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ABSTRACT 

 This dissertation presents findings from three separate investigations, a laboratory study 

and two field studies that evaluated the durability of the Fiber Reinforced Polymer (FRP)-concrete 

bond. The laboratory study explored the role of porosity on CFRP-concrete bond following 

immersion in warm water. Two disparate field studies measured residual bond after 20 years 

outdoor exposure of FRP repairs of full-size masonry walls and after 12 years for partially 

submerged piles supporting the Friendship Trail Bridge, Tampa Bay. 

 The ACI 440 code requires the same surface preparation for all externally bonded FRP 

concrete repairs. This disregards the role of porosity that is a function of the water / cementitious 

(w/c) ratio. Concretes with high w/c ratios are low strength concretes, have large voids and a more 

elaborate capillary pore network compared to low w/c, high strength concretes. Epoxies will 

therefore penetrate deeper into high porosity concretes. As a result, the performance of low 

strength, high porosity concrete under moisture exposure can be anticipated to be superior. The 

laboratory study was intended to determine whether this hypothesis was correct or not. 

 Three different concrete mixes with water / cementitious ratios of 0.73, 0.44 and 0.25 

representing high, medium and low porosities were used for the study. The corresponding target 

compressive strengths were 2,500 psi, 5,000 psi and 7,500 psi respectively. A total of eighteen, 9 

in. x 9 in. x 2.5 in. thick slabs, three for each concrete porosity were tested. Slabs were allowed to 

cure for over 90 days before surfaces were lightly sand blasted to provide the required concrete 

surface profile (CSP 3). Specimens were then pre-conditioned in an oven for 48 hours to ensure 

uniform drying. 
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 Concrete porosity was characterized using mercury porosimetry, SEM, 3D surface 

scanning and images obtained using a portable microscope. Two commercially available CFRP 

materials were bonded to the oven-dried prepared slab surfaces and the epoxy allowed to cure at 

room temperature for 4 weeks. Twelve FRP bonded slabs were completely submerged in potable 

water at 30 oC (86 oF) as part of the aging program. The six remaining slabs were used for 

establishing baseline bond values through destructive pull-off tests. The twelve exposed slabs were 

similarly tested following 15 weeks of exposure.   

 Results showed minimal degradation in the high porosity, low strength concrete but over 

20% reduction in the low porosity, higher strength concrete. Analysis of the failure plane indicated 

that the lower porosity of the high strength concrete had limited the depth to which the epoxy could 

penetrate. This was confirmed from magnified images of the bond line taken using a microscope 

and from a careful assessment of the failure mode. Findings also suggest that the CSP 3 surface 

profile (light sand blasting) may be adequate for lower strength concrete but not so for higher 

strength concrete. For applications where FRP concrete repairs of higher strength concrete are 

permanently or intermittently exposed to moisture, alternative surface preparation may be needed 

to allow epoxy to penetrate deeper into the concrete substrate. The viscosity of the resin hitherto 

not considered may be a critical parameter. 

 In 1995, two full-scale concrete masonry walls were repaired using three horizontally 

aligned 20 in. (508 mm) wide uni-directional carbon fiber sheets using different commercially 

available epoxies. Twenty years later the CFRP-CMU bond was determined through selective pull-

off tests that were preceded by detailed non-destructive evaluation. Results showed that despite 

superficial damage to the top epoxy coating and debonding along masonry joints, the residual 

CFRP-CMU bond was largely unaffected by prolonged exposure to Florida’s harsh environment.  
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 Therein, 99% of samples exhibited in cohesive failure of the CMU or mortar. Pull-off 

strength was poorer at mortar joints but because the CFRP was well bonded to the masonry surface, 

its impact on structural performance of the repair was expected to be minimal. Overall, the repairs 

proved to be durable with both epoxy systems performing well. 

 The Friendship Trail Bridge linking St. Petersburg to Tampa FL was demolished in 2016. 

This was the site of three disparate demonstration projects in which 13 corroding reinforced 

concrete piles were repaired using fiber reinforced polymer (FRP) in 2003-04, 2006, and 2008. 

The repairs were undertaken using combinations of carbon and glass fiber, pre-preg and wet layup, 

epoxy and polyurethane resin, and were installed using either shrink wrap or pressure bagging. 

Residual FRP-concrete bond was evaluated after up to 12 years of exposure through 120 pull-off 

tests conducted on 10 representative repaired piles. Results showed a wide variation in the 

measured pull-off strength depending on the type of resin, the number of FRP layers, the prevailing 

conditions at the time the epoxy was mixed and the method of installation. Epoxy-based systems 

were found to be sensitive to ambient conditions at installation. Pressure bagging improved 

performance. The highest residual bond was recorded in pressure bagged piles repaired in 2008. 

The findings suggest that in marine environments epoxy-based systems installed using pressure 

bagging can lead to durable repairs.
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 CHAPTER 1: OVERVIEW 

 This dissertation presents findings from three separate investigations, a laboratory study 

and two field assessments evaluating the durability of FRP-concrete bond. The laboratory studies 

were conducted to understand how durability could be improved in the future while the field 

studies focused on determining the performance of past repairs. Thus, the two studies linked the 

past to the future.  

 Durability of FRP-concrete bond is critically important. It has been, and continues to be, 

the subject of worldwide research studies. Much has been learned and critical environments 

identified that are summarized in state-of-the-art reviews, e.g. (Myers, 2007), (Dolan, et al., 2009), 

(Sen, 2015). These studies evaluated residual bond following exposure to various environments 

for different combinations of FRP materials and concrete strengths.  

