = , ' COS-

v27tr 

K, e 

ft . e . 39^ 
1-sin—sin — 

I 2 2) 

' . e . 39 
1 +sin —sin — 

2 2 

(4.1) 

(4.2) 

K, . 9 9 39 /J i\ 
x =—=^=sin—cos—cos— (4.3) •xy V2m 2 2 2 

where Ki is known as the stress intensity factor (SIF) for Mode I fracture. In general Ki is 

obtained from the following equation: 

Kj = pcrVra (4.4) 

where the geometry factor, (3, accounts for factors such as the applied stress distribution, 

shape and location of the crack within the component and the size and shape of plate or 

component in which the crack is located and a is the crack length. 
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When composite patching is provided to the cracked surface of a steel member, the 

composite patching provides deformation constraint to the cracked mouth. The behavior 

of a patch is highly dependent on the transfer of load between the patch and adherend. 

This load transfer mechanism is best studied by using adhesive bonded joints. In Chapter 

3, experimental study of the tensile behavior of CFRP/steel double lap joint is presented. 

It is shown from the experiments that load could be transferred successfully from a steel 

plate to a CFRP composite material through the adhesive. Therefore, it is believed that by 

applying CFRP patching, not only the crack mouth opening is constrained, but also the 

patching could help to share part of the loading. Experimental study of strain/stress 

distribution of cracked steel plate with single-side CFRP patching was carried out by 

Kennedy and Cheng (1998). The effects of single-side CFRP patching on strain/stress 

distribution through a cracked plate were investigated. Varying parameters such as the 

patch length, patch width and stiffness of patching were included. It was shown that the 

axial strain on the patched side was reduced significantly. However, the effect of CFRP 

patching on the stress intensity factor (SIF) was not studied. In this chapter, a finite 

element analysis was carried out to study the effect of single-side CFRP patching on the 

stress intensity factor (SIF) at crack tip. The results of the finite element analysis were 

compared to the experimental results obtained by Kennedy and Cheng (1998). 

4.2 Background of Kennedy's test program 

A total often tests were reported by Kennedy and Cheng (1998) in their test program. Of 

the ten specimens tested, five were bonded by CFRP patching on one side with a 

rectangular taper end, four were bonded by CFRP patching on one side with a mixed 
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taper end and one served as the control specimen which was not bonded by any CFRP 

patching. All plate specimens were CAN/CSA-G40.21 300W steel had outside 

dimensions 400 mm x 750 mm and had a thickness of 6.4 mm. The gripping mechanism 

used in the test setup consisted of a 31.8 mm thick end plate gripped by the MTS testing 

machine and spliced to the specimen by two 12.7 mm thick plates at each end, as shown 

Figure 4.3. A uniform stress distribution was assumed to be developed across the width 

of the plate at a distance away from the bolted ends. A through-thickness crack of 80 mm 

long was saw-cut in the center of each plate. The saw-cut radiated from an 8 mm 

diameter hole drilled in the center of the plate. One plate was tested without CFRP 

patching for reference and the rest of the cracked plate specimens were patched on one 

side with carbon fiber sheets of various testing details. While, the total patch width was 

2w, the total patch length was 21, and the total crack length was 2a, but reference to patch 

dimensions is denoted by the "half-parameters"; namely, w, 1, and a, as shown Figure 4.3. 

The x and y-axes represent the horizontal and vertical centerlines of the plate, 

respectively, as illustrated in the figure. 

The carbon fiber sheet supplied by Mitsubishi Chemical Co. was applied to the steel 

plates using a hand lay-up procedure. The corresponding two-part epoxy was used as the 

matrix material of the CFRP and also as the adhesive between the steel plate and the 

CFRP. The average thickness of the CFRP was 0.23 mm/layer with an elastic modulus 

equal to 128,093 MPa. Six layers of carbon fiber sheet were applied to three of the 

specimens, providing a patch to adherend stiffness ratio, Efrptfrp/Ests, of 0.16 where Efrp is 

the modulus of elasticity of the patch material, tfrp is the thickness of the patch material, 
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Es is the elastic modulus of the steel material, and ts is the thickness of the steel material. 

To obtain results for a different adherend stiffness ratio (Efrptfrp/Ests = 0.107), two 

specimens were patched with only four layers of fiber. Two different bond lengths (1 = 30 

mm and 100 mm) and three different patch widths (w = 80 mm, 120 mm and 160 mm) 

were studied. Three of the test patches has a 5 mm/layer (2.6 ) taper on both edges, 

perpendicular to the applied load. The remaining two specimens has a 3 mm/layer (4.4 ) 

taper on one of the edges and a 20 mm/layer (0.7 ) taper on the other, as shown in Table 

4.1. The test specimens are designated with a four character label, Rwln, where R 

indicates a rectangular patch; w indicates the patch width (1 = 160 mm, 2 = 120 mm and 

3 = 80 mm), 1 indicates the patch length (1 = 100 mm and 2 = 30 mm) and n is either 4 or 

6 depending on the number of layers of composite applied. For example, R116 represents 

a specimen with 6 layers of CFRP patching and patch width and length equal to 160 mm 

and 100 mm, respectively. All the tension tests were conducted in the MTS 1000 

machine. Each specimen was loaded at a stroke-controlled rate of 1 mm/min. A data 

acquisition system was used to collect the strain readings from the gauges mounted on the 

specimens. 

4.3 Background to the development of the finite element model for cracked plates 

with FRP patching 

In order to obtain a complete picture of the strain distribution and the stress intensity 

factor of the cracked steel plate with single-side CFRP patching, numerical models were 

developed. Chue et al. (1994) applied a 3-D finite element model to study the behavior of 

plates with an inclined central crack under biaxial loading repaired by patching. In the 
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development of the 3-D finite element model, one of the challenges was to model the 

adhesive layer and the composite layer. Due to the very small thickness of the layers, 

very small elements were needed to model the adhesive and the composite layers. As a 

result, the computational time for the analysis was significantly increased. Sun et al. 

(1996) presented a simple analysis method using Mindlin plate theory in order to reduce 

the computational time. The researchers modeled the cracked plate and the fiber 

reinforced polymer (FRP) patching using the Mindlin plate elements and the adhesive 

layer was modeled with effective spring elements connecting the patch and the cracked 

plate. As the adhesive layer was modeled by spring elements, larger element size could 

be used for modeling the steel plate and the FRP patching so that the number of degrees 

of freedom could be reduced significantly. A similar plate model was also proposed by 

Naboulsi and Mall (1996). The only difference between the model developed by Sun et 

al. and the model developed by Naboulsi and Mall was that the Naboulsi and Mall 

modeled the adhesive layer using Mindlin plate elements (it is also known as the three 

layers technique). Suitable constraint conditions were applied to limit the displacement of 

the nodes in the cracked plate, the adhesive layer and the FRP patching layer. The 

numerical results obtained using Mindlin plate elements were compared with those using 

3-D elements. It was shown that the three layers technique results in better prediction of 

SIF of the cracked plate than that obtained from the plate model with springs when 

compared with the 3-D finite element analysis results. Naboulsi and Mall (1996) 

concluded that the three layers technique provided an economic 2-D finite element model 

with a minimal difference to the 3-D model. Although it was shown that the 2-D three 

layers technique gave good predictions of SIF of the cracked plate with bonded FRP 
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patching, the 2-D plate model could not capture the differential crack growth rate of the 

unpatched side and the patched side of a cracked plate with a single-side patching. 

4.4 Development of a finite element model for cracked steel plates with single-side 

CFRP patching 

In this study, the three layers technique developed by Naboulsi and Mall (1996) was used 

to model the test specimens which were tested by Kennedy and Cheng (1998). In the 

three layers finite element model, the cracked steel plate, the adhesive layer and the 

CFRP patching are modeled using the shell elements based on the Mindlin plate 

assumption. Static analysis is carried out to obtain the strain results and the SIF around 

the crack tip is obtained using the contour integral method. The contour integral method 

is an energy method employing the J-integral and is defined as (Rice 1968): 

J= J(Wdy-T|^ds) (4.5) 

where T is an arbitrary contour surrounding the crack tip as shown in Figure 4.4, W is 

strain energy density, T is the traction vector, u is the displacement vector and, ds is the 

differential distance along the contour. For a linear elastic condition, the J-integral is 

proportional to the square of the stress intensity factor (Ki). For plane stress conditions, 

the stress intensity factor (Ki) can be predicted by 

K, = VIE (4.6) 
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where E is the elastic modulus of the material. Since Mindlin plate elements are used to 

model the cracked steel plate, it is assumed that the SIF varies linearly through the 

thickness of the plate. With this assumption, the SIF of the unpatched side and patched 

side can be obtained. The equations for evaluating the SIF of the unpatched side and 

patched side are shown in the following section. In order to examine this assumption, a 

modified three layers model with the cracked steel plate being modeled using 3-D brick 

elements, and the adhesive layer as well as the CFRP patching using shell elements based 

on the Mindlin plate assumption are proposed. There are two advantages in using the 

modified three layers model. Firstly, since only the cracked plate is modeled by 3-D brick 

elements and the adhesive layer and CFRP patching modeled by shell elements, the 

computational and modeling time is reduced significantly compared to a traditional 3-D 

model with the cracked plate, adhesive layer and CFRP patching being modeled by 3-D 

elements. Secondly, as the cracked steel plate is modeled using the 3-D brick elements, 

the SIF around the crack tip through the thickness of the plate can be directly obtained 

from the analysis results. In the following section, cracked steel plates with a single-side 

CFRP patching are modeled by the three layers technique and the modified three layers 

models. The SIFs of the patched side and the unpatched side are predicted assuming that 

the SIF varies linearly through the thickness of the plate for the three layers model. Then, 

the SIFs of the patched side and unpatched side of the three layers model are compared 

with the SIF results obtained from the modified three layers model. The effects of various 

patch parameters on the SIF at the patched and the unpatched side are discussed based on 

the results of the modified three layers model. 
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4.4.1 Three layers model 

The three layers technique was used to model the test specimens using the finite element 

program ABAQUS Version 6.4-1 (Hibbitt et al. 2004). Eight node shell elements (S8R, 8 

nodes general purpose shell element in ABAQUS) were used in the modeling and the 

model represents one quarter of a patched plate with an internal through-thickness crack. 

A typical finite element model of the steel plate with the adhesive layer and the CFRP 

patching is shown in Figure 4.5. Due to the singularity properties of stress and strain at 

the crack tip, collapsed node elements were used at the crack tip to simulate the 

singularity properties of stress and strain around the crack tip numerically. As shown in 

Figure 4.5, three of the nodes of the original eight nodes element are collapsed at the 

crack tip and two mid nodes are moved to the quarter point of the sides. With such 

arrangement of the nodes, singularity properties of strain exist within the elements 

(Barsoum 1976). Therefore, the singularity properties of stress and strain can be captured 

by the collapsed node elements around the crack tip. In general, the shell element is 

assigned to represent the mid-plane of the corresponding plate. In this study, since a 

tapered end condition is used in the CFRP patching of the test specimens, the reference 

face of the patching is set at the bottom face of the patching in the finite element model 

by including a parameter "offset = -0.5" in the command statement "*Shell section" in 

the input file of ABAQUS. Hence, different thicknesses can be assigned to different 

layers of the CFRP patching. The reference faces for the adhesive layer and steel plate 

layer are set at the mid-plane of the plate in the through thickness direction. Illustrations 

of the shell elements for modeling the CFRP patching, the adhesive layer and the steel 

plate are shown in Figure 4.6. Constraints are used to enforce compatibility between the 
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plate-adhesive and the adhesive-CFRP patching interface based on Mindlin assumptions. 

The Mindlin plate theory (Timoshenko and Woinowsky-Kriege 1959) assumes a linear 

displacement field in the plate thickness and allows for the transverse shear deformation 

of the plate. In the three layers technique proposed by Naboulsi and Mall (1996), the 

cracked plate layer, the adhesive layer and the CFRP patching layer are assumed to have 

a linear displacement field across the thickness which satisfy the following relations: 

Ufrp^Ufrp + ̂ PfrpZfrp ua = ua +cp* za u s = u s + cps
yzs (4.7 a, b, c) 

v f rp=v f rp + (Pfrpzfrp v a = v a + (pa
xza v s = v s + (ps

xzs (4.8a,b,c) 

Wfrp = Wfrp W a = W a W s = W s ( 4 - 9 a> b> C ) 

where u, v, w are the mid-plane displacements along the x, y and z directions (x and y are 

in the plane of the plate and z is in the thickness direction), respectively, cp", (py are the 

rotations of the cross section along the x and y axis. The subscript symbols frp, a, and s 

are used to denote the composite patching, the adhesive, and the steel plate, respectively. 

The symbols representing the longitudinal displacements in the x-direction and the 

rotations are also shown in Figure 4.6. According to Naboulsi and Mall (1996), at the 

plate-adhesive interface where the z co-ordinates for the cracked plate and the adhesive 

are equal and at the adhesive-composite patching interface where the z co-ordinates for 
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the adhesive and the composite patching are equal, the displacement field's equations 

reduce to: 

% = U a 

u a = u s 

Vflp = V a 

v a =v s 

Wfrp = W a 

w a = w s 

(4.10 a, b,c) 

(4.11a,b,c) 

Therefore, for the plate-adhesive interface, the relationships between the mid-plane 

displacements are: 

u.-u.-<P.y \ - V l j = 0 a n d v s - v a - ( p a
x y - 9 s X Y - 0 (4.12 a, b) 

For the composite-adhesive interface, the relationships between the mid-plane 

displacements are: 

u a - % r p - < p ^ - c p a
y y = 0 and v a - v ; p - < p ^ - < ^ - = 0 (4.13 a, b) 

However, it has been mentioned that the reference face for the composite is at the bottom 

face location, the relationship between the displacements of mid-plane and the bottom 

face of the composite are: 

83 



< = V + cp£p ^ and < = vtrp + (plp ^ (4.14 a, b) 

where ujr and vb
{ are the displacement of bottom face of the composite patching. 

Therefore, for the composite-adhesive interface, the displacement relationships become: 

u . - < - < P . y y = 0 and ^ . - v ^ - r t ^ O (4.15 a, b) 

Symmetric boundary conditions are applied to the edges. According to the test set up, the 

steel plate was connected to two splice members at both ends by bolting and the splice 

members were connected to the MTS machine. Since the thickness of each splice 

member is two times the thickness of the tested steel plates, therefore, rotational and out 

of plane displacements were assumed to be restrained at the loading edge of the steel 

plate in the finite element models. Suitable axial displacement was applied to the loading 

edge so that a far end mean axial stress in the steel plate of 100 MPa was obtained. 

The material properties which are shown in Table 4.2 (Kennedy and Cheng 1998) are 

used in the finite element analysis. The thickness of the steel plate (ts), the adhesive layer 

(ta), and the CFRP patching (tfrp) are 6.35 mm, 0.06 mm and 0.23 mm/ply, respectively. 

Static analysis is carried out to obtain the strain distributions and the SIF is obtained 

using the contour integral function in ABAQUS. This SIF represents the SIF value of the 
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mid-plane of the cracked steel plate. The SIF of the unpatched side and patched side are 

calculated assuming that the SIF varies linearly across the thickness of the plate as 

mentioned above. In addition, the SIF is assumed to be linearly proportional to the 

deformation of the steel plate near the crack tip. The longitudinal displacement of the 

steel plate and the rotation of the nearest node to the crack tip are obtained from the finite 

element analysis. Since this longitudinal displacement represents the displacement of the 

mid-plane of the plate, the longitudinal displacement of the patched side (up) and 

unpatched side (uf) of the plate is evaluated using the following relations: 

u. U m -
*s<Pr and u f = u m + 

ts<Pi, (4.16 a, b) 

where um and cpm are the longitudinal displacement and rotation of the nearest node to the 

crack tip of reference plane as shown in Figure 4.7 and ts is the thickness of the plate. It is 

assumed that the SIF varies linearly across the thickness and is proportional to the 

longitudinal displacement. Therefore, with the SIF of the mid-plane of the cracked plate 

(Km), the SIF of the patched face (Kp) and unpatched face (Kf) are: 

K p ~ K m 
P K. 

\ tscpm^ 

v 
2u 

and Kf = Km 

m J V U m J 

= K„ ' 1 + M O 
V 2u 

(4.17 a, b) 
m J 
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4.4.2 The modified three layers model 

In the three layers finite element model discussed above, a linear relationship relating the 

SIF to the longitudinal displacement near the crack tip was assumed in the prediction of 

the SIF of the unpatched and the patched side of the cracked plate. In order to examine 

this assumption, a modified three layers finite element model is proposed. The modified 

model uses 3-D brick elements to model the cracked plate and shell elements to model 

both the CFRP patching and the adhesive layer. Since the cracked plate is modeled by the 

3-D brick elements, the SIF at the crack tip through the thickness direction can be 

obtained numerically. A typical 3-D brick element (C3D20, 20 nodes brick element in 

ABAQUS) model is shown in Figure 4.8. As shown in the figure, the 3-D brick elements 

with collapsed nodes are assigned at the crack tip location. The SIFs at the crack tip 

through the thickness direction of the plate are obtained using the contour integral 

function in the ABAQUS program. The boundary conditions and material properties used 

in the three layers model are also applied to the modified three layers model. Similar to 

the three layers model, the reference faces for the adhesive layer are set at the mid-plane 

of the plate in the through thickness direction and the reference face for the composite is 

at the bottom face location. Therefore, the displacement constraints used in the three 

layers model are also applied to the modified three layers model to enforce the 

compatibility along the adhesive-CFRP patching interface. Since the 3-D brick elements 

are used to model the steel plate, the displacements of the nodes on the patched side of 

the steel plate are made compatible with the displacement of the nodes of the adhesive 

layer as follows: 
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u s
T - u a - c p I ^ - = 0 and vs

T - v". - cpa
x ^ = 0 (4.18 a, b) 

where us and vs are the displacements of the patched side of the steel plate and the 

description of us is shown schematically in Figure 4.9. 

4.5 Discussion of the strain results and crack opening displacement 

In the finite element analysis, the tapered end of all the specimens with CFRP patched are 

modeled with rectangular tapered end. As shown in Table 4.3, the first four characters of 

the FE models' designation are assigned in the same format as that of the test specimens. 

The strain results obtained from the two types of finite element models at the section of 

the crack level of steel plate with CFRP patching (Rl 16FE) and plain steel specimen are 

compared with the test data as shown in Figure 4.10 and Figure 4.11. The axial strain 

results obtained from the two types of finite element model compare well with the test 

data and the strain results obtained from the three layers shell model are similar to those 

obtained from the modified three layers model. As can be seen from the figures, for the 

cracked steel plates with single-side CFRP patching, the strains near the crack tip on the 

patched side are reduced effectively. On the other hand, the strains on the unpatched side 

of specimen R116 are increased. This increase is due to the bending of the plate caused 

by the unsymmetrical CFRP patching. Comparison of axial strain of the modified three 

layers model results and test results of other four specimens (R224FE, R324FE, M216FE 

and M316FE) are shown in Figure 4.12 to Figure 4.15. 
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The deformed shapes at the crack level of the three layer model and the modified three 

layer model (R116FE corresponds to specimen R116) are shown Figure 4.16 (the 

patching is not shown in the figure for clarity). It can be seen from the figure that the 

displacement of the three layers model is close to the mid-plane displacement of the 

modified three layers model. In addition, the crack opening displacement of the three 

layer model of the patched side (up) and the unpatched side (uf) based on the linear 

assumption according to Eqs. 4.16a and 4.16b are shown in the same figure. Compared to 

the results of the modified three layer model, it is shown that Eqs. 4.16a and 4.16b 

overestimate the crack opening displacement on the patched side and underestimate the 

displacement on the unpatched side by 6% and 3%, respectively. 

4.6 Discussion of the SIF based on the modified three layers model and the three 

layers model 

The crack opening displacements of the patched side and the unpatched side of the three 

layers model predicted by Eqs. 4.16a and 4.16b are shown to be close to the results of the 

modified three layers model. In this section, the prediction of the SIF of the three layers 

model according to Eqs. 4.17a and 4.17b are compared to the results from the modified 

three layers model. The SIFs at the crack tip across the thickness of the steel plate of 

Rl 16FE of the three layers model and the modified three layers model together with the 

SIF of the plain steel model are shown in Figure 4.17. For the plain steel model, the brick 

model gives almost the same value of SIF as that of the three layers model on the 

unpatched surface, but a slightly higher value of SIF is observed for the region across the 

thickness of the plate. This higher value of SIF is expected due to the presence of a plane 
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strain condition in that region. Figure 4.17 also shows that the SIF reduces significantly 

on the patched side, but increases slightly on the unpatched side when comparing the SIF 

of the plain steel model to that of both models with single-side CFRP patching. In 

addition, the modified three layers model gives a slightly smaller value of SIF when 

compared to that of the three layers model on the patched side, but a higher value of SIF 

is observed on the unpatched side for the modified three layers model. In general, the 

three layers model underestimates the SIF across the thickness of the plate when 

compared to those of the modified three layers model. 

The results of the SIF obtained from both the three layers model and the modified three 

layers model and the SIF3.D / SIF3.L ratios are shown in Table 4.3. With the finite element 

results of the modified three layers model as a reference, it is shown in the table that the 

three layers model overestimates the SIF on the patched side of the plate and 

underestimates the SIF on the unpatched side by about 10% on average. It is shown from 

the results of the modified three layers model (Figure 4.17) that the SIF varies non-

linearly through the thickness of the crack tip, and the predictions of SIF based on the 

three layers model on the patched side and the unpatched side cannot reflect the SIF 

variation through the thickness properly. Therefore, even though the SIF obtained from 

the three layers model gives a slightly conservative prediction on the patched side, it is 

suggested that the modified three layers model should be adopted when evaluating the 

through thickness SIF of cracked steel plate with single-sided patching. 
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4.7 Effect of patching parameters on the SIF of a cracked steel plate with a single-

side CFRP patching 

The effect of patching parameters on the SIF is shown in Table 4.4 and Figure 4.18. The 

SIF ratios as shown in the table represent the ratio of the SIF based on the modified three 

layers model (SIF3.D) to the SIF based on the plain steel model (SIFsteei)- The SIF ratios of 

the patched side vary from 0.37 to 0.50, whereas the ratios for the unpatched side vary 

from 1.11 to 1.18. Hence, it is shown that the CFRP patching can reduce the SIF of the 

patched side of the cracked plate substantially. The effect of patch length on the SIF is 

obtained, for example, by comparing the SIF results of models R116FE, R216FE and 

R316FE. It is shown that when the patch width decreases from 160 mm to 80 mm, the 

ratio of SIF only increases from 0.38 to 0.42 on the patched side and decreases from 1.14 

to 1.12 on the unpatched side, respectively. Therefore, the SIF on the patched side 

slightly decreases with decreasing patch width. Similar behaviour is observed for models 

with 4 layers of CFRP patching. For the effect of patch length, it is shown that by 

increasing the patch length from 30 mm (R226FE) to 100 mm (R216FE), the ratio of the 

SIF on the patched side increases from 0.37 to 0.40, but decreases from 1.18 to 1.13 on 

the unpatched side, respectively. A magnified displacement at the crack position of 

models R226FE and R216FE with patch length equal to 30 mm and 100 mm, 

respectively, is shown in Figure 4.19. The figure shows that the model with shorter length 

of CFRP patching provided relatively stiffer localized constraint to the crack on the 

patched side than to the unpatched side. As a result, the SIF of the patched side is reduced 

more than that of the unpatched side for the model with shorter patch length. Although 

more reduction of the SIF on the patched side can be achieved by increasing the patch 
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width and/or reducing the patch length, the SIF on the unpatched side will also be 

increased. In addition, for the models studied, it is also shown that the patch width and 

patch length have only a marginal effect on the SIF. However, the effect of the number of 

layers of CFRP patching on the reduction of the SIF is more pronounced. Table 4.4 

shows that the average SIF ratio is 0.39 (representing a 61% decrease) for specimens with 

6 layers of CFRP patching and 0.47 (representing a 53% decrease) for specimens with 4 

layers of CFRP patching. In addition, the SIF on the unpatched side of the cracked plate 

is on average about 14% higher than that of the plain steel model. A summary of the ratio 

of SIF is shown in Figure 4.20. Compared the SIF of the plain steel model to the model 

with CFRP patching, in general, the reduction of the SIF on the patched side for models 

with 6 layers of CFRP patching is about 20% more than that for models with 4 layers of 

CFRP patching. 

In the test program, tapered end of CFRP patching was designed for all the specimens 

with CFRP patching. Study of the effect of the tapered end of CFRP patching on the SIF 

was carried out numerically. The modified three layers model of the specimens was used 

by assigning equal thickness to the shell elements of the CFRP patching. Hence, the 

thickness of CFRP patching is constant along the patch length in order to form a non-

tapered end. The SIF results of specimens with and without tapered end are compared and 

shown in Table 4.5. It is shown that for models with non-tapered end of CFRP patching, 

SIF increases about 4 to 5% on the patched side and 3 to 4% on the unpatched side when 

compared to the results of the models with the tapered end of CFRP patching. Hence, it is 

shown that the effect of tapered end of CFRP patching on the SIF is also marginal. 
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However, it is recommended that tapered end patching should be used not only to reduce 

the stress concentration at the end of the patching, but also to reduce the shear stress of 

the adhesive at the end of the patching. 

4.8 Summary and conclusions 

In this chapter, a finite element model was developed and used for the analysis of the 

result from specimens tested by Kennedy and Cheng (1998). The three layers model 

(shell elements with Mindlin plate assumptions were used to model the cracked steel 

plate, the adhesive layer and the CFRP patching) and a modified three layers model are 

proposed in this study (shell elements with Mindlin plate assumptions were used to model 

the adhesive layer and the CFRP patching and 3D brick elements were used to model the 

cracked steel plates) were used to examine the strain distributions in the vicinity of the 

crack. In general, the strain distributions of the specimens were predicted well by the 

finite element analyses using either model. An investigation of the stress intensity factors 

(SIFs) of cracked steel plates with single-side CFRP patching was subsequently 

conducted based on the calibrated finite element models. It should be noted that a linear 

relationship of SIF through the plate thickness was assumed in the three layers model, 

whereas the SIF through the thickness of the plate of the modified three layers model 

could be obtained numerically since 3D brick elements were used to model the cracked 

steel plate. The SIF results obtained from the three layers model and the modified three 

layers model were compared and the results showed that the three layers model 

overestimated the SIF on the patched side and underestimated the SIF on the unpatched 

side by about 10% on average compared to those of the modified three layers model. It 
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was also observed that the modified three layers model was capable of capturing the 

nonlinear SIF variation through the thickness of a cracked steel plate with single-side 

patching. 

Based on the finite element analysis results of the modified three layers model, it is 

shown that the patch width, the patch length, as well as the tapered and non-tapered end 

conditions of patching had only marginal effect on the SIF. On the other hand, the effect 

of the number of layers of CFRP patching on the reduction of SIF was more pronounced. 

Compared to the plain steel plate model, the finite element results of SIF showed that, an 

average, the reduction of SIF on the patched side was about 61% for specimens with 6 

layers of CFRP patching and 53% for specimens with 4 layers of CFRP patching. 

However, the presence of the single-side CFRP patching caused the SIF of the unpatched 

side to increase by about 14% compared to that of the plain steel model. It was observed 

that this increase of SIF only localized on the unpatched side, and in general a significant 

reduction of SIF at the crack tip through the plate thickness was observed. 
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Table 4.1 Summary of test specimen variables (Kennedy and Cheng 1998) 

Width Length Layer Taper (mm) shape 
Specimen 

r 

Unpatched 

R116 

M216 

M214 

M316 

M314 

R226 

R224 

R326 

R324 

w 
(mm) 

— 

160 

120 

120 

80 

80 

120 

120 

80 

80 

L 
(mm) 

— 

100 

100 

100 

100 

100 

30 

30 

30 

30 

n 

— 

6 

6 

4 

6 

4 

6 

4 

6 

4 

Top 
— 

5 

5 

5 

5 

5 

3 

5 

5 

3 

Bottom 
— 

5 

5 

5 

5 

5 

20 

5 

5 

20 

of 
patching 

— 

Rectangular 

Mixed 

Mixed 

Mixed 

Mixed 

Rectangular 

Rectangular 

Rectangular 

Rectangular 
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Table 4.2 Material properties of steel plate, adhesive and CFRP plate for finite element 
modeling (Kennedy and Cheng 1998) 

Steel plate 

Adhesive 

CFRP composite 

Elastic modulus 

Poisson's ratio 

Elastic modulus 

Poisson's ratio 

Longitudinal elastic modulus 

Transverse elastic modulus 

Poisson's ratio 

Shear modulus 

Es = 

V s = 

Ea = 

V a = 

Efrpl = 

Efrp2 -

Vfrp = 

Gfrp = 

200000 MPa 

0.3 

3000 MPa 

0.34 

128093 MPa 

6900 MPa 

0.17 

4480 MPa 
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Figure 4.1 Three modes of stress pattern that can be applied to a crack 

Figure 4.2 The stress field in the vicinity of a crack tip 
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Figure 4.3 Test setup and a typical gauged specimen tested by Kennedy and Cheng 
(1998) 

Crack surface 

Figure 4.4 Crack tip coordinates and typical contour T 
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[* J[ 2-D collapsed 
L node element 

Figure 4.5 Three layers finite element model 
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• . . ,_. , Layer 2 Layer 3 LaYer 4 Layer 1 Layer 2 Layer 3 Layer 4 
CFRP y i | | 1 Shell model of I I I 

Middle face 
of steel plate 

model of steel plate 

Shell element 
representing bottom face 
of CFRP 

Shell element representing 
middle plane of adhesive 

Shell element representing 
middle plane of steel plate 

Figure 4.6 Illustration of the three layers finite element model and the displacement 
relationship along the x-direction 

102 



N \ \ \ \ \ 

\W 

Representing mid-plane 
of cracked steel plate 

Original crack position 

Figure 4.7 Longitudinal displacement and rotation of nearest node to the crack tip of the 
three layers model 
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3 - D Collapsed 
node element 

Figure 4.8 The modified three layers model (3-D brick and shell model) 

Shell element 
representing bottom face 
ofCFRP 

Shell element representing 
middle plane of adhesive 

Brick element model of 
steel plate 

Figure 4.9 Displacement relationship of the modified three layers model along the x-
direction 

104 



o 

4500 

4000 

3500 

3000 

2500 

« 2000 
CO 

1500 

1000 

500 
I I 

I 

a = 40 

CFRP patch 

i 

i 

* ^ 

Test FEA 

Plain steel x 

Unpatched side n — 

Patched side • 

x m x 
I 

i 

40 80 120 
Distance from plate center, x (mm) 

160 200 

Figure 4.10 Comparison of strain results of three layer model and specimen Rl 16 
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Figure 4.11 Comparison of strain results of the modified three layers model and 
specimen Rl 16 
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Figure 4.12 Comparison of strain results of the modified three layers model and 
specimen R224 
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Figure 4.13 Comparison of strain results of the modified three layers model and 
specimen R324 
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Figure 4.14 Comparison of strain results of the modified three layers model and 
specimen M216 

4500 

-1500 

CFRP patch 

Plain steel 

Unpatched side 

Patched side 

Test 

X 

D 

• 

FEA 

100 150 200 

Distance from plate center, x (mm) 

Figure 4.15 Comparison of strain results of the modified three layers model and 
specimen M316 
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Figure 4.16 Deformed shape and crack displacements of the two type of finite element 
model (R116FE) 
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5 FATIGUE REPAIR OF WELDED STEEL PLATES WITH BONDED 
COMPOSITE SINGLE-SIDE PATCHING 

5.1 Introduction 

Crack bridging is one of the methods for repairing cracked structures. It is done by 

welding or bolting cover plates over the location of crack. Another method of repair is to 

re-weld the cracked section again. The method of re-welding the cracked section involves 

the removal of the fatigue crack by gouging of the material in the vicinity of the crack 

and subsequently replaces the material using a fill-weld process. Usually, the strength of 

the welded material is higher than that of the parent metal; hence, the stiffness of the 

section is not reduced. However, in most instances, fatigue cracks reappear in the weld 

fill areas. 

In the previous chapter, experimental and numerical investigations of the stress/strain 

distribution and the stress intensity factor (SIF) of cracked steel plates with carbon fiber 

reinforced polymer (CFRP) patching were discussed. It was shown that the strains at the 

cracked tip on the patched side could be reduced by applying CFRP patching. In addition, 

SIF could be reduced significantly on the patched side due to the presence of the CFRP 

patching. As mentioned in Chapter 2, most of the research has focused on the application 

of FRP patching to repair fatigue cracks in aluminum structures. There is relatively little 

research concerning the application of FRP patching for the repair of fatigue cracks in 

'A version of chapter 5, 6 and 7 has been prepared for publication of the Canadian Journal of Civil 

Engineering. 
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steel structures. The extension of fatigue life of welded steel plates with single-side 

Boron-Epoxy composite patching was investigated by Roach and Rackow (2005). In this 

chapter, some of the fatigue test results of Roach and Rackow (2005) are presented and 

discussed. In addition, the modified three layers finite element model which was 

developed and discussed in the previous chapter is applied to investigate the progress of 

crack growth and the corresponding through thickness SIF of cracked steel plate with 

single-side FRP patching. 

5.2 Background of test program and results of Roach and Rackow (2005) 

A testing program on the fatigue repair of welded steel plates with single-sided FRP 

patching was conducted by Roach and Rackow (2005) at the Sandia National 

Laboratories in the U.S.A. on behalf of Syncrude Canada, Ltd. The objective of the 

testing program was to study the viability of using FRP patching to repair equipment used 

in the oil recovery industry. The details of the testing program and some of the test results 

which are presented in the report prepared by Roach and Rackow (2005) are summarized 

in the following section. Necessary information such as the dimensions and material 

properties of specimens are adopted for the finite element analysis that follows. 

5.2.1 Test specimens 

Fatigue tests were performed on steel plate specimens with a crack in the welded region 

at the Sandia National Laboratories. The base steel plate used in the testing program is 

ASTM 572-50 material. The plate thickness was 9.5 mm (0.375 in) with a plate width of 
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165 mm (6.5 in). In order to simulate a weld repair of the cracked region, a through-

thickness weld repair region was installed in the parent plate before the composite 

materials were applied. This was done by cutting the original plate into two halves and 

welding them together using a typical V-shape full-penetration weld profile. A fatigue 

crack was introduced in the weld region of the test specimen prior to bonding the 

composite material in place. The fatigue crack was formed by introducing a 19 mm (0.75 

in) saw cut in the welded region at the edge of the specimen as a starter notch. Then, 

tension-tension fatigue loads were applied until a 6.4 mm (0.25 in) fatigue crack was 

formed. Therefore, a total initial crack length of approximately 25.4 mm (1 in) was 

formed for the specimens. A typical fatigue test specimen is shown in Figure 5.1. There 

were three specimens which were referred to as the baseline un-repaired specimens (UR-

1-S1, UR-1-S2 and UR-1-S3). For these three specimens, no composite materials were 

bonded. The other four specimens were prepared by bonding the composite materials on 

one side of the cracked steel plate over the cracked region. Boron-Epoxy composite 

material used in these tests (Specialty Materials Inc. 2002). The Boron-Epoxy composite 

material is a multi-ply, multi-directional lay-up of 24 plies [0,0,0,0,45,-45,0,0,0,0,-

45,0,0,45,0,0,0,0,-45,45,0,0,0,0] with a post-cure adhesive thickness approximately equal 

to 0.15 mm. The plies were cut to different lengths in the tension load direction in order 

to taper the thickness of the edges. The taper pattern at the edge of composite produced a 

more gradual load transfer between the steel and the composite materials. The ply taper 

pattern was approximately 5 mm step every 2 plies. The properties of the steel plate and 

the average Boron-Epoxy laminate properties as reported by the supplier, are shown in 

Table 5.1. The stiffness ratio of the Boron-Epoxy laminate to the steel plate (ETR = 
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Efrptfrp / Ests) was approximately equal to 0.3 where Efrp and tfrp are the elastic modulus 

and thickness of the Boron-Epoxy laminate and Es and ts are the elastic modulus and 

thickness of the steel plate. 

5.2.2 Test procedures 

All of the specimens were tested under cyclic tensile loading. Three different levels of 

maximum stress (166 MPa (24 ksi), 228 MPa (33 ksi) and 283 MPa (41 ksi)) were 

applied to different groups of specimens. A minimum tensile stress of 13.8 MPa (2 ksi) 

was maintained in each stress range. As a result, the cyclic tensile stress range (Acr) for 

each group was 152 MPa (22 ksi), 214 MPa (31 ksi) and 269 MPa (39 ksi). All fatigue 

tests were conducted at a test frequency of 3 - 5 Hz. Strain gauges were mounted to the 

specimens to monitor the strain on the composite and the steel specimens. Crack growth 

gages (Figure 5.1) with a resolution of 5 mm per filament were mounted on the back side 

of the specimens (steel surface) to measure the sequential growth of the seeded fatigue 

crack. 

5.2.3 Test results 

The results from the fatigue tests are summarized in Table 5.2 (Roach and Rackow 2005). 