 An important parameter that appears to have been overlooked is the role of concrete 

porosity on long term durability. Porosity is a measure of the extent and size of the network of 

voids present in concrete. The volume of capillary pores present in hydrated concrete is 

proportional to the water / cementitious (w/c) ratio of the concrete mix, e.g. (Mehta and Monteiro, 

1993). The epoxy resin may therefore be expected to penetrate deeper into low strength concrete 

because of its high porosity compared to high strength, low porosity concrete where penetration 

will be commensurately shallower. Because permeability is lower in higher strength concrete, it 

will take moisture longer to reach the bond line. But since epoxy can seal larger voids in lower 

strength concrete there is a possibility that degradation will occur sooner in high strength concretes. 
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 The laboratory study was set up to explore this hypothesis and is described in Chapters 2 

to 8 in this dissertation. 

 The University of South Florida (USF) has been a pioneer in the application of externally 

bonded FRP used for masonry settlement repair and for repairing corrosion damage in piles. The 

use of FRP to repair settlement damage was completed in 1995. Twenty years represents an 

important mile stone especially since the expected life of a repair is not stated in any specifications. 

Thus, 2015 was an opportune time to obtain information on FRP-concrete bond. This was 

evaluated through both non-destructive and destructive testing. The entire manuscript, Al Azzawi 

et al. 2018 that is awaiting publication in ACI Structural Journal is included as Chapter 9.  

 The Friendship Trail Bridge has been the site of three disparate studies in which corroding 

piles were repaired between 2003 to 2008. When a decision was made to demolish this bridge in 

2015, Mr. Nils Olsson, Senior Bridge, Hillsborough County Public Works Department, 

approached USF to conduct studies prior to its demolition. Their offer of assistance and 

arrangements with the demolition contractor made it possible to complete 80% of the investigation 

by the time the bridge was demolished in April 2016. The accepted manuscript, Al Azzawi et al. 

2018, awaiting publication in ASCE’s Journal of Composites for Construction is included as 

Chapter 10. 

 To avoid clutter, additional data are included separately in Appendix A. 
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 CHAPTER 2: FRP-CONCRETE BOND-LABORATORY STUDY 

 The performance of fiber reinforced polymers (FRP) used in structural repair and 

rehabilitation hinges on the integrity of its bond with concrete. Building codes, e.g. ACI 318-14 

have long recognized that better bond is achieved when surfaces are roughened since it 

significantly increases the contact area between the two bonding surfaces. The required roughening 

for bonding FRP is defined in ACI 440.2R-17, 6.4.2.1 which states that the “concrete surface 

should be prepared to a surface profile not less than CSP 3, as defined by ICRI 310.2R”. This 

profile illustrated in Figure 2.1 is achieved by light sand blasting.   

 

Figure 2.1 Concrete surface profiles.  

Reprinted from NCHRP 609, Attachment C. 

Permission to use from National Academy of Sciences 
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 NCHRP 609 study on construction specifications published in 2008 reported bond results 

from flexure tests on 26 beam specimens and 10 double shear bond specimens. The target 28-day 

concrete compressive strength was 5,000 psi. Three different concrete sets and profiles, CSP 1, 

CSP 2-3 and CSP 6-9 were evaluated. Based on the results, the study concluded that even the 

“smoothest concrete surface profile …CSP 1 …appeared to provide adequate surface roughness”.  

 Surface profile contributes to bond through mechanical interlock and is commonly 

considered to provide most of the adhesion with minor contribution from chemical bond. The 

insensitivity in the NCHRP results suggest that hitherto unrecognized factors may have played an 

important role. Foremost among these is the porosity of concrete’s microstructure. Since concrete 

uses more water than is needed for hydration, any additional water results in the formation of a 

network of interconnected voids following evaporation. The extent of the network depends on the 

amount of water used and on the air content.  

 

Figure 2.2 Pore diameter, w/c vs penetration volume. 

Adapted from Concrete (3rd Edition) p.33 by Mehta and Monteiro, 2006, McGraw-Hill  
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Figure 2.3 Pore diameter, w/c vs penetration volume. 

Adapted from Concrete (3rd  Edition) p.33 by Mehta and Monteiro, 2006, McGraw-Hill 

 The maximum average pore size diameter and the distribution of the pores over the bonding 

surface controls the amount of epoxy that can penetrate into the concrete. Figure 2.2 taken from 

Mehta and Monteiro 1993 shows the relationship between pore diameter, penetration volume and 

the water / cementitious ratio. Inspection of Figure 2.2 shows that larger pore diameters and higher 

penetration volumes are associated with lower strength concrete and vice versa. Figure 2.3 shows 

the relationship of porosity with age for a w/c ratio of 0.7. The dependence diminishes after 90 

days; note that the difference in pore diameters between 90 days and 1 year is much smaller 

compared to that between 28 days and 1 year. In this study, porosity measurements were made 

after 90 days. 
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 According to (Mindess, et al., 2003), the water cement ratio for 5,000 psi air entrained 

concrete is 0.4. For this ratio, the penetration volume is around 0.1 cc/g. The corresponding 

maximum pore size is 1,000Å but the average is closer to 200Å. For this combination, penetration 

of the epoxy into the concrete pores is not necessarily optimal. This suggests that the optimal 

surface profile needs to be tailored to reflect concrete porosity.  

 Numerous studies have evaluated the role of concrete strength and bond, e.g. (Chajes, et 

al., 1996), (De Lorenzis, et al., 2001) but their focus was on unexposed specimens. Since epoxies 

can absorb moisture, water can penetrate into the concrete and react chemically to degrade it. To 

date, the effect of porosity on long term FRP-concrete durability under moisture exposure has not 

been systematically evaluated. 

2.1 Objectives 

 The primary goal of the investigation is to understand the relationship between concrete 

strength, porosity and submerged exposure in potable water. It focuses on specimens whose 

surface profiles conform to CSP 3 as required by ACI 440.2R-17.  