The number of cycle versus crack length curves for all the specimens are shown in Figure 

5.2. It can be seen from Table 5.2 and Figure 5.2 that for the non-repaired specimens the 

average number of fatigue cycles were 129,044 and 11,197 corresponding to the low 

stress range loading (Aa = 152 MPa) and the high stress range loading (Aa = 269 MPa), 

116 



respectively. For these specimens, the fatigue crack grew from 25.4 mm to slightly over 

60 mm. For the specimen repaired with the FRP patching and subjected to the low stress 

range loading, no fatigue crack growth was observed up to 251,011 cycles. Subsequently, 

the same specimen was tested using the medium stress range loading (ACT = 214 MPa). 

The equivalent fatigue cycles accumulated in the low stress range were calculated for the 

medium stress range case according to Miner's Rule and the DOE-B curve (Roach and 

Rackow 2005). The equation for calculating the equivalent number of cycles is as 

following (Eq. 5.1). 

N S 2 =N s l j |4 (5.1) 

where Ns2 = equivalent number of cycles for specimen loaded with medium 

stress range 

Nsi = number of fatigue cycle applied at low stress range 

Si = value of low stress range (ACT =152 MPa) 

S2 = value of medium stress range (ACT = 214 MPa) 

According to Eq. 5.1 with the fatigue cycle of low stress range specimen equal to 

251,011, the equivalent fatigue cycle of specimen subjected to medium stress range is 

about 63,887. Then, additional cyclic loading of medium stress range was applied to the 

repaired specimen until a final crack length of about 50 mm was observed. The total 

number of the fatigue cycle, which is the sum of the equivalent fatigue cycle and 
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additional fatigue cycle, is about 188,703 as shown in Table 5.2. For those specimens 

which were repaired by composite patching and subjected to high stress range loading, 

the average number of fatigue cycles is about 109,950 with the corresponding average 

fatigue crack length grew from 25 mm to 62 mm. Comparing this fatigue life with the 

non-repaired specimens subjected to the same stress range of loading, the increase in 

fatigue life is about 9.8 times. A typical failed specimen is shown in Figure 5.3. 

5.2.4 Fatigue analysis of the tested specimens 

In the report prepared by Roach and Rackow (2005), the crack length versus number of 

cycle of loading of repaired and non-repaired specimens is presented; however, no fatigue 

analysis of the repaired and non-repaired specimens is presented. Therefore, fatigue 

analysis of the test specimens was carried out and discussed in the following section. 

Paris and Erdogan (1960) proposed the following power law relationship for fatigue 

crack growth prediction. 

Ha 

— = CAKm (5.2) 
dN 

where a is the crack length, N is the number of cycles, AK is the stress intensity factor 

range, and C and m are material constants. The above equation is known as the Paris-

Erdogan equation. The applied stress intensity factor range (AK) is obtained by using the 

specimen geometry and applied stress range and the general form of AK is as follows 

(Anderson 2005). 
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AK = f(a/b)AaVrta (5.3) 

where f (a/b) is a correction factor for the geometry of the specimen. The change of SIF 

(AK) of steel plate with edge crack subjected to uniform far end stress can be predicted 

by Eq. 5.4 with f(a/b) equal to the following (Gross and Srawley 1964): 

f»\ f„\2 ^ V fa\* 
a 

v u y 

a f(a/b) = l.12-0.231 - + 1 0 . 5 5 - -21.72 - + 3 0 . 3 9 - (5.4) 
vuy 

a 

v"y 

a 
vuy 

where a is the edge crack length and b is the plate width. By using the crack length versus 

fatigue cycle data, the da/dN value can be obtained. The applied stress intensity factor 

range (AKapp) is calculated based on the specimen geometry and the applied stress range. 

After the da/dN and applied AKapp are obtained, the data can be plotted to evaluate the 

corresponding material constants, C and m, which are described by Paris's equation (Eq. 

5.2). 

The da/dN versus AK curves for three of the specimens without FRP patching are shown 

in Figure 5.4 and Figure 5.5 in log-log scale. The corresponding da/dN versus AK curve 

of the fatigue test results of G40.12 350WT plain steel (Yin et al. 2006) is also included 

in the figures for comparison. It is shown from the figures that slower crack growth rate is 

obtained for specimens with crack in the welding region. Similar behavior was reported 

by Link (1990) and it was stated that during the process of welding (heating and cooling 

of welding and base material), residual stress is formed within the specimen. The general 
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form of residual stress for a butt-welded specimen is shown in Figure 5.6. Link explained 

that a specimen notch by removing metal that is under residual weld tensile stresses could 

induce compressive residual stresses at the notch tip in the weld materials (Figure 5.7). 

Fatigue tests of compact tension (CT) specimen of ASTM A710 steel with and without 

weldment were carried out by Link (1990) and the result of crack growth rate (da/dN) 

versus applied stress intensity range (AKapp) of specimens with and without weldment 

was discussed. It was shown that the specimen with weldment seemed to have a slower 

crack growth rate when the applied stress intensity range was used in the plot. However, 

from the load versus crack opening displacement (COD) plot, it was found that 

significant crack closure behavior existed. Plot of the crack growth rate (da/dN) versus 

applied stress intensity factor range of both base steel plate and welded steel plate were 

compared and it was shown that the material constants C and m of the Paris equation (Eq. 

5.2) for welded steel plate are within 1.05 x 10"18 and 2.18 X 10"18 m/cycle for C and 

within 4.95 and 4.96 for m. Since crack closure behavior existed for steel plate with crack 

on the weldment region, the corresponding material constants are not the same as those of 

plain steel plate when the crack growth rate (da/dN) was plotted versus applied stress 

intensity factor range. The crack closure behaviour was studied by Elber (1971) who 

reported that when the closure load is greater than the minimum applied load, the stress 

intensity calculated using applied loads would be greater than those that actually exist at 

the crack tip. Elber introduced the concept of effective stress intensity range (AKeff), 

which assumes that crack propagation is controlled by the stress intensity only if the 

crack tip is opened. According to Elber's concept about the effective stress intensity 

range, Link took into account those closure measurements to predict the effective stress 
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intensity range (AKeff) and plotted da/dN versus AKeff. The results showed that the growth 

rate of the welded specimen shifted close to the plain plate data. 

The evaluation of the effective stress intensity range (AKeff) involves the measurement of 

the crack tip displacement versus the applied loading and the corresponding crack 

opening stress is obtained by examining the change of the stiffness of the crack tip. For 

the current specimens studied, since there is no data about the crack tip opening 

displacement versus the applied loading, an alternative method for evaluating the 

effective stress intensity range is proposed in section 5.5. 

The crack growth rate versus the applied stress intensity factor, which is predicted by 

Eqs. 5.3 and 5.4, for the specimens with FRP patching subjected to 269 MPa stress range 

are plotted in Figure 5.8. The data of the specimens without FRP patching are also plotted 

on the same figure for comparison. It is shown in the figure that for the same applied 

stress intensity factor, a slower crack growth rate is obtained for the specimens with FRP 

patching. Moreover, it is recognized that the presence of the FRP patching helps to share 

part of the loading and provide constraint to the crack mouth opening. As a result, the 

stress intensity factor at crack tip is reduced. Therefore, the actual stress intensity factor 

of the cracked plate with bonded FRP should be evaluated and used to plot the crack 

growth rate versus stress intensity factor. 

It is shown in the previous chapter that due to the single-side FRP patching, the stress 

intensity factor is reduced significantly for the patched side and increased for the 
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unpatched side. Hence, the crack growth rate on the patched side and unpatched side 

would be different. Due to the unequal crack growth rate, the crack tip shape would no 

longer be uniform. This change of geometry of the crack tip would affect the stress 

intensity factor across the crack tip. The interaction between the change of stress intensity 

factor and the change of geometry of crack tip is studied by the finite element method and 

is discussed in the following section. 

5.3 Finite element analysis of SIF of a cracked plate with single-side FRP patching 

To obtain the stress intensity factor (SIF) of cracked steel plates with single-side FRP 

patching, the modified three layers model which was discussed in the previous chapter is 

adopted for modeling the test specimens reported by Roach and Rackow (2005). The 

finite element model which is discussed in the previous chapter is setup by assigning a 

uniform crack length on the patched side and unpatched side. In this chapter, further 

modification of the finite element model is made by considering the different crack 

growth rate of the patched side and unpatched side of the cracked plate with single-side 

FRP patching according to the numerical procedures proposed by Lee and Lee (2004). 

Detail discussion regarding the finite element model and the procedures for obtaining the 

crack length and the corresponding stress intensity factor of patched side and unpatched 

side is given in the following section. 
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5.3.1 Finite element models 

Finite element analyses of cracked steel plates with single-side FRP patching were 

carried out to study the effect of single-side FRP patching on the change of stress 

intensive factor across crack tip at different stage of crack propagation. Finite element 

models were set up using the commercial finite element program ABAQUS (Hibbitt et al. 

2004). The modified three layers model which was discussed in the previous charter is 

used to model the tested steel specimens with single-side FRP patching. Eight node shell 

elements (S8R, 8 nodes general purpose shell element in ABAQUS) were used to model 

the adhesive and the FRP plates and 20 node brick elements (C3D20, 20 nodes brick 

element in ABAQUS) were used to model the steel plates. As it was mentioned 

previously, the Boron-Epoxy composite materials were applied in multi-direction lay-up 

of 24 plies on only one side of the cracked steel plate, composite shell element with plies 

direction according to the specimen detail were used for the FRP materials. The 

composite material was defined in the shell element property by including a keyword 

"composite" in the input file. By introducing the parameter "composite" in the input file, 

the elements associated with the FRP could be modeled as a material which was made up 

of several layers of material with predefined orientation. The adhesive layer between the 

steel plate and composite material was modeled by the homogeneous shell element. In 

order to obtain the SIF through the thickness of the plate, three dimensional brick 

elements were used to model the cracked steel plate. The number of elements used in the 

finite element models was about 6000, 650 and 800 for the steel plate, adhesive, and the 

FRP, respectively. Suitable constraints were used to enforce the compatibility along the 
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plate-adhesive and the adhesive-FRP interface. The condition of constraints which were 

discussed in section 4.4.1 and 4.4.2 were applied to the current finite element models. 

Due to symmetry, only half of the specimen was modeled and suitable boundary 

conditions were applied to the edge of the model. A typical model of the steel plate with 

FRP patching is shown in Figure 5.9. At the location of the crack tip, collapsed node 

elements with mid nodes located at quarter point were used in order to obtain the stress 

intensity factor at crack tip by mean of contour integration methods. The initial finite 

element model was setup by assuming that the initial crack tip shape is uniform across the 

thickness of the plate with crack length of 25.4 mm (1 in) on both patched and unpatched 

side. The finite element model was verified by comparing the strain results from the finite 

element analysis with the test results. The strain gauge location in a specimen with FRP 

patching is shown in Figure 5.10, as reported by Roach and Rackow (2005). The strain 

results from the test specimen, corresponding to a far end stress of 100 MPa, are shown 

along with the finite element results in Figure 5.11. It is shown that the finite element 

strain results compared well with the test results. Similar strain behaviour as discussed in 

the previous chapter for cracked steel plate with single-side patching, which is higher 

strain occurred on the unpatched side and lower strain occurred on the patched side, is 

observed. 

5.3.2 Modeling of fatigue crack growth 

The finite element model of a cracked steel plate with single-side FRP patching showed 

that higher strain is observed on the unpatched side and lower strain is observed on the 
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patched side. It is also shown from the finite element results that the SIF on the patched 

side is 22.3 MPaVm and 57.9 MPaVm on the unpatched side. Due to the various values of 

SIF across the thickness of the plate, different crack propagation length at crack tip across 

the thickness of the plate is expected. The numerical procedures proposed by Lee and Lee 

(2004) for evaluating different crack propagation length at crack tip across the thickness 

of the plate and the corresponding SIF is adopted in the current finite element analysis. 

According to the Paris law (Eq. 5.2), the number of cycles for a crack to grow from the 

initial crack length (a;) to the final crack length (af) can be predicted by the following 

equation. 

N = I' da (5.5) 
' C(AK)m 

where N is the number of cycles required for the initial crack (a*) to grow to the size of 

the final crack length (af). Since AK varies with the crack growth in practical situations, 

the Euler algorithm is often used and the corresponding number of cycles (N) in the j + 1 

term is shown in the following equation (Lee and Lee 2004), 

A a ( j ) 

N(j+1) = N0 ) + AN(J) = N(j) + r r, 1 j = 0 , 1,2, ....,n (5.6) 
C[AK(a(j))Jm 

where n is the number of intervals. 
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In the finite element analysis, a model with uniform initial crack length (a; = 25.4 mm) 

was used as a starting analysis. FRP patching was applied at one side of the cracked steel 

plate. As was discussed in the previous chapter, since the SIF varies across the crack front 

in the case of single-sided repairs, different crack growth rates of the patched side and un-

patched side should be considered. In this study, local increments across the crack front 

are considered, as shown in Figure 5.12. The Paris law can be used at any points along 

the crack front as follows, 

da 
^ 7 = C(AK fr (5.7) 
dN 

where da; and AK; are the local crack growth increment and stress intensity factor range 

at an arbitrary point i along the crack front, respectively. Similarly, the following 

equation can be derived from Eq. 5.7 at j term, 

with AN= A a ' - Aamax 

C(AK[J))m C(AK^)" 

Aafj) = 
( AK,(J) ^ 

AK( j ) A a l i = 1 , 2 (5.8) 

where A a J ^ is the max imum crack growth increment at the point where the maximum 

stress intensity factor range, AK^X, across the crack front occurs. Equation 5.8 can be 

used to calculate the local increment of crack growth at each point along the crack front. 

As the advanced crack tip shape is depended on the SIF range, a very fine crack growth 
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value is assigned during the analysis. A maximum crack growth value (Aa^ax) of the 

unpatched side equal to 1.5875 mm (1/16 in) was used in the analysis. This crack growth 

value is about 6.25% of the length of the initial crack length. After the first successive 

analysis of the SIF across the uniform initial crack front, the crack growth values through 

the thickness of the plate were calculated by Eq. 5.8 with the material constants (m) equal 

to 3 (Barsom and Rolfe 1999). Then, another finite element model was set up by using 

the updated non-uniform crack length and the corresponding SIF across the crack tip was 

analyzed. This procedure was repeated until the crack length of the unpatched side 

reached 63.5 mm. The finite element models which represent four different crack lengths 

are shown in Figure 5.13. Maximum and minimum far end stresses which were used in 

the testing program were assigned in the finite element analysis accordingly for the 

evaluation of the corresponding SIF range. 

5.3.3 Finite element results 

The finite element results of the effect of FRP patching on reducing the crack opening 

displacement (COD) are presented first. As it is shown in Figure 5.14, the crack opening 

displacement (COD) of the cracked steel plate with FRP patching for four different crack 

lengths of unpatched side (a = 25.4 mm, 38.1 mm, 50.8 mm and 63.5 mm) are compared 

with the COD of the plain cracked steel plate. As shown in this figure, the reduction of 

the COD on the patched side is about 50% compared to the COD of plain steel. However, 

there was almost no reduction of COD on the unpatched side for the short crack length (a 

= 25.4 mm). It is believed that the significant reduction of the COD in the patched side 

might cause the SIF of the patched side to reduce significantly as well. As the crack 
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length increased, a reduction of the COD on the unpatched side became significant. When 

the crack length of the unpatched side was 63.5 mm, the COD on the unpatched side was 

reduced by 50%. It should be noted that for the plate with FRP patching, when the crack 

length of the unpatched side was 63.5 mm, the crack length of the patched side was about 

45 mm. Therefore, for cracked plate with single-side FRP patching, the reduction of the 

COD on the unpatched side is affected by not only the presence of the FRP patching, but 

also the reduced crack length of the patched side. 

The longitudinal stress pattern across the thickness of the a plate at two locations for plate 

with FRP patching (crack length a = 25.4 mm and 63.5 mm) is shown in Figure 5.15 and 

Figure 5.16. Location A is chosen close to the crack and location B is chosen at the edge 

where the tapered end starts. The longitudinal stress was normalized by dividing the 

stress by the applied far end stress. For the stress pattern at position A, it is shown from 

the figures that significant bending of the FRP patching was observed. Since position A is 

chosen close to the crack, all the loading was transferred from the steel plate to the FRP 

patching at that location. As FRP patching was applied to only one side of the cracked 

plate, the FRP patching was subjected to not only axial loading, but also bending due to 

the eccentricity of the applied loading at the far end. As noted previously, certain layers 

of the FRP laminas were placed at ±45° with respect to the loading direction. According 

to the bending stress pattern of the FRP patching, the stresses at the ±45° layers were 

relatively lower due to the lower stiffness of ±45° layers along the loading direction. In 

addition, the bending stress of the FRP patching at position A was more significant for 

the plate with a longer crack length. The higher bending stress indicated that more 
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loading was attracted by the FRP patching since the stiffness of the steel plate was 

reduced more when the crack length was long. The stress patterns of FRP patching and 

steel plate at position B are shown in Figure 5.16. As position B is not located near the 

crack, the stress pattern at this position shows that part of the loading is shared by the 

steel plate. It is also shown in Figure 5.16 that more loading was attracted by the FRP 

patching in the cracked plate with longer crack length. As the crack length increases, the 

stiffness of the steel plate decreases. Therefore, the effect of the FRP patching on the 

constraint to the crack displacement becomes more significant and more loading is 

transferred to the FRP patching. 

With a far end applied stress of 166 MPa, the longitudinal stress contour of cracked plate 

(a = 25.4 mm) with and without FRP patching is shown in Figure 5.17. Examining the 

stress around the crack tip region (area within the dash-line), it is noted that significant 

reduction in longitudinal stress takes place on the patched side for the plate with FRP 

patching. The normalized longitudinal stress of the outer surface of the FRP along 

position C and position D are shown in Figure 5.18. Position C was chosen close to the 

location of the crack and position D was chosen at the edge where the tapered end starts. 

For the stress pattern along position C, as shown in the figure, a higher stress was 

observed at the crack region. The stress decreased and became more uniform on the 

uncracked region. For the stress pattern along position D, it is shown that the highest 

stress was not observed at the crack region. Instead, the stress at the free edge was a bit 

lower than that within the uncracked region. Since the crack is location at the free edge of 

the plate, the stress near the free edge of the cracked steel plate is lower than that on the 
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uncracked region due to the present of the crack. As a result, the loading shared by the 

FRP near the free edge is lower than that within the uncracked region. 