 The study can potentially provide new information on the appropriateness of using the 

same surface profile regardless of concrete strengths or porosity. Since testing will yield results 

for dry conditions it could provide actionable information on surface preparation needed for both 

indoor and outdoor applications. This could potentially lead to reduced costs if less intensive 

surface preparation were found to be necessary.
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  CHAPTER 3: TEST PROGRAM 

 Beginning in the late 1990’s several laboratory studies were conducted primarily to identify 

the optimal surface profile for bonding FRP to concrete. These evaluated the effect of variation in 

bond due to changes in concrete strength and surface preparation techniques that considered water 

jetting, sand blasting, shot blasting, manual grinding and air chisels. The resulting profiles were 

mapped optically, e.g. using laser profilometry; bond improvement was established from 

destructive testing. This typically included lap shear, flexure and pull-off tests, (Chajes, et al., 

1996) (Yoshizawa, et al., 1996), (Miller, 1999), (Momber, 1999), (De Lorenzis, et al., 2001), 

(Maerz, et al., 2001), (Shen, 2002). 

 The concrete strengths evaluated in the above research studies varied from 2,000 psi to 

over 8,000 psi, (Jeffries, 2004). Though this spans strengths of interest, because the research focus 

was on surface profile, porosity was not on the radar. The concern at the time was more on the 

consequences of damage to the microstructure arising from the different techniques used in surface 

preparation. These and other studies led to the eventual adoption of ICRI’s CSP 3 (Figure 2.1) in 

ACI’s first technical guide published in 2002, ACI 440.2R-02 that became the industry-wide 

standard. This meant that CSP 3 was used regardless of the concrete strength. 

 Thanks to advances in concrete technology the average compressive strength of concrete 

has increased, (Detwiler, et al., 2009). This has profound implications on the future use of FRP 

and the long term durability of the FRP-concrete bond since higher strength concretes have lower 

porosity that may require alternative surface preparation techniques to be effective in all 

environments. 
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 Due to the inverse relationship between strength and porosity, long term FRP-concrete 

bond characteristics may be expected to differ. This is because the penetration of epoxy into 

concrete will be smaller in higher strength concretes due to the absence of larger diameter pores 

and a reduced network of interconnected voids, (Mehta, et al., 2006). This will not impact bond 

under dry conditions because of the much higher tensile strength of epoxy. However, under wet 

exposure, water will be able to diffuse through to the epoxy and react chemically leading to 

irreversible damage to epoxy and accompanying bond degradation after relatively short exposure, 

e.g. (Büyüköztürk, et al., 2010) reported a 60% reduction in bond after only 8 weeks immersion in 

23 °C (73 °F) water.  

 Since porosity is not being considered, potential corrective measures for making repairs 

more durable are being overlooked. In the most comprehensive 2009 NCHRP durability study, the 

performance of over 1,600 specimens bonded to concrete using five different epoxies was 

evaluated. In contrast, concrete was limited to relatively high strength concrete with compressive 

strengths ranging from 6,700 to 10,500 psi.  Given the expected role of porosity, these findings 

may need to be re-visited.  

 The starting point in this research project was the hypothesis that durability of FRP bond 

in highly porous concrete would differ from that in less porous concrete. The materials evaluated, 

exposure considered and its evaluation focused such that these differences would be noticeable 

from the results. If this were demonstrated the way forward will be clearer.   

3.1 Compressive Strength 

 The relationship between porosity and water cementitious ratio provided the basis for 

selecting target concrete strengths. Lower strength concretes have higher water / cementitious 

ratios. To provide context, three different concrete strengths were evaluated in the study. Though 



9 

researchers have evaluated concrete with a targeted strength of 2,000 psi, (Shen, 2002), this fell 

below the 2,500 psi minimum strength specified in ACI 318-14, Table 19.2.1.1. An upper target 

limit for strength was taken as 10,000 psi following the 2009 NCHRP study. An intermediate target 

strength of 5,000 psi was chosen to allow interpolation. These targets were later revised based on 

actual strengths achieved (see Chapter 4).  

3.2 CFRP System 

 Three commercially available systems were originally selected. However, since this was a 

proof of concept study, only the two most widely used systems were utilized in the eventual testing. 

Since epoxies had to be compatible with the CFRP material, epoxies associated with the respective 

systems were used. 

3.3  Destructive Testing 

 Pull-off testing provides the simplest and most direct method for comparing changes in the 

failure mode arising from exposure. Given that epoxy has a higher tensile strength, all failures 

were expected to be cohesive failures in concrete. The depth of the concrete still bonded to the 

dolly would allow the depth of epoxy penetration in the substrates of the different concretes to be 

estimated. It was anticipated that changes would be the least for low strength, high porosity 

concrete but more noticeable in the higher strength, low porosity concrete. 

3.4 Durability Exposure 

 The NCHRP 2009 durability study identified complete immersion in heated water as the 

most aggressive environment for FRP-concrete bond.  They reported that after 8 weeks immersion 

in 30oC water, bond reductions from flexure tests were more than 35%. This study adopted a 30oC 

water temperature since it is also representative of conditions in Tampa Bay where several pile 

repairs were conducted (see Chapter 10). The exposure period was kept at 15 weeks, that was 
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higher than the 8 week period in the MIT study (Büyüköztürk, et al., 2010). However, provisions 

were made for a greater period of exposure in case results proved inconclusive. 

3.5 Moisture Absorption 

 The relationship between bond degradation and moisture absorption is critically important. 

In the study, this was determined from gravimetric testing and is described in Chapter 7. 

3.6 Specimen Dimension 

 Flat specimens such as slabs are the simplest for conducting pull-off tests. The dimensions 

selected were 9 in. x 9 in. x 2.5 in. These were based on the following (1) ease of fitting slabs into 

the oven used for drying, (2) sufficient edge distance is provided for isolating side diffusion effects 

as this experiment was designed to have one dimensional flow, (3) widths reflected repair 

dimensions used in practice, (4) allowance for 13 possible pull-off locations, and (5) slab depth 

was comparable to the concrete cover for exterior members and was sufficient to prevent the 

specimen breaking during testing. 

 The number of slab specimens was dictated by the test matrix summarized in Table 3.1 

through Table 3.3 and shown schematically in Figure 3.1. 

 
Figure 3.1 Test matrix 
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 The goals of the study were to evaluate bond degradation arising from exposure and to 

quantify bond recovery upon drying. Three series of tests were planned, one for each concrete 

porosity and FRP system. The epoxy systems used are identified by the letters A and B in Figure 

3.1. The three different concrete grades are identified as 15, 35 and 50 that approximately 

correspond to compressive strengths measured in MPa. Although 18 concrete slabs were required, 

two additional slabs were cast for each concrete strength as “spares”. A total of 24 slabs were 

therefore cast. 

 The three test series were: control, wet and dry. Control (6 slabs) denote specimens that 

were tested before exposure to provide a baseline value. Wet (6 slabs) represents specimen that 

were submerged in warm water at 30oC (86°F) for approximately 15 weeks. Dry (6 slabs) 

represents bond recovery specimens. These were allowed to dry at room temperature following 

removed from water until there was minimal change in weight (0.05%). In each series, six points 

were tested that exceeded the minimum set of 5 in ASTM D7522. A total of 108 tests were 

conducted.  

Table 3.1 Control specimens 

Specimen Epoxy 

A15_control A 

A35_ control A 

A50_ control A 

B15_ control B 

B35_ control B 

B50_ control B 
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Table 3.2 Wet specimens tested directly after the specimens removed from water 

Specimen Epoxy 

A15_wet A 

A35_wet A 

A50_wet A 

B15_wet B 

B35_wet B 

B50_wet B 

 

Table 3.3 Dry specimens tested after 4 weeks of drying in room temperature. 

Specimen Epoxy 

A15_dry A 

A35_ dry A 

A50_ dry A 

B15_ dry B 

B35_ dry B 

B50_ dry B 
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 CHAPTER 4: SPECIMENS FABRICATION 

4.1 Formwork 

 A total of 24 forms were built using 7 ft long 2 x 3 wood studs. Each form was fabricated 

using four 10.5 in. length pieces joined with eight 3.5 in. screws, two on each side to create inner 

dimensions of 9 in. x 9 in. x 2.5 in. as shown in Figure 4.1. The forms were placed on a 1/8 in. 

thick laminate wood sheet that served as the bottom but more importantly replicated common 

concrete surface textures. 

  

 
Figure 4.1 Specimens formwork 
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(a) Friendship Trail Bridge- view of pile bents evaluated during demolition 

  
Figure 10.1 View of pile bents and piles layout 

 

(b) Piles layout 
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 A total of 13 piles - 11 glass and 2 carbon were repaired. The number of FRP layers used 

ranged from 2 to 6. The first repairs were carried out on piles supporting bents 100-101 in 2003-

04. The second in 2006 used a pressure bagging system addressed later.  The final repairs were 

completed in 2008 on piles supporting bents 103-104. These incorporated a sacrificial cathodic 

protection (CP) system within the FRP wrap. 

 Eleven piles were instrumented to monitor corrosion performance; six utilized an 

innovative pressure bagging system to enhance bond. Seven were repaired with polyurethane-

based systems while the remainder utilized epoxy. The polyurethane resins are water-activated and 

pre-impregnated into the fibers. These were delivered to the site in hermetically-sealed pouches 

and installed over a surface primer. The epoxies were a Bisphenol-A resin combined with a 

proprietary curing amine and were applied to the concrete substrates. The primer for the 

polyurethane systems was also used as the UV coating.  

Table 10.1 Repair summary 
Bent Pile a 

Year of 

Installation 

Wrap 

Layout b 

Product 

Type 

Fiber 

Material 

Matrix 

Material 

Bond 

Enhancement 

Instrumentation 

(Pile Face) 

100 

100A 2003 1+2 Prepreg Carbon Polyurethane - East 

100B 2003 1+2 Prepreg Carbon Polyurethane -  

100C 2003 2+4 Prepreg Glass Polyurethane -  

100D 2003 2+4 Prepreg Glass Polyurethane - East 

101 

101A 2004 2+4 
Two-

part 
Glass Epoxy  East 

101B 2006 1+1 Prepreg Glass Polyurethane Pressure bag East 

101C 2006 1+1 
Two-

part 
Glass Epoxy Pressure bag East 

101D 2004 2+4 
Two-

part 
Glass Epoxy  East 

103 

103A 2008 1+1 
Two-

part 
Glass Epoxy Pressure bag West 

103C 2008 1+1 
Two-

part 
Glass Epoxy Pressure bag West 

104 

104A 2008 4+0 Prepreg Glass Polyurethane Pressure bag West 

104B 2008 0+2 Prepreg Glass Polyurethane  West 

104C 2008 1+1 
Two-

part 
Glass Epoxy Pressure bag West 

a A – D designations denote pile position along pier from north to south. 
b Indicates wrap layers in longitudinal + transverse directions. 

Note: Piles 99A, 103D, 104D were controls. 
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10.5 Relevant Studies 

 The durability of FRP-concrete bond has been the focus of numerous laboratory and field 

investigations. Details on the performance of epoxy-based systems may be found in state-of-the-

art reviews, e.g. (Myers, 2007) (Dolan, et al., 2009) (Sen, 2015) (Hamilton, et al., 2017). Fewer 

studies are available for polyurethane systems, e.g.  (Bailey, et al., 2013). 