The crack growth propagation through the thickness of the plate of every two steps of 

crack growth is shown in Figure 5.19. The normalized SIF range (AK/Aa) is shown in 

Figure 5.20. As was discussed previously, a uniform crack length (ai = 25.4 mm) was 

used as a starting analysis. With this assigned uniform crack length, the variation of the 

SIF is slightly nonlinear through the thickness of the crack (Figure 5.20). As a result, the 

crack grows at a different rate on the patched side and on the unpatched side. Crack 

propagation was then calculated through the thickness of the plate according to Eq. 5.8 

and the original uniform crack shape changed to a non-uniform crack shape. The change 

of SIF was then predicted according to the non-uniform crack shape. With the non-

uniformly propagation of the crack tip, as shown in Figure 5.20, the through thickness 

values of AK / ACT became more uniform as the crack length increased. The ratio of AK of 

the patched side to AK of the unpatched side as a function of the crack length to plate 

width ratio (a/b) is shown in Figure 5.21. It is shown that the AK of the unpatched side is 

about 2.5 times larger than that on the patched side when the crack length is short (a\ = 

25.4 mm). As the crack length increased, significant drop of the ratio of AK of patched 

and unpatched side was observed. When the crack length of unpatched side reached 50.8 

mm (2 times aO, the difference in AK between the patched and unpatched side is less than 

10%. As the crack length increases, AK of the unpatched side is close to the value of AK 

of the patched side. 
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The SIF range (AK) of the steel plate with the edge crack subjected to uniform far end 

stress can be obtained from Eqs. 5.3 and 5.4. For a crack length, a, equal to 25.4 mm and 

a plate width, b, equal to 165.1 mm, f(a/b) obtained from Eq. 5.4 is 1.272. Comparing this 

value to AK / AaVroi, where AK is obtained from the finite element analysis, Ac is the 

applied stress range, and a is defined as the crack length of the unpatched side of patched 

specimen, it is shown that AK / ACA/TOI of a patched plate is reduced by about 41% on the 

patched side and is increased by about 6% on the unpatched side. The variation of AK for 

a non-repaired and a repaired plate is shown in Figure 5.22. It is shown in Figure 5.22 

that significant reduction of AK is observed for the patched side when the crack length is 

short. However, there is almost no reduction of AK on the unpatched side when the crack 

length is short. As the crack length increases, the ratio of AK of the non-repaired and 

repaired plate decreases on unpatched side but increases on patched side. When the crack 

length increases to 50.8 mm (2 times a;, corresponding to a/b = 0.31), the ratio of AK of 

the non-repaired and repaired plate on the patching side starts to decrease slightly. As the 

crack length increases to 63.5 mm (corresponding to a/b = 0.38), a reduction of about 

45% of AK is observed. The correction factor for the geometry for the patched and 

unpatched side, f(a/b)p and f(a/b)u, are calculated based on the results of AK for the 

patched side and unpatched side from the finite element analysis and the equations are 

shown as follow: 

f(a/b)p = 1267(a/b)4 - 1407.2(a/b)3 + 561.5(a/b)2 - 92.044(a/b) + 5.792 (5.9) 

f(a/b)u = 134.25(a/b)4 - 223.41(a/b)3 + 135.29(a/b)2 - 34.74(a/b) + 4.2524 (5.10) 
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The results of f(a/b)p and f(a/b)u are shown along with the results obtained from Eq. 5.4 

for a non-repaired plate and the f(a/b) values as a function of crack length- to- plate width 

ratio (a/b) are shown in Figure 5.23. As shown in the figure, the values of f(a/b)p and 

f(a/b)u for the patched and unpatched sides convert to around 1.1 as the crack length 

increases. Compared to the f(a/b) values of a plate without patching, a reduction of 85% 

was obtained for the specimen with patching on one side when the crack length of the 

unpatched side was to 63.5 mm. 

5.4 Discussion of the finite element results of SIF 

In order to verify the finite element results, an analytical solution of a cracked plate with 

bonded reinforcement was studied and the predictions were compared with the finite 

element results. Rose (1982) carried out an analytical study of estimating the reduction of 

the crack extension force when a cracked plate is repaired by reinforcing patches bonded 

to its faces. Rose pointed out that there are two main effects of the bonded reinforcing 

patches on the cracked surface: (1) to reduce the stress in the uncracked plate at the 

prospective location of the crack and (2) to restrain the opening of the crack. Rose 

considered two extreme cases of an infinitely wide plate. One involved an uncracked 

plate with bonded reinforcement and one involved a cracked plate with bonded 

reinforcement (Figure 5.24). With a far end applied stress equal to a, Rose showed that 

the stress in the uncracked plate, a0, with bonded reinforcement is: 

Ests ^ 
V^s^s +k f rpt f rp j 

a (5.11) 
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For a cracked plate with bonded reinforcement, the vertical displacement of the cracked 

surface is 

uv =cr0tsp 'O 
vGay 

(5.12) 

where > - # - + (5.13) 

Es and ts are the elastic modulus and half thickness of plate with double sides patching, 

respectively; Efrp and tfrp are the elastic modulus and thickness of FRP patch, respectively; 

and Ga and ta are the shear modulus and thickness of adhesive, respectively. Therefore, 

the crack extension force, G, which is the work extracted (per unit thickness, per unit 

crack advance) on the plate allowing the stress a0 to relax to zero through the 

displacement uy on both crack faces is: 

G = 2 | - a 0 u y 
J h s 

(5.14) 

where 7iA = p 
E.t.t. 

(5.15) 

For a plane stress problem, the stress intensive factor (SIF), Kr, can be related to the G in 

the following way: 
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K, 
(5.16) 

Therefore, 

Kr = <70A/TCA (5.17) 

In Eq. 5.17, A is known as the characteristic crack length of a plate with bonded 

reinforcement. It was shown that the SIF of a cracked plate with bonded reinforcement 

approaches a constant value which is independent of the actual crack length. 

For the plate with only single-side patching, the out-of-plane bending of the plate due to 

the load-path eccentricity should be considered for the prediction of the SIF. Wang et al. 

(1998) proposed a modified equation for predicting the SIF of a plate with only single-

side patching. Based on the assumption that the SIF at the crack tip of a plate with single-

side patching varies linearly across the thickness of the plate, the SIF at the crack tip on 

the patched and the unpatched side are obtained by the following equations: 

,1/2 

K npatched 

V 1 + R S I F + R S I F " J 

K' 

,1/2 

K' patched 
^1 + RSIF+RSIF j 

SIF r m s 

(5.18) 

(5.19) 

where RSIF is the ratio of the SIF of the patched side to the SIF of the unpatched side and 

is depended on the geometry and material properties of the plate and reinforcement. 
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The K'rms is the root-mean-square SIF for a plate with single-side patching and is 

expressed as: 

K*rms = Krco (5.20) 

where Kr denotes the SIF for double-sides patching and co is the bending correction 

factor which is related to the geometry and material properties of the plate and the 

reinforcement. The equations for calculating the values of RSIF and co are shown in 

Appendix A. 

The normalized ASIF (AK/AG) of the finite element analysis results of the patched and 

the unpatched sides is shown in Figure 5.25 along with the values obtained by Eqs. 5.17 

to 5.20. It is shown that the values obtained from these equations for double-side patching 

(Eq. 5.17) is close to the finite element values of the patched side when the crack length 

is short. Equation 5.17 gives the lower bound value for SIF since the effect of out-of-

plane bending on the SIF is eliminated for a cracked plate with double-side patching. As 

the crack length increases, the finite element values of AK/Arj increase for both patched 

and unpatched sides. The values obtained through Eqs. 5.18 to 5.20 for single-side 

patching overestimate AK, especially for the unpatched side. As was shown in the finite 

element study, -with a uniform crack tip the SIF varies almost linearly through the 

thickness of the plate with single-side patching. The same assumption was applied to Eqs. 

5.18 to 5.20. However, it was shown in the finite element study that in the case of a plate 

with single-side patching, the crack propagation on the patched and the unpatched sides 

135 



was not the same. As a result, the crack tip is not uniform across the thickness of the 

plate. As the crack length increases, the SIF across the thickness of the plate become 

almost uniform through the thickness of the plate due to the non-uniform shape of the 

crack tip. Since Eqs. 5.18 to 5.20 do not account for the effect of the non-uniform crack 

propagation through the thickness of the plate, overestimated values were obtained using 

Eqs. 5.18 to 5.20. Since, the finite element results are shown to be within the prediction 

between the K*nnS (the root-mean-square SIF for plate with single-side patching) and the 

prediction of Kr (the SIF for plate with double-side patching), it is concluded that the 

current finite element results are within a reasonable range of SIF for cracked plate with 

single-side patching. 

5.5 Analysis of fatigue life of welded steel plate with edge crack and single-side 

FRP patching 

The analysis of the fatigue life of the test specimens by Roach and Rackow (2005), was 

carried out for specimens subjected to a high stress range loading. The Paris equation 

(Eq. 5.2) was used as the fundamental equation in the fatigue analysis. As was discussed 

in Section 5.2.4 a slower crack growth rate was observed in a cracked plate with a crack 

in the welded region when the crack growth data were plotted against the applied stress 

intensity factor range. This slower crack growth rate behaviour is due to the crack closure 

effect, as described by Elber (1971). In order to eliminate the crack closure effect in the 

analysis of crack growth rate, Elber (1971) suggested that the crack growth rate data 

should be plotted against the effective stress intensity factor range. Therefore, in this 

section, the crack growth data of the welded specimens without FRP patching are 
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analyzed first to obtain a reasonable effective stress intensity factor range. With the 

prediction of the effective stress intensity factor range, the corresponding crack opening 

stress is evaluated. Then, this crack opening stress is used to determine the effective 

stress intensity factor range of the welded specimens with single-side FRP patching. 

Detail procedures are discussed in the following sections. 

5.5.1 Evaluation of the effective stress intensity factor and the corresponding crack 

opening stress of welded plates without FRP patching 

As it is mentioned previously, the presence of residual stress due to welding causes 

slower crack growth rate. This is evident when the crack growth rate is plotted as a 

function of the applied stress intensity factor. Elber (1971) explained that the observed 

slower crack growth rate is due to the crack closure behaviour and he suggested that the 

crack growth rate should be plotted as a function of the effective stress intensity factor 

instead of the applied stress intensity factor. Link (1990) showed that when the crack 

growth rate data are plotted as a function of the effective stress intensity factor, the crack 

growth rate data of a welded plate shift to the crack growth rate data of the base metal. 

Therefore, with the crack growth rate data of a welded plate and the effective stress 

intensity factor, similar material constants, C and m, in the Paris equation for the welded 

plate and plain plate should be obtained. A plot of the crack growth rate versus the 

applied stress intensity factor of plate without FRP patching subjected to 269 MPa stress 

range is shown in Figure 5.5. The corresponding crack growth rate equation of welded 

plate (Roach and Rackow 2005) and the plain plate (Yin et al. 2006) are shown below: 
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For plain plate: da/dN = 8.88xl(T12(AKapp)
3'03 (5.21) 

For welded plate: da/dN = 5.44x1 (T19(AKapp)
604 (5.22) 

where da/dN is the crack growth rate per cycle (m/cycle) and AKapp is the applied stress 

intensity factor range (MPaVm). 

It is assumed that with the crack growth rate in a welded plate when plotted as a function 

of the effective stress intensity factor, the material constants, C and m, in the Paris 

equation, should be close to or the same as the material constants of the plain plate. 

Therefore, by using the material constants, C and m, of the base metal and introducing 

the effective stress intensity factor range (AKeff) for a welded plate into Eq. 5.21, the 

crack growth rate (da/dN) of the welded plate can be expressed as a function of the 

effective stress intensity factor range (AKeff) as following equation: 

da 
For a welded plate: — = 8.88x1 (T12(AKeff)

303 (5.23) 
dN 

This crack growth rate should be the same as that obtained by Eq. 5.22. Therefore, by 

equaling Eq. 5.22 and 5.23, the effective stress intensity factor range (AKeff) for a welded 

plate could be obtained as follows: 

8.88xl(T12(AKeff)
303 =5.44xl(r19(AKapp)604 

138 



(AKeff) = 4.16xlO-3(AKapp)L99 (5.24) 

The crack growth rate versus effective stress intensity factor range of welded plate is 

shown in Figure 5.26 along with the fatigue test data of the plain plate. 

The definition of the effective stress intensity factor range (AKeff) is defined as the 

difference between the maximum stress intensity factor (Kmax) and the opening stress 

intensity factor (KoP). Once the effective stress intensity factor range is known, the 

corresponding crack opening stress (CTOP) could be obtained by the following equations. 

AKe f f=K r a a x-Ko p (5.25) 

AKeff = (amax - a o p ) f ( a / b ) V ^ (5.26) 

r(a/b)V7ta 

where amax is the maximum applied stress, a is the edge crack length and f(a/b) is defined 

in Eq. 5.4. With the predicted effective stress intensity factor range (Eq. 5.24) of the 

welded plate without FRP patching, the crack opening stress, cop (MPa) versus crack 

length is obtained from the following equation (Eq. 5.28) 

4.16xl(Tj(AK V 

°"* = ° - fr /K r 1 (5-28) 
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where a is the edge crack length in mm which varies from 25 mm to 64 mm and 

A K a p p = A a f ( a / b ) ^ 

An illustration of the effective stress and the opening stress is shown in Figure 5.27. 

5.5.2 Prediction of the fatigue life of a welded steel plate with the edge crack repaired 

by single-side FRP patching 

The Paris equation is used as the basis for predicting the fatigue life of a welded steel 

plate with edge crack repaired by single-side FRP patching. The resulting equation takes 

the following form 

N = T da (5.29) 
l> C(AKeff)

m 

where N is the number of cycle; a; is the initial crack length; af is the final crack length; 

AKeff is the effective stress intensity factor range; and, C and m are the material constants 

of steel. The initial and final crack lengths are taken as 25.4 mm and 63.5 mm, 

respectively in this study. The material constants, C and m, are taken as 8.88 x 10" 

m/cycle and 3.03, respectively, in this study, according to the material constant of G40.12 

350WT steel (Yin et al. 2006). The prediction of the effective stress intensity factor range 

(AKeff) is obtained from Eqs. 5.3, 5.4 and 5.24 for the plate without FRP patching. For the 
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specimens with single-side FRP patching, Eq. 5.26 is modified using the crack opening 

stress and the geometry factor, as follows: 

AK e f f=(Gm a x -a ; ) f (a /brV7ta (5.30) 

For this study, a maximum stress (amax) of 283 MPa was used and f(a/b)u is the equation 

of the modification factor (Eq. 5.10) accounting for the effect of geometry of crack and 

the presence of the single-side FRP patching. Equation 5.10 is repeated as follows: 

f(a/b)u = 134.25(a/b)4 - 223.41(a/b)3 + 135.29(a/b)2 - 34.74(a/b) + 4.2524 (5.10) 

For a plate with FRP patching, illustrated in Figure 5.28, part of the loading is shared by 

the FRP patching. Therefore, the far end stress which is needed to cause the crack to open 

for the specimen with FRP patching should be larger the crack opening stress for plate 

without FRP patching. The far end opening stress for the plate with FRP patching (op
op) 

is obtained by combining Eqs. 5.11 and 5.28 with a in Eq. 5.11 replaced by aop from Eq. 

5.28. The combined equation becomes: 

< = 
^E s t s +E f [ p t f r / 

E.t. 
°0D (5-31) 
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where aop is obtained from Eq. 5.28; Es and ts are the elastic modulus and thickness of 

steel plate, respectively, and Efrp and tfrp are the elastic modulus and thickness of the FRP 

plates, respectively. 

The fatigue lives is obtained by carrying out a numerical iteration based on Eq. 5.29. The 

continuous integration of Eq. 5.29 is converted to discrete summation, as follows: 

N J + 1=Nj+AN (5.32) 

Aa 
where AN = and Aa = 0.1mm 

C(AKeff)
m 

Based on the above procedures, the fatigue life of the plain welded steel plate and the 

welded steel plate with single-side FRP patching for crack grows from 25.4 mm to 63.5 

mm on the unpatched side are 111,498 and 13,284 cycles, respectively. The 

corresponding test and theoretical results are shown in Figure 5.29. The average test-to-

predicted ratio for non-repaired and repaired specimens are 0.84 and 0.99, respectively. 

The test results showed that the average increase in fatigue life of specimens with single-

side FRP patching is about 9.8 times, while the prediction showed that the increase in 

fatigue life of the plates with single-side FRP patching is about 8.4 times. 
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5.6 Summary and conclusions 

Fatigue test results of steel plate with crack in welded region repaired by single-side FRP 

patching by Roach and Rackow (2005) were analyzed by finite element method. Uniform 

initial crack front was assigned as the starting analysis and the stress intensive factors, 

SIF, (K) through the thickness of the plate were obtained by means of contour 

integration. The finite element results showed that with uniform initial crack front, the 

through thickness SIF increases on the unpatched side and decreases on the patched side 

for plate with single-side patching. According to the predicted SIF through the thickness 

of the plate, different crack grow rates of the crack front were obtained through the 

thickness of the plate using the Paris equation. As a result, for an assigned advance crack 

length at the unpatched side, non-uniform crack front were formed and the SIF through 

the thickness were obtained by contour integration. This procedure was repeated until the 

crack length at the unpatched side reached the target final crack length. The finite element 

results showed that the through thickness SIF becomes more uniform across the thickness 

of the plate as the crack length grows gradually. The finite element results of the through 

thickness SIF were compared to the results obtained by using the equations proposed by 

Wang et al. (1998) for cracked plate with single-side patching. Since the equations 

proposed by Wang et al. do not account for the effect of the non-uniform crack 

propagation through the thickness of the plate, the predicted SIF on the patched and 

unpatched side were overestimated. With the test results of the crack growth rate of 

welded specimens and base metal, equations for obtaining the crack opening stress was 

obtained. This crack opening stress equation is modified for the welded specimens with 

single-side FRP patching according to the adherend stiffness of the FRP patching and the 
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steel plate. Together with the SIF obtained in the finite element analysis, equation for 

determining the fatigue life of repaired and non-repaired welded steel plates with edge 

crack was developed. Test results of Roach and Rackow (2005) showed that the increase 

in fatigue life is 9.8 times for specimens subjected to high stress range loading (Aa = 269 

MPa) and with the adherend stiffness ratio of composite materials to steel plate (Efrptfrp / 

Ests) equal to 0.3. The fatigue life obtained from the proposed equations of the repaired 

and non-repaired welded steel plates are 111,498 and 13,284 cycles, respectively. The 

average test-to-predicted ratios are 0.84 and 0.99, respectively. According to the fatigue 

life obtained from current proposed equations, the values show that the increase in fatigue 

life is about 8.4 times. 

144 



Table 5.1 Material properties (Roach and Rackow, 2005) 

Material 

Steel plate 

Boron-Epoxy laminate* 

Elastic modulus 

Elastic modulus 

Shear modulus 

Poisson's ratio 

Material properties 

Es = 205000 MPa 

Efrp= 173,754 MPa 

Gfrp = 25,994 MPa 

vfrp = 0.32 

Thickness 

ts = 9.5 mm 

tfrp = 3.6mm 

Adhesive (AF-163) 

Shear Modulus 

Ga = 413.7 MPa 

Thickness 

ta = 0.15 mm 

*Note: the Boron-Epoxy lamina properties are: E n = 193,060 MPa, E22 = 18,616 MPa, G12 = 5,516 MPa, 

v u= 0.21 and tpiy = 0.145mm 
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Table 5.2 Fatigue test results of specimens (Roach and Rackow 2005) 

Specimen 

No. 

UR-1-S1 

R-l-Sl 

R-1-S2* 

UR-1-S3 

UR-2-S3 

R-1-S3 

R-2-S3 

Condition 

Non­

repaired 

Repaired 

Repaired 

Non­

repaired 

Non­

repaired 

Repaired 

Repaired 

Stress Range 

Ao- (MPa) 

152 

152 

214 

269 

269 

269 

269 

Number of Fatigue 

Cycles 

(N) 

129,044 

251,011 

188,703 

12,651 

9,743 

109,004 

110,897 

Total crack 

length (mm) 

62 

None 

50 

61 

61 

60 

64 

*The equivalent fatigue cycles accumulated in the low stress range were calculated for this specimen 

according to Eq. 5.1. 
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Figure 5.1 Test specimen with FRP (Roach and Rackow, 2005) 
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Figure 5.3 Failure of typical specimen (Roach and Rackow, 2005) 

149 



1 .OOOE-04 

t 
z 
•a 

"a 

1.000E-05 

g 1.000E-06 

1.000E-07 

* - » 
ns 

sz 
% 

e 
u 
ra 
i -

O 

1.000E-08 

10 

• 

l_. ___] 

G40 21-350WT 
da/dN = 8.88x10"12(AK)303 

(Yin et al. 2006) 

1 

• 

*?' 
/ 
. 

^ - r 

^-v— 
v V 
V 
\ 

.. -
it 

.* 
** 

L 
b^ k— 

'r 

0 

< 
' 

(, 0 

f 

/ 

-

*— 

0 

-0 

_ 

0 

# 

— —' ._ 

Non-repaired 
ACT = 152 Mpa 

,JM - ^ o n ~ -m-18, .1x16.05 
—/rrrz;*Jd/Um — I . O C A I\J ^ L \ I \ ; 
: V (Rc a r h and Rar .knw 9 0 0 . ^ 

^ _ ^ 

-" -

' ' 

... 

A Plain steel plate 1 

-
x Plain steel plate 2 

o UR-1-S1 

100 1000 
1/2. Apply stress intensity factor range, AK (MPa m ) 

Figure 5.4 Crack growth rate versus apply stress intensity factor range of UR-1-S1 

1 .OOOE-04 

u >. u 

•a 

1.000E-05 

3 1.000E-06 
| 

1.000E-07 

1.000E-08 

10 100 

Non-repaired 
Ac = 269 MPa 

da/dN = 5.44x10"19(AK)604 

(Roach and Rackow 2005) 

1000 
1/2» Apply stress intensity factor range, AKapp (MPa m ) 

Figure 5.5 Crack growth rate versus apply stress intensity factor range of UR-1-S3 and 
UR-2-S3 

150 



CTry 

ay 

/I 
\ 

L 

L 

<7iy 

ay 
1 0 1 

_ _ 

A 
Weldment 

Figure 5.6 General residual stress field pattern due to welding process 

Weldment 

Residual 
Stess 

Notch 

Weldment 

Figure 5.7 Illustration of crack closure produced in a compact tension specimen by 
longitudinal residual welding stresses 

151 



1.000E-04 

.2 
u 
>» 
o £ 1.000E-05 

z 

•o 

& $ 1.000E-06 

1 
o 
&_ 
u 
re 

1.000E-07 

1.000E-08 

Non-repai red 
ACT = 269 MPa 

da /dN = 5 . 4 4 x 1 0 " 1 9 ( A K ) 6 0 4 

10 

da/dN = 1 .23x10 " 1 9 (AK) 5 9 6 

100 1000 
1/2X 

Apply stress intensity factor range, AKapp (MPa m ) 

Figure 5.8 Comparison of crack growth rate of specimens with and without FRP 
patching 

152 



\ \ \ \ \ \ \ \ 

*-v-
^2XS-7,T,"'-~-''V7..v.". . 

x „. v. ^^r^tc'ir^'.:"''ftyvts^'^s^w. FRP 

v VTZT^ •̂•fc-'̂ f̂i -̂s' •'^" T",J'i^^f'"7>vi \^',;' ^V'^fr-,*??^.'•"•• î 
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Figure 5.9 Typical finite element model of cracked steel plate with FRP patching 

153 



6.35 mm 

//-

1§2 mm 
19 mm 

1 
I — 

crack 146 mm 

Patched side 

v/-

-//-

76.2 mm 
19 mm 

crack 

Unpatched side 

v/~ 

6.35 mm 

Figure 5.10 Strain gauge location of test specimen of Roach and Rackow (2005) 

n = 100 MPa 

40 80 120 

Distance from crack edge (mm) 

160 

Figure 5.11 Comparison of strain results of test and finite element analysis 
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6 PARAMETRIC STUDY OF CRACKED STEEL PLATES WITH FRP 
PATCHING - FINITE ELEMENT ANALYSIS 

6.1 Introduction 

In the previous chapter, finite element models were developed for determining the stress 

intensive factor (SIF) of edge cracked steel plates with single-side fiber reinforced 

polymer (FRP) patching. The finite element results showed that a reduction of SIF is 

observed on the patched side. However, the SIF on the unpatched side is increased 

marginally when the crack tip shape is uniform. As the SIF varies along the crack front in 

the case of single-side repairs, it implies that the crack will grow at a different rate on the 

patched side than on the unpatched side. Based on the various values of SIF along the 

crack front, simulation of the non-uniform crack propagation along the crack front was 

carried out by means of a finite element method and the SIF of both the patched and 

unpatched side were obtained. The finite element results showed that the through 

thickness SIF becomes more uniform across the thickness of the plate as the crack length 

grows gradually. 

In the finite element study presented in the previous chapter, the adherend stiffness ratio 

(ETR) of the FRP-to-the steel plate was assigned as 0.3 and only the case of a steel plate 

with edge crack and with single-side FRP patching was studied in the finite element 

analysis. In order to investigate the effect of different adherend stiffness ratios (ETR) of 

FRP-to-steel plate, type of patching, such as single-side or double-side, and the form of 

crack, such as edge crack or central crack, a parametric study of cracked steel plates with 

FRP patching is carried out in this chapter. Four different cases were examined: (a) a 
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steel plate with edge crack and single-side FRP patching; (b) a steel plate with central 

crack and single-side FRP patching; (c) a steel plate with edge crack and double-side 

patching; and, (d) a steel plate with central crack and double-side patching. Three 

different parent plate thicknesses were considered with a constant adherend stiffness of 

FRP patching. The numerical crack grow procedure which was discussed in Section 5.3 

for determining the crack length and the corresponding SIF across the thickness of the 

plate was adopted for each finite element parametric analysis. 

6.2 Finite element model 

The finite element model which was developed in the previous chapter for determining 

the SIF of the test specimens is used in the parametric study. The modified three layers 

finite element models consisted of 3-D brick element for modeling the cracked steel plate 

and 3-D shell element for modeling the adhesive and FRP patching. Suitable constraint 

conditions were assigned for constraining the relative movement of the steel plate, 

adhesive and FRP patching. Details of the finite element model and constraint condition 

are described in Chapter 4. The FRP patching of the finite element model was modeled 

by assigning the material properties of Sika Carbodur (Sika 2003) for the carbon fiber 

reinforced polymer (CFRP). Detail of the parameters is discussed in the following 

section. 
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6.2.1 Geometry and material properties of steel plate, crack pattern and form of FRP 

patching 

In the finite element parametric study presented here, several parameters were included. 

They included the thickness of the steel plate, the edge crack/central crack pattern and 

single-side/double-side FRP patching. For modeling the FRP patching, the material 

properties of the CFRP plates (Sika 2003) which were used for the lap joint tests reported 

in Chapter 3 were used in the finite element models. The Sika CFRP is a pre-fabricated 

composite plate with thickness of 1.2 mm. Three layers of the Sika CFRP plate were used 

in the finite element models. Therefore, the total thickness of the CFRP plate was 3.6 

mm. The material properties of the Sika CFRP plate are listed in Table 6.1. One of the 

parameters used in this study is the adherend stiffness ratio of steel plate-to-CFRP which 

is defined as ETR (= EfrpEfrP / Ests). In order to achieve three different adherend stiffness 

ratios of CFRP patching to steel plate (ETR = 0.33, 0.2 and 0.13), three different steel 

plate thicknesses (ts = 9.5 mm, 16 mm and 25 mm for single-side patching models and ts 

= 19 mm, 32 mm and 50 mm for double-side patching models) were used. The thickness 

of the CFRP patching was kept the same for all models. The geometry of the steel plate 

with edge crack, single-side and double-side CFRP patching is shown in Figure 6.1. The 

geometry of the steel plate with a central crack, single-side and double-side CFRP 

patching is shown in Figure 6.2. The width of the steel plate used in the F.E. models with 

edge crack was 165 mm, which is the same as that of the test specimens reported by 

Roach and Rackow (2005). In order to maintain the same crack length to plate width 

ratio (a/b), the width of the steel plate model with central crack was taken as 330 mm. 

The width of the CFRP patching was 100 mm which is about 4 times the length of the 
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initial crack length for edge crack models. Similarly, the width of the CFRP patch was 

designed to be 200 mm, which is also about 4 times the length of the initial crack length 

for the central crack models. The length of the CFRP patching was 120 mm for the non-

tapered region and 60 mm each for the tapered ends. Therefore, the total length of the 

CFRP patching was 240 mm. The material properties which were assigned in the finite 

element model for the steel plate, adhesive, and CFRP patching, are listed in Table 6.1 

while the combination of the parameters used are shown in Table 6.2. 

6.2.2 Finite element model of cracked plate with different crack pattern and form of 

FRP patching 

For the models of edge crack steel plate with single-side CFRP patching, only half of the 

plate was modeled due to symmetry of geometry. For the central crack steel plate with 

single-side CFRP patching models and the edge crack steel plate with double-side CFRP 

patching models, a quarter of the plate was modeled by assigning symmetrical boundary 

condition to the edge for central crack steel plates and to the unpatched face for edge 

crack steel plate with double-side patching. For the central crack steel plate models with 

double-side CFRP patching, one eighth of the plate was modeled by assigning 

symmetrical boundary condition to both the edge and the unpatched face. Illustrations of 

the finite element models for the various cases are shown in Figure 6.3 to Figure 6.6. At 

the location of crack tip, collapsed elements with middle nodes located at quarter point 

were used in order to obtain the stress intensity factor at the crack tip by means of contour 

integration methods. The adhesive and the CFRP patching were modeled using shell 

elements. Composite shell elements were used to model the CFRP plates and the 
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adhesive between the CFRP plates. As illustrated in Figure 6.7, there are three layers of 

CFRP plate each 1.2 mm thick and two layers of adhesive of 0.5 mm thick. These five 

layers of materials were modeled by using the composite shell element. The material 

properties of each layer of the materials were assigned to the shell element by introducing 

the key word "composite" in the input file of ABAQUS (Hibbitt et al. 2004). The 

numerical fatigue crack growth technique which was discussed in Chapter 5; was applied 

to the finite element model used in the parametric study. The initial crack length, defined 

as aj for edge crack models was 25.4 mm and 2a; for the central crack models is 50.8 mm. 

The SIF of the crack front according to two far end stress levels (amin =14 MPa and cmax 

= 283 MPa), defined as the high stress range spectrum were obtained. Therefore, the 

corresponding stress range (ACT) was 269 MPa and the SIF range (AK) was defined as the 

difference between Kmax and Kmjn. After the first successive analysis of the SIF along the 

uniform initial crack front, the crack growth values through the thickness of the plate 

were calculated using Eq. 5.8 with the material constant, m equal to 3 (Barsom and Rolfe 

1999). Then, another finite element model was set up by using the updated non-uniform 

crack front and the corresponding SIF along the crack. With a maximum crack growth 

value (Aaj^ax) of the unpatched side equal to 1.5875 mm, 24 finite element models for 

each case were formed according to the results of the SIF to achieve a final crack length 

of 63.5 mm which is defined as af for edge crack models and 127 mm which is defined as 

2af for central crack models. 
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6.3 Finite element results 

The finite element results are presented in the following section according to the form of 

patching (single-side or double-side) and the crack pattern (edge crack or central crack). 

For those models with single-side patching, the profile of the normalized stress intensity 

factor (AK/ACT) along the crack front is presented. Then, comparisons of the normalized 

stress intensity factor (AK/Aa) of plates with and without FRP patching are shown. For 

plates with the same crack pattern, the results are further compared to examine the effect 

of single-side/double-side CFRP patching on the reduction of the SIF on the patched and 

unpatched sides. Based on the results of the SIF, correction factors for the geometry of 

each model with different crack patterns and form of patching are proposed and 

compared with correction factors of the cracked steel plate without CFRP patching. 

6.3.1 Plates with an edge crack and single-side patching 

The crack growth propagation and the normalized stress intensity factor (AK/Aa) through 

the thickness of the crack of every two steps are shown in Figure 6.8 to Figure 6.10 for 

the edge crack models with various ETR values (ETR = 0.13, 0.2 and 0.33). As shown in 

those figures, for models with different ETR values, significant reduction of the values of 

AK/ACT were observed on the patched side for models with initial crack length a\ = 25 A 

mm. Larger reduction of AK/ACT was observed for models with larger ETR values. 

Values of AK/ACT versus the ratio of crack length of unpatched sides to the width of the 

steel plate (a/b) of non-repaired model were obtained from Eq. 6.1. 
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AK/Aa = f(a/b)V7ra (6.1) 

where f (a/b) is a correction factor for the geometry of the specimen. For plate with edge 

crack subjected to uniform far end stress, f(a/b) is calculated according to Eq. 6.2 (Gross 

and Srawley 1964). 

\ r \2 / \3 / \4 

a ] , „ , , ( a^ ' ° ^ ' a ^ f(a/b) = 1.12-0.231|- +10.55 - | -21.72 a + 30.39 
vuy 

a (6.2) 
v^y 

where a is the edge crack length and b is the width of plate. With a = 25.4 mm and b = 

165 mm, the corresponding AK/Aa was calculated for the non-repaired model according 

to Eqs. 6.1 and 6.2 and the values are shown in Figure 6.8 to Figure 6.10. Comparing the 

values of AK/Aa of plates with single-side CFRP patching and the non-repaired plates, 

the reduction in AK/Aa is 62%, 52% and 42% for plates with ETR value equal to 0.33, 

0.2 and 0.13, respectively. On the other hand, almost no reduction in the value of AK/Aa 

was observed on the unpatched side for those plates. 

The value of AK/Aa versus a/b for models with various ETR values is shown in Figure 

6.11 and Figure 6.12. As shown in the figures that for an edge crack plate with single-side 

patching, as the crack length becomes longer, the value of AK/Aa is almost the same for 

plates with different ETR values. As the crack becomes longer, the value of AK/Aa of the 

patched side increases and approaches the value of the unpatched side. Values of AK/Aa 

of the non-repaired plates were shown in the figures for comparison. It is shown that 
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when a/b is equal to 0.38 (crack length corresponding to the final crack length), the 

reduction of AK/AG is about 55% on the patched side and 40% on the unpatched side. 

6.3.2 Plate with an edge crack and double-side patching 

For the plates with an edge crack plate and with double-side patching, the plot of the 

values of AK/ACT versus the ratio of crack length-to-width of the steel plate (a/b) of the 

patched side and the plane of symmetry are shown in Figure 6.13 and Figure 6.14 for 

plates with various values of ETR. The figures show that a larger reduction of AK/ACT is 

observed for models with larger ETR value. The values of AK/Ao at the plane of 

symmetry are about 13% larger than those at the patched side. However, the trend of the 

AK/Aa values for the patched side is similar to that of the plane of symmetry. Compared 

to the non-repaired plate, in plates with initial crack length ai equals to 25.4 mm, the 

reduction of AK/ACT on the patched side are 47%, 36% and 29% for models with ETR 

value equal to 0.33, 0.2 and 0.13, respectively. As the crack length increases, the 

reduction of the values of AK/ACT for plates with different ETR values becomes larger. It 

was found that for plates with final crack length af equals to 63.5 mm, the reduction of 

AK/ACT are 72%, 62% and 53% for plates with ETR values equal to 0.33, 0.2 and 0.13, 

respectively. 

6.3.3 Central crack model with single-side patching 

The crack growth propagation and the normalized stress intensity factor (AK/ACT) through 

the thickness of the crack of every two steps are shown in Figure 6.15 to Figure 6.17 for 
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plates with various ETR values (ETR = 0.13, 0.2 and 0.33). Similar to the case of plates 

with an edge crack and with single-side patching, it is shown from the figures that for 

plates with a central crack and various ETR values, significant reduction of the 

normalized stress intensity factor (AK/Aa) are observed on the patched side for plates 

with initial crack length a, equals to 25.4 mm. Larger reduction of AK/Aa was observed 

for models with larger ETR value. The value of AK/Aa of non-repaired plates with initial 

crack length (2a,) equal to 50.8 mm and steel plate width (2b) equal to 330mm, was 

calculated according to Eq. 6.1 with the correction factor f(a/b) obtained according to Eq. 

6.3 (Tada et al. 1985), as follows. 

/ 
1-

V 
-0.025 (

a) 

U, 
2 

+ 0.06 f
a^ 

U; 
41 

J 

I f r e ^ 
J sec 
V UbJ 

where a is half of the crack length and b is half of the width of cracked plate. 

Compared to the non-repaired plates, the reduction of AK/Aa is 58%, 46% and 36% for 

plates with ETR values equal to 0.33, 0.2 and 0.13, respectively. However, the values of 

AK/Aa on the unpatched side were observed to be larger than those of the non-repaired 

plates. The increase of AK/Aa on the unpatched side is 14%, 10% and 8% for plates with 

ETR value equal to 0.33, 0.2 and 0.13, respectively. The values of AK/Aa versus the ratio 

of crack length-to-width of the steel plate (a/b) are shown in Figure 6.18 to Figure 6.19 

for plates with various ETR values along with the computed value of AK/Aa of non­

repaired plates. As shown in the figures, for plates with a central crack and with single-
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side patching, when the crack length increases, the value of AK/Acr is almost the same for 

models with different ETR values. As the crack becomes longer, the value of AK/Aa of 

the patched side increases and approaches the value of the unpatched side. When a/b is 

equal to 0.38 (crack length corresponding to final crack length), the reduction of 

AK/Aa is about 27% on the patched side and 16% on the unpatched side. 