 Laboratory studies evaluate degradation in carefully prepared specimens. Specimens are 

usually prepared on flat rather than vertical surfaces so that gravity effects during cure are 

discounted. Environments are controlled, e.g. (Karbhari, 2009) reported a 26-61% reduction in 

pull-off strength after 24 month exposure to salt water solution at 22.8°C (73°F); (Dolan, et al., 

2009) measured a 19-40% reduction after a 12 month exposure to salt water solution at 50°C 

(122°F). Since field installation and ambient conditions differ from that in laboratories it is not 

surprising that the failure modes in laboratory and field specimens differ as was observed by (Tatar, 

et al., 2016). This disparity can be expected to be greater for polyurethane resins that release carbon 

dioxide during cure. In laboratory studies, researchers applied rollers for ten minutes to prevent 

voids caused by gases trapped within the bond layer, (Haber, et al., 2012). This is not an option in 

field repair of partially submerged piles where void volume is significantly greater, (Walker, 

2007). 

 Field data for marine applications are scarce. (Long, et al., 2012) evaluated a FRP-

strengthened quay wall in Dunkerque Port, France installed using both prepreg and wet layup 

CFRP. After eight months, average residual bond from 40 pull-off tests varied between 1.86 and 

2.74 MPa (269 and 397 psi). Other available studies in marine settings only utilize pull-off testing 

to verify installation and conduct long-term evaluations using non-destructive methods. 
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 Excepting for studies conducted by the authors, e.g. (Sen, et al., 2007), field studies 

incorporating destructive evaluations are only for FRP applied to dry surfaces under dry 

conditions. Their findings are not applicable for this study where specialist resins designed for 

application on wet surfaces were used. Nonetheless, limited comparisons are presented to provide 

a measure of the variability in FRP field test data for columns.   

10.6 Background 

10.6.1 Chloride Content 

 Pull-off tests are conducted on the pile surface and therefore the chloride content at this 

location can impact results. Chloride measurements in the 75 mm (3 in.) concrete cover were 

undertaken for nine test piles Table 10.2. Chloride content was highest nearer the surface (0-25 

mm or 0-1 in. layer) and closest to the pile cap. Their magnitude more than exceeded the 0.59-1.19 

kg/cu. m (1-2 lb/cy) chloride threshold for concrete surrounding reinforcement (50-75 mm or 2-3 

in.) indicating that the passive layer that protects steel in concrete was destroyed (Mindess, et al., 

2003). These values were consistent with corrosion potential measurements that indicated a 95% 

probability of corrosion, (Mullins, et al., 2004) (Mullins, et al., 2006) (Sen, et al., 2010). 

Table 10.2 Chloride profile in concrete cover 

Pile 

Location from 

underside of pile cap 

0-25 mm 

0-1 in. 

25-50 mm 

1-2 in. 

50-75 mm 

2-3 in. 

mm in. kg/cu. m lb/cy kg/cu. m lb/cy kg/cu. m lb/cy 

99A 75 3 10.96 18.58 5.17 8.77 1.22 2.07 

99A 533 21 8.70 14.74 4.56 7.73 2.62 4.44 

103A 125 5 3.44 5.83 2.08 3.52 0.94 1.96 

103B 125 5 4.57 7.74 2.78 4.71 1.42 2.4 

103C 125 5 3.61 6.12 1.90 3.22 1.06 1.8 

103D 125 5 3.16 5.35 2.55 4.32 1.71 2.89 

104A 125 5 7.23 12.25 2.87 4.86 2.08 3.52 

104B 125 5 6.00 10.18 2.70 4.57 1.64 2.78 

104C 125 5 7.35 12.46 4.30 7.29 2.92 4.95 

104D 125 5 5.72 9.69 4.01 6.79 3.60 6.10 
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10.6.2 Instrumentation and Cathodic Protection 

 Eleven wrapped piles were instrumented to monitor the efficacy of FRP corrosion repairs, 

(Suh, et al., 2008). (Aguilar, et al., 2010). Instrumentation varied; in the initial study, two 

embedded rebar probes were used to measure corrosion current, (Mullins, et al., 2004) Piles 

repaired in 2008 incorporated a sacrificial cathodic protection system within the FRP repair, 

(Aguilar, et al., 2009), (Sen, et al., 2010). This system was designed to provide 30 years of 

protection. It required eight embedded zinc anodes and a submerged bulk zinc anode. The 

performance of this system was monitored using two silver-silver chloride reference electrodes 

that measured the anodic current drawn from the embedded and submerged anodes.  

 Installation of instrumentation required holes to be drilled and grooves to be cut on the pile 

surface for the required wiring and junction boxes that were located on the accessible east and west 

faces. These were also the two faces where all destructive and non-destructive testing was carried 

out. The implication of disturbance to the bonding surface is addressed later.  

10.6.3 FRP Wrap Design 

 The FRP wrap was designed to fully recover an assumed steel cross-section loss of 20% 

while simultaneously limiting transverse expansion caused by the formation of corrosion products.  

The epoxy system used unidirectional fibers in all repairs. Bidirectional fibers were used by the 

prepreg system in the transverse direction in 2003 and in both longitudinal and transverse 

directions in 2008. FRP properties used in the calculations are summarized in Table 10.3and Table 

10.4, (Mullins, et al., 2004) (Mullins, et al., 2007), (Aguilar, et al., 2009). More layers were 

required for the lower strength of fibers used in the prepreg system Table 10.1.  
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Table 10.3 Properties of prepreg system 

Fibers Type 
Tensile Strength Tensile Modulus Load / ply 

(MPa) (ksi) (GPa) (ksi) (kN/m) (lb/in.) 

Glass 

 

Unidirectional 

 
586 85 35.8 5,200 420.3 2,400 

Bidirectional 

 
324 47 20.6 3,000 210.2 1,200 

Carbon 

Unidirectional 

 
827 120 75.8 11,000 595.4 3,400 

Bidirectional 

 
586 85 22.1 3,200 420.3 2,400 

 

Table 10.4 Properties of epoxy-based system 

Property 
Value 

SI USCS 

Tensile strength 0.58 kN/mm 3.3 k/in. 

Tensile modulus 20.89 GPa 3030 ksi 

Ultimate elongation 2.2% 2.2 % 

Laminate thickness 1.27 mm 0.05 in. 

Dry fiber thickness 0.36 mm 0.014 in. 

10.6.4 Pressure Bagging 

 In-situ bond measurement of piles repaired in 2003-04, showed that conventional 

installation practice of using shrink wrap during curing (Figure 10.2) led to significant bond 

variability, (Sen, et al., 2007). Laboratory studies indicated this variability could be lowered by 

using pressure or vacuum bagging to reduce voids while the epoxy cured, (Winters, et al., 2008), 

(Aguilar, et al., 2009). Pressure bagging involves the use of a pressurized cuff which surrounds 

and restrains the FRP wrap during curing. This configuration was found in a previous study to be 

a more effective tool for enhancing bond in piles than vacuum bagging since an airtight envelope 

is not required around the FRP. The effect of pressure on voids was also numerically modeled by 

(Grunenfelder, et al., 2010). In essence, uniform pressure increased interfacial frictional resistance 

in repairs of vertical elements that prevented the resin-saturated fabric from slipping. All USF pile 

repairs conducted after 2004 were pressure bagged. 
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Figure 10.2 Shrink wrap (left); pressure bag (right) 

10.7 Exposure  

 Since the wraps were installed at different times, ambient conditions differed. 

Temperatures varied from 12 °C (54 °F) to 30 °C (86 °F) and humidity from 69% to 83%. Heat 

indices ranged from 22 °C (72 °F) to 34 °C (94 °F). Where available the heat index, the combined 

effect of air temperature and humidity, is included in Table 10.5 the temperature range for all the 

piles is identical since both maximum and minimum temperatures were recorded the same year in 

2010.  

Table 10.5 Pile installation and service ambient conditions 

Installation 

Date 
Piles 

 
Conditions at Installation  

 
 

Temperatur

e, °C a 

Temperature, 

°F a 

Rel. 

Humidity

, % a 

Heat 

Index

, °C 

Heat 

Index, 

°F 

Temp. 

Range, 

°C 

(°F) b 

10/30/2003 100A 25 77  69 28 82  

-4-37 

(25-

98) 

10/30/2003 100B 25 77  69 28 82 

10/30/2003 100C 25 77  69 28 82  

10/30/2003 100D 25 77  69 28 82 

s2/27/2004 101A 12 54  83 - -  
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Table 10.5 (Continued) 

2/27/2004 101D 12 54 83 - - 

 
9/26/2006 101B 29 85  65 34 94  

9/26/2006 101C 30 86 63 34 94  

7/30/2008 104B 28c 83c 71c 22 72  

12/17/2008 104A 23 74  76 - - 

 
12/17/2008 104C 22 72 81 - - 

12/18/2008 103A 24 75 71 - - 

12/18/2008 103C 24 75 71 - - 

a Indicates conditions at installation; b From installation date to April 2016 ; c Average 

for the day; Maximum relative humidity for all ranges was 100%; Temperature data from 

weather underground website (reference provided) 

 

10.8 Objectives    

 The goal of the research project was to obtain new information on the FRP-concrete bond 

by evaluating residual FRP-concrete bond following exposure of up to 12 years. All testing was 

conducted at the accessible east and west faces of the wrap in dry and splash zones Figure 10.3. 

Since field inspectors evaluate bond through visual inspection and tap tests, all wrapped piles were 

similarly evaluated prior to destructive testing. The intent was to assess the reliability of such 

inspection methods. Given the diversity of the repairs in terms of systems, number of layers, 

adhesives, installation methods and ambient condition, the investigation sought to obtain answers 

to key questions. These include the role of surf and ambient conditions during installation, the 

relative performance of the epoxy and polyurethane adhesives, the effectiveness of pressure 

bagging, and the overall performance of repairs after over 7, 9 and 12 years of exposure. 
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Figure 10.3 Definition of dry, splash and submerged zones 

10.9 Bond Evaluation Program 

 Field testing was initiated after the contract for the demolition of the bridge had been 

awarded. As a result, there was a constant race against time to complete testing before the bridge 

was demolished. Unfortunately, conditions were not always favorable when the research team was 

ready and able. Despite 26 site visits, not all testing could be completed in time. Additional testing 

was therefore required after the bridge had been demolished and the test piles carefully moved on-

shore. These are referred to as “land” tests.  

10.9.1 Non-Destructive Evaluation 

 Non-destructive evaluation comprising acoustic sounding, visual inspection, and thermal 

imaging were completed in seven site visits. The role of this evaluation was to identify locations 

that were deemed to have either an apparent good (intact) or poor (debonded or delaminated) bond 
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for follow-up confirmation by destructive testing. In this paper, only selected results from visual 

inspection are discussed. 

 Marine growth over the FRP wrap was first removed with a hand scraper and each surface 

of the wrap photographed to identify occurrences of discoloration, debonding, peeling, and rust 

stains.  

 Cracking of the protective UV coating was observed in all piles. Junction boxes housing 

wiring for cathodic protection and instrumentation installed close to the underside of the pile caps 

and were found to be intact. The boxes at piles 100D and 101C were observed to have expelled 

corrosion residue downward and onto adjacent wrap material.  