6.3.4 Plate with a central crack and double-side patching 

For the plates with a central crack and double-side patching, the plot of the value of 

AK/Aa of patched side and plane of symmetry versus the ratio of crack length to the 

width of the steel plate (a/b) are shown in Figure 6.20 and Figure 6.21 for plates with 

various ETR values. The figures show that a larger reduction of AK/Aa is observed for 

models with larger ETR values. Similar to the plates with an edge crack and double-side 

patching, the stress intensity factor of the plane of symmetry is about 11% larger than that 

of the patched side. However, the trend of the AK/Aa of the plane of symmetry is similar 

to that of the patched side. Compared to the non-repaired plates, for plates with an initial 

crack length a; equals to 25.4 mm, the reduction of AK/Aa on the patched side is 36%, 

25% and 18% for plates with ETR values equal to 0.33, 0.2 and 0.13, respectively. As the 

crack length increases, the reduction of the values of AK/Aa for plates with various ETR 

values becomes larger. It is found that for plates with final crack length af equals to 63.5 

mm, the reduction of AK/Aa is 52%, 40% and 32% for plates with ETR values equal to 

0.33, 0.2 and 0.13, respectively. 
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6.4 Discussion of the results of plates with single-side patching and double-side 

patching 

As discuss in previous section, the stress intensity factor (SIF) was reduced by applying 

either single-side or double-side CFRP patching. However, the efficiency of reducing the 

SIF is different for different cases of patching. In order to examine the efficiency of 

reducing the SIF for different patching details, the results of plates with single-side 

patching are compared to the results of plates with double-side patching in the following 

section. 

The normalized stress intensity factor range (AK/ACT) can be obtained according to Eq. 

6.1 where f(a/b) is the correction factor which accounts for the geometry of the specimen. 

From the finite element results, the stress intensity factor, K, is obtained for plates with 

different crack patterns and patching conditions. Therefore, with Eq. 6.1, the 

corresponding value of f(a/b) could be obtained according to Eq. 6.4 which based on the 

finite element results. 

f (a /b)= % - (6.4) 
AcwTia 

The results of f(a/b) for the unpatched side of plates with an edge crack and single-side 

patching and the results of f(a/b) for the plane of symmetry of plates with double-side 

patching are shown in Figure 6.22 and Figure 6.23 along with the results of the non­

repaired model. As shown in Figure 6.22 that for plates with an edge crack and single-

side patching, the values of f(a/b) of unpatched side is almost the same as that of the non-
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repaired plates when the crack length is short. However, as the crack length increases, the 

values of f(a/b) of the plates with single-side patching were reduced significantly. 

Meanwhile, the effect of adherend stiffness ratio (ETR) is not obvious as shown in the 

figure for plates with an edge crack and single-side patching. On the other hand, it is 

shown from Figure 6.23 that for plates with an edge crack and double-side patching, the 

values of f(a/b) on the plane of symmetry are relatively constant and the values of f(a/b) 

decrease with increasing ETR values. It implies that the effect of adherend stiffness ratio 

is more significant for plates with double-side patching. 

As the SIF range is related to the stress field around the crack tip and also to the 

deformation of the crack mouth, the crack mouth displacement of plates with different 

adherend stiffness ratios are examined and shown in Figure 6.24. The stiffness of the 

patching is the same for all finite element models in the parametric study. Therefore, 

different adherend stiffness ratio, (ETR) are achieved by varying the thickness of the steel 

plate. As shown in Figure 6.24, a plate with low ETR value, the out-of-plane 

displacement of the crack mouth is relatively small compared to that of the plates with 

large ETR value. A larger out-of-plane displacement implies a larger out-of-plane 

bending of the cracked plate. Although it is expected that the crack mouth displacement 

should be reduced more for a plate with larger ETR value, the larger ETR value also 

increases the out-of-plane bending and rotation at the crack location of the cracked plate. 

Therefore, the crack mouth displacements of the unpatched side for plates with larger 

ETR values are almost the same as those with lower ETR value. As a result, the adherend 
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stiffness ratio does not affect the SIF of the unpatched side of plates with single-side 

patching only. 

For plate with double-side patching, the crack mouth displacement of the plate with 

different adherend stiffness ratios is shown in Figure 6.25. It is worth noting that for a 

plate with double-side patching, the out-of-plane bending of the cracked plate is 

eliminated. As shown in this figure, the crack mouth displacement decreases with 

increasing adherend stiffness ratios. Therefore, the SIF decreases with increasing 

adherend stiffness ratio in plates with double-side patching. 

For plate with a central crack, the results of f(a/b) of plates with single-side patching and 

plates with double-side patching are shown in Figure 6.26 and Figure 6.27. As shown in 

these figures, for plates with a central crack and single-side patching, the values of f(a/b) 

are a bit larger than that of the non-repaired plates when the crack length is short. As the 

crack length increases, the values of f(a/b) are reduced. However, the reduction is not as 

much as that found in the plates with an edge crack. For the plates with double-side 

patching, Figure 6.27 showed that the values of f(a/b) on the plane of symmetry are 

relatively constant and the values of f(a/b) decrease with increasing ETR values as shown 

in Figure 6.27. This behaviour is similar to that observed for plates with an edge crack. 

6.5 Prediction of fatigue life of plates with CFRP patching 

In order to examine the fatigue life of plates with CFRP patching, prediction of the 

fatigue life of plates with different crack pattern and patching details was carried out 
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based on the procedure discussed in Section 5.5.2 of Chapter 5. The Paris equation (Paris 

and Erdogan 1960) is taken as the basic format of the equation for predicting the fatigue 

life of the welded steel plate according to Eq. 5.29. The equation is repeated below. 

N = r da (5.29) 
A. C(AKeff)

m 

where N is the number of cycles, &i is the initial crack length, af is the final crack length, 

AKeff is the effective stress intensity factor range, and, C and m are the material constants 

of steel. In this study, the initial and final crack lengths are taken as 25.4 mm and 63.5 

mm, respectively. The material constants, C and m, are taken as 8.88 x 10' m/cycle and 

3.03 according to the material constant of G40.12 350WT steel (Yin et al. 2006). It 

should be noted that the effective stress intensity factor (AKeff) is used in Equation 5.29 to 

account for the crack closure effect due to the presence of residual stress at the welded 

location. The prediction of the effective stress intensity factor range is based on Eq. 5.26 

for welded steel plate without FRP patching and Eq. 5.30 for welded steel plate with FRP 

patching. These equations are repeated below. 

AK e f f =(a m a x -a )f(a/b)V7ca (5.26) 

AKeff =(amax - < p ) f ( a / b ) u V ^ (5.30) 
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For this parametric study, a maximum stress (amax) of 283 MPa was assigned, aop is the 

crack opening stress for welded steel plate without FRP patching and it is obtained from 

the fatigue test results discussed in Chapter 5. ap
op is the crack opening stress for welded 

steel plates with FRP patching and it is related to the adherend stiffness ratio of the FRP 

and the plate as defined by Eq. 5.31. The correction factor f(a/b) for plain plates with an 

edge crack is defined in Eq. 6.2 and for plain plates with a central crack is defined in Eq. 

6.3. The f(a/b)u is the equation of the modification factor accounting for the effect of 

geometry of crack and the presence of the FRP patching. Values of this correction factor 

for plates with CFRP patching were obtained from the finite element results of the SIF. 

As it is shown in Figure 6.22 and Figure 6.26, for plates with single-side CFRP patching, 

the values of f(a/b)u for plates with various ETR values are almost the same. Therefore, 

based on regression analysis of the data, a single equation which takes the form similar to 

the equation for non-repaired model was developed for determining the value of f(a/b)u 

for plates with single-side patching and the correction functions are: 

(a) For plates with an edge crack and single-side patching: 

f(a/b)u =1.65-1.42! 
^ 

17.35 
\oj UJ 81.60 

' a ^ 
-90.3 

vu / UJ (6.5) 

(b) For plates with a central crack and single-side patching: 

f(a/b)u =1.96-8.82 
^ 

+ 26.55 
V«V 

•33.55: 
'aV 

+ 15.06 
W UJ (6.6) 
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For plates with double-side patching, the values of f(a/b)u were found to be dependent on 

the ETR values (Figure 6.23 and Figure 6.27). Therefore, different equations of f(a/b)u 

were developed for plates with double-side patching and various ETR values. The 

correction factors are: 

(a) For plates with an edge crack and double-side patching: 

For ETR = 0.13 

f ( a /b ) u =0.26 + 11.29 
v b , 

-59.67 (-Y 
vb , 

+ 142.7 
, b , 

-127.31 (-Y 
vb, 

(6.7) 

For ETR = 0.20 

f ( a /b ) u =0.49 + 6.64 
Vby 

•36.75 
f„\2 

vby 

/ „ \ 3 

+ 86.99 
\ b / 

•77.02 
Vby 

(6.8) 

For ETR = 0.33 

f (a /b ) u =0.91-1.57 '-1 + 5.21 
vby 

11.43 
vby 

9.53 
Vbj 

(6.9) 

(b) For plates with a central crack and double-side patching: 

For ETR = 0.13 

f (a /b ) u =0.83 + 1.41 

For ETR = 0.20 

^ 
-10.09 

' a ^ 2 

v«v 
26.19 

' a ^ 

voy 
-24.18 

v u y 
(6.10) 

f ( a /b ) u =0.88 + 0.05 4.851-1 +15.821-1 -16.331 a 
Vby V°y v^y 

' a ^ 

v^y 
(6.11) 
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For ETR = 0.33 

^ ^ 2 / \ 3 / \ 4 

\°J 

^ 
f(a/b)u =0.77 + 0.45 9 . 0 4 - + 2 7 . 6 4 - - 2 7 . 4 3 - (6.12) 

\°J 

^ 

vuy \»J 

The fatigue life of non-repaired plates and repaired plates with an initial crack length (aj) 

equal to 25.4 mm and a final crack length (af) equal to 63.5 mm were determined 

according to procedure discussed in Section 5.2.2 in Chapter 5. Plots showing the number 

of cycles versus crack length for plates with various crack patterns are given in Figure 

6.28 to Figure 6.31. The corresponding number of cycles at the final crack length is listed 

in Table 6.3 for all plates studied. For plates with ETR equals to 0.13, 0.20 and 0.33, the 

fatigue life is increased by 2.62, 3.76 and 9.2 times, respectively for plates with an edge 

crack and single-side patching and 1.73, 2.46 and 5.90 times, respectively for plates with 

a central crack and single-side patching. For plates with double-side patching, the 

increase in fatigue life is about 3.82, 8.59 and 41.7 times for plates with an edge crack 

and 2.79, 5.38 and 21.4 times for plates with a central crack with ETR equal to 0.13, 0.20 

and 0.33, respectively. Therefore, it is shown that higher efficiency of FRP patching is 

observed for plates with edge crack than that of the plates with central crack. It is also 

found that the increase in fatigue life is more pronounced in cracked plates with double-

side patching. 

6.6 Summary and conclusions 

In this chapter, a parametric study of the stress intensity factor of cracked plates with 

single-side or double-side CFRP patching based on the finite element analysis was 
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presented. In the finite element parametric study, several parameters such as thickness of 

steel plate, edge crack/central crack pattern and single-side/double-side CFRP patching 

pattern were considered. One of the main parameters considered in this study is the 

adherend stiffness ratio of a steel plate to a CFRP plate (ETR = EfrPEfrp / Ests). In order to 

achieve three different adherend stiffness ratios of CFRP to steel plate (ETR = 0.33, 0.2 

and 0.13), three different steel plate thicknesses (ts - 9.5 mm, 16 mm and 25 mm for 

single-side patching model and ts = 19 mm, 32 mm and 50 mm for double-side patching 

model) were used while the thickness of the CFRP plate was kept constant. The finite 

element results showed that for plates with single-side CFRP patching, the stress intensity 

factor of the patched side is reduced significantly whilst the stress intensity factor of the 

unpatched side is reduced only marginally when the crack length is short. As the crack 

length becomes longer, the stress intensity factor are almost the same for plates with 

different ETR values. For plates with double-side patching, similar trend of stress 

intensity factor is observed on the patched side and the plane of symmetry. Unlike the 

plates with single-side patching, larger reduction of the stress intensity factor was 

obtained for plates with larger ETR values. 

Based on the finite element results of the stress intensity factor, equations of the 

correction factor which take into account the crack pattern as well as the patching pattern 

were developed for plates with different form of crack pattern and patching pattern. With 

the correction factor of different form of crack pattern and patching pattern, fatigue life of 

each plates with CFRP patching was determined according to the procedure discussed in 

Section 5.2.2 for re-welded steel plate. The results showed that higher efficiency of FRP 
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patching is observed for plates with an edge crack than that of the plates with a central 

crack. It was also found that the increase in fatigue life is more pronounced in cracked 

plates with double-side patching. 
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Table 6.1 Material properties for the finite element analysis (Sika 2003) 

Steel plate 

CFRP plate 

Adhesive 

Es 

Vs 

Efrpl 

Efrp2 

Vftp 

Gfrp 

Ea 

va 

Ga 

200,000 MPa 

0.3 

175,000 MPa 

9,000 MPa 

0.28 

4,500 MPa 

4,500 MPa 

0.34 

1,680 MPa 

Note: Efrpi is the elastic modulus along the loading direction and Efrp2 is the elastic 
modulus along the transverse direction 
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Table 6.2 Details of the parametric study 

Edge crack 

Central crack 

Single-side 

patching 

Double-side 

patching 

Single-side 

patching 

Double-side 

patching 

ts = 9.5 mm 

ts = 16 mm 

ts = 25 mm 

2ts = 19 mm 

2ts = 32 mm 

2ts = 50 mm 

ts = 9.5 mm 

ts = 16 mm 

ts = 25 mm 

2ts = 19 mm 

2ts = 32 mm 

2ts = 50 mm 

Number of 
CFRP plate 

Np = 3 
tfrp = 3.6 mm 

tfrp = 3.6mm 

tfrp = 3.6 mm 

tfrp = 3.6 mm 

tfrp = 3.6 mm 

tfrp = 3.6 mm 

tfrp = 3.6 mm 

tfrp = 3.6 mm 

t ^ = 3.6 mm 

tfrp = 3.6 mm 

tfrp = 3.6 mm 

tfrp = 3.6 mm 

Adherend 
stiffness ratio 

•t̂ frp tfrp / lis ts 

0.33 

0.20 

0.13 

0.33 

0.20 

0.13 

0.33 

0.20 

0.13 

0.33 

0.20 

0.13 
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Table 6.3 Number of cycles and increase in fatigue life 

Non-repaired 

Single-side patching 

ETR = 0.13 

ETR = 0.20 

ETR = 0.33 

Double-side patching 

ETR = 0.13 

ETR = 0.20 

ETR = 0.33 

Edg 

N* 

12343 

32359 

46383 

113111 

47089 

106035 

514378 

s crack plate 

Increase in 
fatigue life 

— 

2.62 

3.76 

9.2 

3.82 

8.59 

41.7 

Central crack plate 

N 

29707 

51530 

73225 

175307 

82885 

159903 

635522 

Increase in 
fatigue life 

1.73 

2.46 

5.90 

2.79 

5.38 

21.4 

* number of cycles (N) is predicted based on the development of crack length from initial 

crack length (a;) equal to 25.4mm to final crack length (af) equal to 63.5mm. 
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Figure 6.1 Steel plate with edge crack, single-side / double-side CFRP patching 
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Figure 6.2 Steel plate with central crack, single-side / double-side CFRP patching 
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Figure 6.3 Finite element model of edge cracked plate with single-side CFRP patching 
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Figure 6.4 Finite element model of central cracked plate with single-side CFRP patching 
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Figure 6.5 Finite element model of edge cracked plate with double-side CFRP patching 
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Figure 6.6 Finite element model of central cracked plate with double-side CFRP 
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Figure 6.7 Typical finite element mesh for the parametric study 
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12 Crack length of unpatched side increases 
from 25.4 mm to 63.5 mm 
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0.5 0.6 

Figure 6.8 Through thickness normalized SIF (AK/Aa) versus crack length of edge 
cracked FE model with single-side CFRP patching and ETR = 0.33 
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Figure 6.9 Through thickness normalized SIF (AK/Aa) versus crack length of edge 
cracked FE model with single-side CFRP patching and ETR = 0.20 
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Crack length of unpatched side 
increases from 25.4 mm to 63.5 mm 
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Figure 6.10 Through thickness normalized SIF (AK/Aa) versus crack length of edge 
cracked FE model with single-side CFRP patching and ETR = 0.13 

197 



" 

0.8 
4) 
73 
(0 
T3 
* 0 . 6 
u 

4-1 
ra 
a 
°0.4 
0 

1 
< 0.2 

0 

Non-repaired 0 

Steel plate 
\ Patched side 

= } * 1 

1 Crack 

o B 
a 

X 
• 

i 

ETR = 0.13 

CFRP 

I 

1 
• 

1 

x ETR = 0.2 

• • • 

i 

• ETR = 0.33 

. B 

• 

• 

0.15 0.2 0.25 0.3 0.35 0.4 
a/b 

Figure 6.11 Normalized SIF (AK/AG) of patched side versus (a/b) of edge cracked FE 
model with single-side CFRP patching and ETR = 0.13, 0.20 and 0.33 

0) 

"53 
T3 

o 

0.8 

w0.6 
re a. 
c 
| 0.4 
b 

$ 
^0.2 

Non-repairec 

Steel plate 

1 
Un patched side 

" i - - " i " " " • 

i 

o 

. 
Crack 

i 

ETR = 0.13 
CFRP 

}s I 

i • 

x ETR = 0.2 

8 B • | • 

• 

III 
• 

ETR = 0.33 

a 
a • 
• 

0.15 0.2 0.25 0.3 0.35 0.4 
a/b 

Figure 6.12 Normalized SIF (AK/Aa) of unpatched side versus (a/b) of edge cracked FE 
model with single-side CFRP patching and ETR = 0.13, 0.20 and 0.33 
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Figure 6.13 Normalized SIF (AK/ACT) of patched side versus (a/b) of edge cracked FE 
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Figure 6.14 Normalized SIF (AK/ACT) of plane of symmetry versus (a/b) of edge cracked 
FE model with double-side CFRP patching and ETR = 0.13, 0.20 and 0.33 
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Crack length of unpatched side 
increases from 25.4 mm to 63.5 mm 
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Figure 6.15 Through thickness normalized SIF (AK/Aa) versus crack length of central 
cracked FE model with single-side CFRP patching and ETR = 0.33 
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Figure 6.16 Through thickness normalized SIF (AK/Aa) versus crack length of central 
cracked FE model with single-side CFRP patching and ETR = 0.20 
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ure 6.17 Through thickness normalized SIF (AK/Aa) versus crack length of central 
cracked FE model with single-side CFRP patching and ETR = 0.13 

201 



0.6 

0.5 

v 
•o 

"0 .4 
•a 
<D 

-C 
U 

ra0.3 
Q. 

o 
<0.2 

< 

0.1 

Non-repaired o ETR = 0.13 x ETR = 0.2 • ETR = 0.33 

Steel plate 

0.15 0.2 0.25 0.3 0.35 0.4 

a/b 

Figure 6.18 Normalized SIF (AK/Aa) of patched side versus (a/b) of central cracked FE 
model with single-side CFRP patching and ETR = 0.13, 0.20 and 0.33 
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Figure 6.19 Normalized SIF (AK/Aa) of unpatched side versus (a/b) of central cracked 
FE model with single-side CFRP patching and ETR = 0.13, 0.20 and 0.33 
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Figure 6.21 Normalized SIF (AK/Aa) of plane of symmetry versus (a/b) of central 
cracked FE model with double-side CFRP patching and ETR = 0.13, 0.20 and 0.33 
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Figure 6.25 Crack mouth displacement of plate with double-side patching 

206 



I . U 

1.4 

1.2 

1 

§0.8 

0.6 

0.4 

0.2 

n 
u 

o ETR = 0.13 x ETR = 0.20 • ETR = 0.33 

fr-— 

0.15 

^ 

Non-repaired 
f (a/b) = 11 - 0.025(3/^ + 0.06(a/b)C X/sec(na/2b) 

~ HT——*- ° o o o o o o 
i . T i i « * * K 

Un patched 

f(a/b)u = 1.96 - 8.82(a/b) + 26.55(a/b)2 - 33.55(a/b)3 + 15.06(a/b)4 

i i i 

0.2 0.25 0.3 0.35 
a/b 

0.4 

Figure 6.26 Value of f(a/b) versus crack length to plate width ratio (a/b) of central 
cracked model with single-side CFRP patching 

1.4 

1.2 

1 

^ 0.8 

-$ 

^ 0.6 

0.4 

0.2 

o ETR = 0.13 x ETR = 0.2 • ETR = 0.33 

Non-repaired 
f(a/b)=(l 0.025(a/b/ i 0.0G(aIbf X/secfaaQb) 

S f(a/b)u = 0.83 + 1.41(a/b) - 10.09(a/b)2 + 26.19(a/b)3 - 24.18(a/b)4 

-e e 8 e e e-

f(a/b)u = 0.88 + 0.05(a/b) • 4.85(a/b)2 + 15.82(a/b)3 - 16.33(a/b)4 

f(a/b)u = 0.77 + 0.45(a/b) - 9.04(a/b)2 + 27.64(a/b)3 - 27.43(a/b)4 

0.15 0.2 0.25 0.3 

a/b 
0.35 0.4 
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7 FINITE ELEMENT STUDY OF CRACKED CIRCULAR STEEL TUBE 
REPAIRED BY FRP PATCHING 

7.1 Introduction 

In Northern Alberta, Canada, the largest surface mining equipment in the world is used in 

oil sand mining operation. For example, the Syncrude mining site in Fort McMurray, 

Alberta is reliant on the operational reliability of heavy equipment. One of the heavy 

equipment used in the site is the draglines shown in Figure 7.1. In general, draglines are 

expected to remain in service for up to nine or more years, however, due to the increased 

loading on these structures and a harsh environment, cracking of boom members has 

become a major cause of unscheduled downtime of the equipment. Traditionally, repair 

of the crack is done by re-welding the cracked section. The method of re-welding the 

cracked section involves the removal of the fatigue crack by gouging of the material in 

the vicinity of the crack and subsequently replaces the material using a fill-weld process. 

However, in most instances, fatigue cracks reappear in the weld fill areas. As the 

application of FRP material to strengthen and repair of structures becoming more popular 

nowadays, FRP patching is considered as one of the possible alternative repair procedure 

for repairing the cracked steel members (Kennedy and Cheng 1998). A typical cluster in 

dragline boom is shown in Figure 7.2. In general, the dragline boom is in the form of 

circular tube structure and the crack is usually formed at a distance along the boom of 

approximately two-thirds the total boom length. A wall-thickness transition occurs 250 

mm above the cluster and a typical diagram of the transition is shown in Figure 7.3. 
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7.2 Objectives 

Test results have shown that it is effective to increase the fatigue life of cracked steel 

plate by applying FRP patching (Roberts 1995, Roach and Rackow 2005). FRP patching 

is considered as one of the possible alternative repair procedures for heavy steel 

equipment such as the boom members of draglines. In general, the dragline boom 

members are in the form of circular tube type structure. Therefore, FRP patching is 

usually bonded on one side (the outside surface) of the tube structure. Although the FRP 

material is applied on one side of the tube structure, the section will receive some support 

for out-of-plane bending after the application of the FRP material. In order to examine the 

efficiency of the repair by single-side patching of FRP material to tube structures, a finite 

element study of cracked steel tube structures was conducted and presented in this 

chapter. The objectives of this study are (1) to examine the reduction of SIF of cracked 

steel tube structure repaired with FRP patching using the finite element analysis; (2) to 

compare the finite element results of SIF of cracked tube structures with the finite 

element results obtained from the plates with single-side or double-side FRP patching; 

and, (3) to determine the fatigue life of welded steel tube member using the procedure 

discussed in Section 5.5.2. 

7.3 Development of a finite element model for cracked circular tube structures 

7.3.1 Dimension and finite element model of cracked steel tube 

A section across the thickness of a dragline boom chord is shown in Figure 7.3. The 

diameter of the dragline boom is 660 mm and the thickness of the thinner part is about 16 
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mm. Therefore, the corresponding thickness-to-diameter ratio (t/D) is about 0.024. For 

the finite element model, the thickness of the steel tube was taken as 9.5 mm. This 

thickness is the same as the thickness of the plates used for fatigue analysis in Chapter 5. 

In order to achieve the thickness to diameter ratio (t/D = 0.024) of the dragline boom, the 

outside diameter of the steel tube was taken as 400 mm. The total length of the steel tube 

was taken as 4000 mm with a circumferential through-wall crack located at the mid-span. 

The initial half circumferential through-wall crack length was 25.4 mm and the final 

crack length was 63.5 mm. The initial half crack length, the final half crack length and 

the dimensions of patching were taken as the same as those used in previous finite 

element models of cracked steel plates with CFRP patching. The cross section dimension 

and an illustration of the circumferential through-wall crack are shown in Figure 7.4. Due 

to symmetry, only a quadrant of the steel tube was modeled. The modified three layers 

model technique, which was used in the previous chapter for modeling the cracked steel 

plate with CFRP patching was adopted for modeling the cracked steel circular tube with 

CFRP patching. As in the previous model, the cracked steel tube was modeled by 3-D 

brick elements (C3D20, 20 node brick element in ABAQUS) and the adhesive and CFRP 

patching were modeled using shell elements (S8R, 8 node general purpose shell element 

in ABAQUS). At the location of the crack tip, 3-D collapsed node elements were used 

and the SIF around the crack tip was obtained using the contour integral method. A 

typical finite element model of the cracked steel tube is shown in Figure 7.5. 

Symmetrical boundary conditions were assigned at the symmetrical plane along the 

longitudinal and circumferential direction and a uniform axial stress of 100 MPa was 

assigned at the far end of the steel tube. 
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7.3.2 Material properties of the steel tube, the adhesive and the CFRP patching 

In the previous finite element parametric study of cracked steel plate with CFRP 

patching, the material properties of the 1.2 mm thick CFRP plate (Sika 2003) were 

assigned for the CFRP patching. In order to compare results of the plate model and the 

tube model, the same material properties of the CFRP plate were assigned for the cracked 

steel tube model with CFRP patching. The material properties of steel, CFRP plate and 

the corresponding adhesive are listed in Table 7.1. The number of layers assigned for the 

CFRP plate was 3. Therefore, the total thickness of CFRP plate was 3.6 mm and the 

corresponding adherend stiffness ratio of steel to CFRP (ETR) was 0.33. The 

corresponding thickness of the adhesive was 0.5 mm. 

7.4 Finite element results of the cracked circular tube structure with and without 

CFRP patching 

The finite element results of the SIF of cracked steel circular tube structure without FRP 

patching were compared to the prediction proposed by Lacire et al. (1999). According to 

Lacire et al. (1999), the SIF for a circumferential through-wall crack in a pipe under axial 

load and bending moment can be expressed by the following equations: 

K I=(F ta t+Fbab)V^e (7.1) 

where Ki is the SIF; Ft and Fb are the corresponding geometrical factors which represent 

the normalized stress intensity factor; Rm is the mean radius of the pipe; 0 is half of the 
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circumferential angle of crack (Figure 7.6); and, a t and <7b are the applied tensile and 

bending stresses calculated by 

27iRmt 
and 

M 
°b = 

*R; t 
(7.2a, b) 

where P is the applied axial force; M is the applied bending moment; and, t is the wall 

thickness of the tube. The geometrical factors for axial load (Ft) and bending moment (Ft,) 

are calculated by the following equations: 

Geometrical factor for axial load: 

A t + B , r^ 
w 

+ c. e + D, (-Y + E, 
0 

(7.3) 

where A t = l 

Bt = -1.040-3.1831^-4.83^2 -2.36943 

Ct = 16.71 + 23.10^ + 50.82^2+18.0243 

Dt = -25.85 -12.054 - 87.2442 - 30.3943 

Et = 24.70-54.184+ 18.0942+6.745^3 

4 = log 
f t ^ 

vRmy 
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Geometrical factor for bending moment: 

1 + -
2R 

my 
A b + B b 

/a\ 

w 
+ ct 

0 
V7ty 

+ D, e >\4 

+ E, 
7t 

(7.4) 

where Ab = 0.65133 - 0.57742, - Q.3427^2 - 0.0681^3 

Bb = 1.879 + 4.795^ + 2.343^2 - 0.6197^ 

Cb =-9.779-38.14^ - 6.611^2+3.972^3 

Db = 34.36 +129.9^ + 50.55^2 +3.374^3 

Eb =-30.82-147.64-78.38^-15.54^ 

4 = log 
f t ^ 

\ m / 

The applicable range of the above equations are 1.5 < Rm /1 < 80.5 and 0 < 6 / n < 0.611. 

7.4.1 Finite element results of SIF of cracked circular tube structure with and without 

CFRP patching 

For the finite element model, since only axial stress was assigned, based on Eq. (7.1) the 

normalized SIF is predicted by the following equation. 

K, = FtV^e (7.5) 
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By assigning four different circumferential half crack lengths, a, equal to 25.4 mm, 38.1 

mm, 50.8 mm and 63.5 mm, finite element models of a cracked steel circular tube with 

and without CFRP patching were formed and analyzed. As the mean radius of the tube is 

195.25 mm, the corresponding Rm/t value is 20.55 and the Ql% values for the four 

circumferential crack lengths (a = 25.4 mm, 38.1 mm, 50.8 mm and 63.5 mm) are 0.042, 

0.064, 0.085 and 0.106, respectively. These are within the applicable range of the 

equations proposed by Lacire et al. (1999). The finite element results of the normalized 

SIF and the results obtained by Lacire et al. (1999) are shown in Figure 7.7. As shown in 

the figure, the finite element results are generally in good agreement with the prediction 

of Lacire et al. (1999). Since 3-D brick elements were used for modeling the cracked 

circular tube, variation of the SIF across the thickness along the crack tip was obtained in 

the finite element analysis while the equations proposed by Lacire et al. (1999) did not 

reflect this variation. 

Comparisons of the normalized SIF of a cracked tube of different crack lengths with and 

without CFRP plate patching are shown in Figure 7.8. For the tubes with CFRP plate 

patching, it is shown that the normalized SIF of the patched side of the tube with different 

crack lengths are all smaller than the SIF values of the tubes without CFRP patching 

when the crack length was equal to 25.4 mm. A plot of the normalized SIF versus crack 

length is shown in Figure 7.9. It is shown that for the tube without CFRP patching, the 

SIF increases significantly when the crack length increases. On the other hand, for the 

tube with CFRP patching, the increase of SIF is not as significant as the models without 

CFRP patching, especially for the patched side. 
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7.4.2 Finite element results of crack opening displacement of cracked circular tube 

structures with and without CFRP patching 

The crack opening displacement of two cracked circular tubes (one without patching and 

one with CFRP plate patching) with half crack length of 63.5 mm is shown in Figure 7.10 

(magnitude of displacement was magnified by 1000 times). Due to the presence of the 

crack only on one side of the tube, the section stiffness became non-symmetric about the 

out-of-plane axis (2-axis in the figure). This change of section stiffness causes the crack 

opening to displace not only along the longitudinal direction (the 1-axis), but also in the 

transverse direction (the 3-axis) as shown in Figure 7.10(a). With the presence of the 

CFRP patching on the cracked region, part of the reduced stiffness of the tube is 

recovered and the crack opening displacement was observed only along the longitudinal 

direction (the 1-axis), as shown in Figure 7.10(b). Numerical values of the longitudinal 

crack opening displacements of tubes with and without CFRP plate patching (crack 

length equals to 25.4 mm and 63.5 mm) are shown in Figure 7.11. As shown in the 

figure, even for the cracked tube with crack length of 63.5 mm, the maximum 

longitudinal crack opening displacement of tubes with CFRP plate patching is less than 

that of the cracked tube without CFRP patching and the crack length of 25.4 mm. 

Therefore, a significant reduction of the crack opening displacement could be obtained by 

applying CFRP patching on the crack region of circular tube structure. 
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7.4.3 Comparison of the finite element results of SIF of a circular tube structure and 

plate member 

In the previous chapter, the results of parametric study of the SIF of cracked steel plates 

with single-side or double-side CFRP plate patching were presented and discussed. For 

plates with only single-side patching, bending of the plates occurs due to the un-

symmetric application of patching. As a result, the SIF increases slightly for the side 

without patching. For the circular tube structure with crack only on one side, it was 

shown in the previous section that due to the presence of the crack only on one side of the 

tube, the crack opening displaced not only along the longitudinal direction, but also in the 

transverse direction when the tube was subjected to tensile stress only. When the crack 

was repaired by single-side FRP patching, part of the reduced stiffness of the tube was 

recovered and the crack opening displacement was observed only along the longitudinal 

direction. The normalized SIF values of a cracked tube member and a plate member with 

CFRP plate patching are shown in Figure 7.12. As shown in the figure, the values of the 

normalized SIF of cracked steel circular tube with single-side CFRP patching are close to 

the values of cracked steel plate with double-side CFRP patching. Therefore, due to the 

geometry of the tube structure, the application of single-side patching on cracked circular 

tube causes the SIF to reduce in a way similar to that of applying double-side patching to 

a cracked plate. 
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7.5 Reduction of SIF of cracked steel circular tube structure with different type of 

CFRP patching 

In the previous section, the material properties of the CFRP composite were based on the 

material properties of a 1.2 mm thick pre-fabricated CFRP plate (Sika 2003). These pre­

fabricated CFRP plates are very convenient for application on flat surfaces such as a 

beam flange, beam web, or slab. However, for the application of CFRP patching to tube 

structures with a curved surface, the CFRP sheet is more appropriate. Therefore, another 

set of finite element models were developed by assigning the material properties of CFRP 

sheets (Mitsubishi Chemical Co. 1999). Typical CFRP plate and CFRP sheet composites 

are shown in Figure 7.13. The material properties of CFRP sheet and corresponding 

adhesive are listed in Table 7.1. For the CFRP sheet, the average thickness per ply after 

applying the matrix is about 0.23 mm. In order to achieve a similar ETR value as in the 

previous analyses, the number of layers assigned for the CFRP sheet was 22 and the 

corresponding thickness and ETR value was 5.06 mm and 0.34, respectively. However, 

due to the different form of CFRP composite, the type and thickness of the corresponding 

adhesive are different. The thickness of the adhesive corresponding to the CFRP plate 

was 0.5 mm while the thickness of adhesive corresponding to the CFRP sheet was 0.06 

mm. 

The finite element results of SIF of a cracked steel tube with a different type of CFRP 

patching for a circumferential half crack length, a, of 25.4 mm are shown in Figure 7.14 

along with the prediction by Lacire et al. (1999) and the finite element results of SIF of 

unpatched tube. It is shown that the reduction of the normalized SIF on the patched side 
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is about 47% for the cracked tube with CFRP plate patching and 31% for the cracked 

tube with CFRP sheet patching. Although the ETR value for the tubes with CFRP plate 

patching and CFRP sheet patching is almost the same, it is shown that the reduction of 

the normalized SIF is more significant for model with CFRP plate patching with the 

material properties assigned in this study. The normalized SIF values across the thickness 

of the tube with different circumferential half crack length is shown in Figure 7.15 for 

tubes with CFRP sheet patching along with the results of the tubes without CFRP 

patching. Compare to the results of the tubes with CFRP plate patching (Figure 7.8), it is 

evident that the trend in the reduction of SIF for tubes with CFRP sheet patching is 

similar to that of the tubes with CFRP plate patching. It is also evident that the 

normalized SIF of the patched side of the tube with different crack lengths are all less 

than the values of the tube without CFRP patching with half crack length of 25.4 mm. A 

plot of the normalized SIF versus crack length for tubes with and without CFRP patching 

is shown in Figure 7.16. It is shown that the normalized SIF of tubes with CFRP sheet 

patching is about 20% and 24%, on average, higher than those obtained in the tubes with 

CFRP plate patching on the unpatched side and patched side, respectively. Nevertheless, 

it is evident that a significant reduction of the SIF is observed for tubes with either types 

of CFRP patching. 

7.6 Fatigue life analysis of cracked steel tube structure with CFRP patching 

In order to examine the increase of fatigue life of welded steel circular tube member due 

to the application of CFRP patching, prediction of the fatigue life of welded steel circular 

tube members with and without CFRP patching, was carried out. The analysis was based 
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on the procedure discussed in Section 5.5.2. As in the previous study of welded steel 

plates with crack in welded region and with CFRP patching, the equation given in 

Chapter 5 for predicting the fatigue cycle (Eq. 5.29) was adopted here as well. The 

equation is repeated below: 

N= fr da (5.29) 
A. C(AKeff)

m 

where N is the number of cycles, a, is the initial half crack length; af is the final half crack 

length; AKeff is the effective stress intensity factor range; and, C and m are the material 

constants of steel. The initial and final half crack lengths are taken as 25.4 mm and 63.5 

mm respectively in this study. The C and m are taken as 8.88 x 10"12 m/cycle and 3.03 in 

this study according to the material constant of G40.12 350WT steel (Yin et al. 2006). 

The stress intensity factor (K) for a cracked circular tube without FRP patching subject to 

only axial load can be determined by the following equation (Lacire et al. 1999). 

K = a t F t V^e (7.6) 

where a t is the tensile stress range; Ft is the geometrical factor for axial load obtained 

from Eq. 7.3; Rm is the mean radius of the pipe; and, 9 is half of the circumferential angle 

of crack. To account for the crack closure effect due to the presence of the residual stress 

in the welded region, the effective stress intensity factor range (AKeff) is obtained from 

Eq. 7.7 below. 
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AKeff=(amax-aop)FtV^e (7.7) 

where amax is the maximum tensile stress and crop is the opening stress, as defined in Eq. 