 Figure 10.4 shows photos of three pressure bagged piles 101B, 101C, 103C and one non-

pressure bagged pile 104B taken as part of the visual inspection study. The photo suggests that the 

residual bond would be higher for the pressure bagged piles installed in 2006 (101B, C) and 2008 

(103C). In contrast, the only non-pressure bagged pile, 104B, installed in 2008 showed clear signs 

of distress in which patches of FRP material had already delaminated. It exhibited low interlaminar 

bond strength as strips could be easily detached from the pile face by hand. This repair used glass 

and a proprietary polyurethane resin and was not installed by the USF research team.  

10.9.2 Destructive Evaluation 

 Pull-off testing was conducted in accordance with ASTM D7522, ASTM 2009. An 

Elcometer 106 adhesion tester with 31.7 mm (1.25 in.) diameter dollies was used. Locations for 

pull-off testing in the dry and splash zones (Figure 10.3) were, by default, randomized along areas 

where both well-bonded and delaminated/debonded states were indicated by NDE. However, 

constraints such as surface waviness, marine growth, dolly spacing, candidate locations relative to 
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the water surface / boat, and the use of a drilling rig limited the available areas for scoring. Tests 

were restricted to east and west pile face locations at heights accessible from a boat. 

    

Figure 10.4 Photos of FRP repairs in piles.  

(left to right) 101 B, 101C, 103C and 104B 

 The FRP surface was scored using a 31.7 mm (1.25 in.) diameter diamond core drill bit to 

an approximate depth of 6.35 mm (0.25 in.) into the concrete cover. The drill was attached to a 

custom-built leveling fixture Figure 10.5, which was temporarily attached to the pile. This 

configuration had been utilized in previous studies and allowed for vertical face drilling while 

ensuring levelness and uniformity of the scoring process, even in moderately choppy waters. The 

scored areas were then sanded with medium-grit sand paper and cleaned with acetone. Dollies 

were adhered to the prepared surfaces with 3M Scotch-Weld DP-420 epoxy adhesive, which has 

a maximum tensile strength of approximately 15.5 MPa (2,250 psi). The dollies were then taped 

to the surrounding wrap to prevent slippage during setting and allowed to cure for a minimum of 

24 hrs Figure 10.6. Logistics led to their positioning along a circular arc. After the dollies were 

installed, a spirit level was used to verify that they were at right angles to the bonding surface 

(Figure 10.6 right) before testing. 
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installation conditions, etc.). Before running the test, a normalization check was run for each data 

set to ensure robustness and applicability of the method, Ahad and Yahaya 2014. A confidence 

interval of 95% (α = 0.05) was used for the tests. This interval states that there is a 95% chance 

that if the t-statistic lies between the negative and positive t-critical values, the population means 

of the two data sets are equal.  

Table 10.7 Summary of two-sample t-tests, assuming unequal variances 

Pile 
Data Points (n) Negative t-Critical 

(Two-Tail) 
t-Statistic 

Positive t-Critical 

(Two-Tail) 

Result of 

Hypothesis Test In-Situ On Land 

100A 1 3    Error a 

101A 3 3 -3.182 1.834 3.182 Do not reject H0 

101B 1 6    Error 

101C 3 2 -4.303 1.000 4.303 Do not reject H0 

103A 6 5 -2.365 2.051 2.365 Do not reject H0 

104A 7 9 -2.145 -0.026 2.145 Do not reject H0 

104B 0 0    Error 
a Indicates an insufficient amount of well-bonded data points available for analysis  

 

 The results of the t-test for each pile, executed using MS Excel are summarized in Table 

10.7 It shows that the criterion is met for all applicable test piles excepting piles 100A, 101B, and 

104B. For these three piles (all prepreg polyurethane), insufficient well-bonded data points were 

available and the difference between sample means could not be tested. However, since four of the 

seven queried test piles indicated that no factors significantly influenced the data points when the 

piles were extracted, it is assumed that the remaining piles were similarly unaffected.  

10.10.4  Concrete (Figure 10.8) 

 A total of ten tests were carried on the control pile (99A) – four in the dry region and six 

in the splash zone. The measured salt concentration in the cover for this pile is given in Table 10.2.  

The average pull-off strength reported in Figure 10.8 was 28% lower in the splash zone compared 

to that in the dry region. The cyclic effect of tidal cycles may have led to a degradation in concrete 
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properties in the splash. According to ACI 318-14 section 14.5.2.1, the tensile strength of plain 

concrete can be taken as 5√f′c. This translates to a concrete compressive strength of 29.5 MPa 

(4,290 psi) for the dry region and 15.4 MPa (2,237 psi) for the splash zone.  This is consistent with 

the specified concrete strength for the piles of 27.6 MPa (4,000 psi).  

 

 Figure 10.8 Pull-off values for concrete (pile 99A) 

10.10.5  Piles Repaired 2003-04 (Figure 10.9) 

 No piles belonging to this series were pressure bagged.  Three of the four piles were 

wrapped using polyurethane resin and one an epoxy resin that had been specially formulated for 

underwater applications (Pile 101A).  A total of 33 tests were conducted in this series. While some 

bond values were high in both dry (1.7 MPa (258 psi) in 101A) and splash (0.9 MPa (129 psi) in 

101A) zones, there were also twelve locations where bond was zero (8 in polyurethane, 4 in the 

epoxy).  
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 Five of the eight zero values in the polyurethane system were a subset of ten interlayer 

failures – all in the polyurethane resin system. The average residual bond for these failures ranged 

from 0.05 (8) to 0.3 (46) MPa (psi) Table 10.6.  