5.28. Other terms have been previously defined. For cracked circular tube with CFRP 

patching, it was shown from the previous section that the SIF is reduced significantly. A 

plot of the finite element results of normalized SIF (AK/ACT) is shown in Figure 7.16 for 

tubes with and without CFRP patching. In order to obtain an equation for AK for cracked 

circular tubes with CFRP patching similar to Eq. 7.6, the geometrical factors Ft; CFRP was 

calculated from the following equation. 

AK 

Ao-V^e *\,CFRP — . r~Z — \'-") 

where values of AK/ACT were based on the finite element results of the unpatched side of 

cracked steel circular tube with CFRP sheet patching. A plot of Ft (based on Eq. 7.3) and 

Ft, CFRP (based on Eq. 7.8) is shown in Figure 7.17. Based on the finite element results, an 

equation for Ftj CFRP to the third order with respect to 9/TT was developed and the equation 

is given below. 

FtcFRP -1.155-13.573 122.94 
{nj 

401.18 (7.9) 
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Therefore, the corresponding effective stress intensity factor range (AKcFRP,eff) for 

cracked circular tubes with CFRP sheet patching is determined by the following equation. 

AKCFRP>eff = (amax -aop
p)FtCFRPA/7iRm6 (7.10) 

where aop
p is the opening stress for steel plates with patching, as defined in Eq. 5.31. 

Other terms have been defined previously. 

In this study, the maximum stress (amax) was assigned as 283 MPa which was the 

maximum stress in the high stress range spectrum defined in the fatigue tests reported by 

Roach and Rackow (2005). The fatigue life of cracked steel circular tubes with and 

without CFRP sheet patching is shown in Figure 7.18. As shown in this figure, the 

number of cycles of loading of cracked steel circular tubes without and with CFRP sheet 

patching is 23262 and 503441, respectively. The number of cycles of loading is increased 

about 21.6 times for the cracked steel circular tube with CFRP sheet patching. 

7.7 Summary and conclusions 

In this chapter, a finite element study of the reduction of SIF of cracked steel circular tube 

repaired by CFRP patching was presented. The cracked steel circular tube was modeled 

using 3-D brick elements and the adhesive and CFRP patching were modeled by using 

shell elements. The finite element results for the SIF of the cracked steel circular tube 

without CFRP patching and with a half circumferential crack length of 25.4 mm, 38.1 
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mm, 50.8 mm and 63.5 mm were compared to the results obtained from equations 

proposed by Lacire et al. (1999). It was shown that the finite element results compared 

well with the results of Lacire et al. (1999). For the tubes with CFRP patching, two 

different types of CFRP materials (the plate type and sheet type) were used for modeling 

the cracked steel circular tubes with CFRP patching. A comparison of the SIF of cracked 

steel circular tubes with and without CFRP patching showed that the SIF was reduced 

significantly for the tubes with CFRP patching. Larger reduction of the SIF was observed 

for the tubes with CFRP plate patching (66% for model with CFRP plate patching and 

54% for model with CFRP sheet patching) even though the adherend stiffness of the 

CFRP plate models was assigned almost the same as the CFRP sheet models in this 

study. However, the shear modulus of adhesive used in the CFRP plate model is about 

four times larger than that of the CFRP sheet model. Although the adherend stiffness of 

CFRP composite is one of the major parameters in this study, it is believed that other 

parameters such as the stiffness of adhesive also contributed to the reduction of the SIF. 

The results of the normalized SIF of the cracked steel tube were compared to the results 

of cracked steel plate with single-side and double-side CFRP patching. Even though 

CFRP patching was applied only on one side of the cracked tube, due to the geometry of 

tube, the behaviour of the crack opening for the tube with CFRP patching was similar to 

that of the cracked steel plate with double-side CFRP patching. As a result, the reduction 

of SIF of the cracked steel tube with single-side CFRP patching was close to the values of 

the cracked steel plate with double-side CFRP patching. 
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The fatigue life of the welded steel circular tubes with and without CFRP patching was 

obtained using the procedure discussed in Section 5.5.2. It was shown that the increase of 

number of cycle of loading is about 21.6 times for the tubes with CFRP sheet patching 

compared to that of the model without CFRP patching when the circumference half crack 

length grew from 25.4 mm to 63.5 mm. 
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Table 7.1 Material properties of steel, adhesive and CFRP of tube model 

Steel tube 

CFRP plate composite 

Adhesive for CFRP plate 

CFRP sheet composite 

Adhesive for CFRP 

sheet 

Elastic modulus 

Poisson's ratio 

Longitudinal elastic modulus 

Transverse elastic modulus 

Poisson's ratio 

Shear modulus 

Elastic modulus 

Poisson's ration 

Shear modulus 

Longitudinal elastic modulus 

Transverse elastic modulus 

Poisson's ratio 

Shear modulus 

Elastic modulus 

Poisson's ration 

Shear modulus 

Es = 

V s = 

Efrpl = 

Efrp 2 = 

Vfrp = 

G f r p ^ 

Ea = 

V a = 

Ga = 

Efrpl = 

Efrp 2 = 

Vfrp = 

Gfrp = 

Ea = 

V a = 

Ga = 

200,000 MPa 

0.3 

175,000 MPa 

9,000 MPa 

0.28 

4,500 MPa 

4,500 MPa 

0.34 

1,680 MPa 

128,000 MPa 

6,900 MPa 

0.17 

4,480 MPa 

3,000 MPa 

0.34 

1,120 MPa 

227 



Figure 7.1 Dragline at Syncrude mining site (Courtesy Syncrude Canada Ltd.) 
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Figure 7.2 Cluster in dragline boom (Courtesy Syncrude Canada Ltd.) 
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Figure 7.3 Wall-thickness transition in dragline boom chord (Courtesy Syncrude Canada 
Ltd.) 
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Figure 7.4 Section dimension, crack and CFRP detail of tube member 
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Figure 7.5 Typical finite element mesh of cracked steel circular tube member with CFRP 
patching 
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Figure 7.6 Geometry of a circular tube with a circumferential through-wall crack 
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Figure 7.7 Comparison of F.E. results of normalized SIF of cracked steel circular tube 
without CFRP patching to the prediction of Lacire et al. (1999) 
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Figure 7.8 Comparison of F.E. results of normalized SIF of cracked steel circular tube 
with and without CFRP plate patching for various circumferential half crack length 
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Figure 7.9 The normalized SIFs of cracked steel circular tube with and without CFRP 
plate patching versus half crack length 
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(a) crack opening displacement of crack steel circular tube without CFRP patching 

CFRP 

(b) crack opening displacement of crack steel circular tube with CFRP patching 

Figure 7.10 Comparison of crack opening displacement of crack steel circular tube with 
and without CFRP plate patching 
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Figure 7.11 Longitudinal crack opening displacement of models with and without CFRP 
plate patching (half crack length of 25.4 mm and 63.5 mm) 
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Figure 7.12 Comparison of normalized SIF of cracked steel circular tube and cracked 
plate with CFRP patching 
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Figure 7.13 Typical CFRP plate and CFRP sheet 
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Figure 7.14 Comparison of F.E. results of normalized SIF of cracked steel circular tube 
with and without CFRP patching for circumferential half crack length, a, of 25.4 mm 
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Figure 7.15 Comparison of F.E. results of normalized SIF of cracked steel circular tube 
with and without CFRP sheet patching for various circumferential half crack length 
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Figure 7.16 The normalized SIFs of cracked steel circular tube with and without CFRP 
patching versus half crack length 
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Figure 7.17 Geometrical factors of cracked steel circular tube with and without CFRP 
patching 
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Figure 7.18 Comparison of the number of cycles of cracked steel circular tube with and 
without CFRP patching for circumference half crack length grew from 25.4 mm to 63.5 

mm 
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8 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

8.1 Summary 

Due to the growing use of fiber reinforced polymer (FRP) composite materials to 

different engineering structures, FRP patching techniques are being considered as 

alternatives to traditional methods of strengthening and fatigue crack repair in steel 

structures. In order to understand the load transfer between composite patch and the base 

metal adherend, Kennedy and Cheng (1998) investigated the bond behavior of carbon 

fiber reinforced polymer (CFRP)/steel double lap joints. In their experiment, CFRP sheets 

with relatively thin thickness were used to form the CFRP/steel double lap joint. The 

corresponding adherend stiffness ratio (ETR) of CFRP to steel varied from 0.046 to 

0.138. In order to study the bond behavior of CFRP/steel double lap joint with higher 

ETR value, additional experimental and numerical studies were carried out in the first 

study. Based on the experimental and the numerical results, analytical solutions proposed 

by Hart-Smith (1973) were adopted for predicting the minimum lap length and the 

corresponding maximum tensile strength of the CFRP/steel double lap joints. 

The study of the tensile behavior of CFRP/steel double lap joint showed that loads could 

be transferred successfully from the steel plates to the CFRP composite materials through 

the adhesive. It is known that the fatigue behavior of a cracked member is related to the 

fracture properties of the crack tip, such as the magnitude of the stress intensity factor 

(SIF) of crack tip. Therefore, in the second study, investigation of the SIF of cracked 

members with FRP patching was carried out. Finite element models were developed to 
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study the reduction of the SIF of cracked steel plates with single-side CFRP patching. 

Two types of finite element models: (a) the three layers finite element model (Naboulsi 

and Mall, 1996) which used shell elements to model the cracked steel plates, the adhesive 

and the CFRP patching and (b) a modified three layers finite element model proposed in 

this study which used shell elements to model the adhesive and the CFRP patching and 

brick elements to model the cracked steel plates were studied and the results of the SIFs 

obtained from these two finite element models were compared. It should be noted that a 

linear relationship of SIF through the plate thickness was assumed in the three layer 

model, whereas the SIF through the thickness of the plate of the modified three layer 

model could be obtained numerically since 3D brick elements were used to model the 

cracked steel plate. The strain results of the finite element analysis were compared to the 

experimental results obtained by Kennedy and Cheng (1998). Then, the SIF results 

obtained from the three layer model and the modified three layer model were compared. 

It was showed that the three layer model overestimated the SIF on the patched side and 

underestimated the SIF on the unpatched side. Based on the results of the modified three 

layer finite element model, it is shown that the SIF was reduced significantly on the 

patched side and the SIF values varied through the thickness of the cracked steel plate 

with single-side CFRP patching. 

In the third study, the modified three layer finite element models were adopted to analyze 

the effect of single-side CFRP patching of cracked steel plates on the variation of the SIF 

across the thickness of the crack tip at different stages of crack propagation. The 

numerical procedure of crack propagation from Lee and Lee (2004) was applied in 

241 



updating the crack tip shape and the corresponding SIF. The numerical results of the SIF 

were subsequently applied to the fatigue analysis and the results compared well with the 

fatigue test results of cracked steel plates with single-side FRP patching (Roach and 

Rackow, 2005). 

In order to examine the effect of several parameters such as the adherent stiffness ratio, 

form of crack and patching, finite element parametric study of the stress intensity factor 

and prediction of fatigue life of cracked steel plates repaired by FRP patching was carried 

out in the forth study. Lastly, finite elements models were developed to study the 

reduction of the stress intensity factor of a cracked steel circular tube structure with FRP 

patching. Based on the finite element results, the extension of the fatigue life of a 

cracked steel circular tube member repaired by CFRP patching was determined. 

8.2 Conclusions 

A study of the repair of steel structures by bonding FRP composites was carried out by 

examining (1) the tensile strength of FRP composite/steel double lap joint; (2) the 

reduction of stress intensity factor of cracked steel plates with FRP patching; and, (3) the 

extension of fatigue life of cracked steel plates with FRP patching. The conclusions of the 

current study are as follows: 

Tensile strength of CFRP/steel double lap joints: 

The test parameters of the CFRP/steel double lap joint specimens subjected to tensile 

loading included: (a) the lap length; (b) the adherend stiffness ratio; and, (c) a tapered and 
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a non-tapered lap joint pattern. Based on the experimental results, the following 

conclusions are drawn: 

1. All of the specimens failed by debonding of the adhesive. 

2. For specimens with the short lap length, brittle failure behavior was observed. 

3. The axial capacity of the joint did not increase further once the lap length 

reached a certain limit. Once the lap length reached a certain limit, the axial load 

carrying capacity of the joint with the same adherend stiffness ratio could only 

be increased marginally by increasing the lap length. However, a larger failure 

deformation was observed before failure in specimens with longer lap length. 

4. With the same inner adherend thickness, specimens with higher adherend 

stiffness ratio showed a higher axial load carrying capacity. 

5. The axial capacity of joint with tapered lap and long lap length was almost the 

same as that of joint with non-tapered lap. 

Based on the finite element results, the analytical solution which was developed by Hart-

Smith (1973) was applied to determine the maximum axial strength and minimum 

required lap length of the lap joint (Eqs. 3.8 to 3.11). The corresponding minimum lap 

length of the joint can be obtained from the maximum joint strength. Both results for the 

maximum joint strength and the minimum lap length agree well with the test results. 

Reduction of stress intensity factor (SIF) of cracked steel plates with CFRP patching 

Based on the finite element results of the SIF using the modified three layers models, the 

following conclusions are drawn: 
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1. The finite element results showed that patch width, patch length and edge shape 

of patching have marginal effect on reducing the SIF. 

2. The effect of adherend stiffness ratio (ETR = Efrptfrp/Ests) on the reduction of SIF 

is more pronounced. 

3. When compared to the non-patched patch, the average reduction of the SIF on 

the patched side was about 61% for specimens with ETR of 0.16 and 53% for 

specimens with ETR of 0.107 

4. The SIF of the crack tip on the unpatched side was about 14% (at most) higher 

than the SIF value of plates without CFRP patching. 

Extension of fatigue life of welded steel plates with the crack in welded region repaired 

with FRP patching 

Based on the results of the finite element analysis, the following conclusions are drawn: 

1. For plates with single-side patching only, it was found that the effect of adherend 

stiffness ratio (ETR) on the stress intensity factor of the unpatched side was not 

significant. However, the effective stress, which is defined as the difference 

between the maximum applied stress and the crack opening stress of plate with 

FRP patching, decreased with increasing ETR value. 

2. It was shown that for an edge crack plate with single-side patching and with 

ETR of 0.13, 0.20 and 0.33, the fatigue life increased by 2.62, 3.76 and 9.2 

times, respectively. Moreover, for the plates with a central crack and with 
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single-side patching; and, with ETR of 0.13, 0.20 and 0.33, the fatigue life was 

increased by 1.73, 2.46 and 5.90 times, respectively. 

3. For plates with double-side patching, the increase in fatigue life was about 3.82, 

8.59 and 41.7 times for plates with an edge crack and 2.79, 5.38 and 21.4 times 

for plates with a central crack with ETR of 0.13, 0.20 and 0.33, respectively. 

4. It is shown that a higher efficiency of FRP patching was observed in plates with 

an edge crack than in plates with a central crack. It was also found that the 

increase in fatigue life was more pronounced for cracked plates with double-side 

patching. 

Proposed procedures for determining the fatigue life of welded steel plates with a crack in 

the weld region were extended to determine the fatigue life of welded steel circular tube 

members. It was shown that for the welded steel circular tube member with CFRP 

patching, based on the numerical results, the increase in fatigue life was about 21.6 times 

for the tubes with CFRP sheet patching and an ETR of 0.34 when the circumference half 

crack length grew from 25.4 mm to 63.5 mm. Even though the CFRP patching was 

applied only on one side of the cracked tube, due to the geometry of the tube, the 

behavior of the crack opening displacement of the tube model with CFRP patching was 

similar to that of the cracked steel plate with double-side CFRP patching. As a result, the 

reduction of the SIF of the cracked steel tube with single-side CFRP patching was close 

to those of the cracked steel plate with double-side CFRP patching. 
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8.3 Recommendations for future work 

In this study, a far end uniform stress was applied for both the numerical and the 

experimental studies and only two crack patterns (edge crack and central crack) were 

considered. Since the fatigue life of era eked elements with different geometry and 

loading patterns is highly dependent on the change of the stress intensity factor (SIF) at 

the crack tip, more studies (experimental and numerical) on the reduction of SIF of 

cracked element with different forms of crack and FRP patching should be conducted. 

The studies should consider parameters, such as the properties and orientations of FRP 

patching, the properties of adhesive, hybrid patching, geometry of crack pattern, loading 

pattern etc. Regarding the long term application of CFRP patching, durability of patching 

and adhesive should be examined since the efficiency of a repair would be reduced if 

significant debonding of FRP patching occurs. 
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Appendix A Equations proposed by Wang et al. (1998) for determining SIF 

Wang et al. (1998) proposed a modified equation for predicting the SIF of plate with only 

single side patching. Based on the assumption that the SIF at crack tip for plate with 

single side patching varies linearly across the thickness of the plate, the SIF at crack tip 

on patched and unpatched side are predicted by the Eqs. 5.18 and 5.19 which were 

repeated in following. 

K unpatched — 

\ l / 2 

v l + RSIF + RSIF'y 

r 

,1/2 

K patched 

V1 + RS I F+RS I F j 
SIF r m s 

(Al) 

(A2) 

where RSIF is the ratio of the SIF of patched side to unpatched side and is depended on the 

geometry and material properties of the plate and reinforcement. 

The calculation of the ratio of the SIF of patched side to unpatched (RSIF) is as following: 

RSIF — 

Kmin I t +( l + S)tp(At)(z-tD) 

K 
(A3) 

I t+(l + S)tp(At)z 
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where I t = I p + n I r ; n = - ^ ; Ip = — 1 \ + t p ( z P - z ) 2 ; Ip = — tj + t r ( z r - z ) 2 

E p ' p 12 p p 12 

zn + Szr - - E t 
-2 - ; At = z - z p ; S = - ^ -

1 + S P
 V P 

Er, Ep, tr and tp are the elastic modulus and thickness of reinforcement and 

plate; z and zr are the distance defined in Fig. Al 

Reinforcement 

t r ^ I Z \/////////////////////////////////^//^W^ 

Plate 

Figure Al Definition of z p , z r , tr and tp 

The K*rms is the root-mean-square SIF for plate with single patching (Eq. 5.20) which is 

repeated in following. 

K rms = K̂CO (A4) 

where Kr denotes the SIF for two sided patching (Eq. 5.17) and co is the bending 

correction factor which is related to the geometry and material properties of the plate and 

reinforcement also. The equation for calculating co is shown in following. 
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»'-2 + ^ +
3 p t ' 

2t kt 
' i + ^ ' 

r V "r y t 
(1-Q) + (1 + S l 2 + I l p 3 t . ^ - V * 3 

r 7 

At 

v ^ y 

+ (i-Q» + s # 
3z 

(A5) 

v K y 

where P = 
t. 

f 1 1 ' 
+ 

V ^ P E r ^ y 

1/2 

; k4 = E a 

4t. v D P + ° r 

p 12 r 12 

Q = 
P ( t r / t p + 3 / 4 ) ( l - S t r / t p ) 

k(l + S) l + t r / t p 

Ea, ta and |ia are the elastic modulus, thickness and shear modulus of adhesive 
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