 Since interlayer failures do not reflect FRP bond with the concrete substrate, they are 

excluded in the calculation of average residual values included in Figure 10.9. The interlayer 

failures suggest insufficient resin had been applied in the prepreg system.  

  

Figure 10.9 Pull-off test results for repairs conducted in 2003-04 

10.10.6  Piles Repaired 2006 (Figure 10.10) 

 Both piles – one epoxy and one polyurethane - repaired in this series were pressure bagged. 

Visual inspection (Figure 10.4) had suggested a high relative residual bond in these piles.  A total 

of 40 tests were conducted – 22 for the polyurethane and 18 for the epoxy. There were 19 zero 
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bagged piles was superior compared to the non-pressure bagged pile (104B). The average residual 

bond for epoxy (103A, 103C) was higher in the dry zone (1.3 MPa (191 psi), 1.2 MPa (179 psi)) 

vs 0.7 MPa (103 psi) for polyurethane (104A) and comparable in the splash zone (0.5 MPa (82 

psi)), 1.1 MPa (165 psi) vs 0.7 MPa (100 psi) for polyurethane. Even though pressure bagging was 

used, there were four interlayer failures in the polyurethane system (excluded in the calculated 

average value included in Figure 10.11). However, the average residual bond (Table 10.6) for these 

failures was relatively high (0.8 MPa (119 psi)).  

The performance of the non-pressure bagged pile 104B was distinctly poorer. The average 

bond was zero from five points in the dry zone but higher (0.4 MPa (60 psi)) in the splash zone 

where both failures were interlayer. As discussed, the latter tests were conducted on land and the 

mean value did not satisfy statistical criterion (see Table 10.7).   

 

Figure 10.11 Pull-off test results for piles repaired in 2008 
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 Bond was poor in epoxy-based systems when the two part resin was mixed in 

unfavorable conditions (Table 10.5). This reduced pot life or increased cure time and 

adversely impacted performance (Figure 10.9,Figure 10.10 and Figure 10.14). It is 

recommended to cool resins before mixing. 

 Epoxy-based systems outperformed polyurethane-based systems in both the dry and 

splash zones (Table 10.8).  

 Pressure bagged piles repaired in 2008 performed best for both resin systems (Figure 

10.11).  

 Epoxy-based, pressure bagged installations are comparably durable even when mixed in-

situ and applied to wet surfaces in a marine environment.  

 Findings from destructive evaluation are based on studies conducted at the project site and 

do not necessarily apply to other installations. However, considerations of site evaluation logistics, 

the qualitative improvement in strength offered by pressure bagging, and the dangers of applying 

FRP during hot weather may be applicable to other projects.   
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 APPENDIX A: PHOTOS AND CALCULATIONS 

 
Figure A.1 Group 15 mix design 



 

139 

 

Figure A.2 Group 35 mix design 

 

Figure A.3 Group 50 mix design 
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 P1 P4 P5  

 14 mm 17 mm  17 mm 

A15-control-side view 

    
 P1 P4 P5 

A15-Control-top view 

Figure A.4 Failure mode A15-Control 
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 P1 P3 P5  

 16 mm 15 mm  17 mm 

B15-control-side view 

   
 P1 P3 P5  

B15-control-top view 

Figure A.5 Failure mode B15-control 
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 P2 P3 P5  

 10 mm 9 mm  11 mm 

A15-Wet-side view 

   
 P2 P3 P5  

A15-Wet-top view 

Figure A.6 Failure mode A15-wet 
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  P1 P2 P5  

 10 mm 13 mm  11 mm 

B15-Wet-side view 

   
 P1 P2 P5  

B15-Wet-top view 

Figure A.7 Failure mode B15-wet 
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 P1 P5 P6  

 13 mm 11 mm  8 mm 

A15-Dry-side view 

   
 P1 P5 P6  

A15-Dry-top view 

Figure A.8 Failure mode A15-dry 
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 P3 P4 P5  

 10 mm 13 mm  9 mm 

B15-Dry-side view 

   
 P3 P4 P5  

B15-Dry-top view 

Figure A.9 Failure mode B15-dry 
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 P2 P3 P5  

 11 mm 9 mm  10 mm 

A35-Control-side view 

   
 P2 P3 P5  

A35-Control-top view 

Figure A.10 Failure mode A35-control 
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 P2 P4 P6  

 10 mm 9 mm  12 mm 

B35-Control-side view 

    
 P2 P4 P6 

B35-Control-top view 

Figure A.11 Failure mode B35-control 
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 P2 P3 P6  

 4 mm 3 mm  5 mm 

A35-Wet-side view 

     
 P2 P3 P6  

A35-Wet-top view 

Figure A.12 Failure mode A35-wet 
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 P2 P4 P6  

 4 mm 3 mm  2 mm 

B35-Wet-side view 

   
 P2 P4 P6  

B35-Wet-top view 

Figure A.13 Failure mode B35-wet 
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 P1 P4 P5  

 8 mm 7 mm  4 mm 

A35-Dry-side view 

    
 P1 P4 P5  

A35-Dry-top view 

Figure A.14 Failure mode A35-dry 
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 P1 P3 P4  

 4 mm 6 mm  5 mm 

B35-Dry-side view 

    
 P1 P3 P4  

B35-Dry-top view 

Figure A.15 Failure mode B35-dry 
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 P1 P3 P4  

 9 mm 8 mm  9 mm 

A50-Control-side view 

   
 P1 P3 P4  

A50-Control-top view 

Figure A.16 Failure mode B50-control 
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 P3 P4 P5  

 9 mm 8 mm  7 mm 

B50-Control-side view 

   
 P3 P4 P5  

B50-Control-top view 

Figure A.17 Failure mode B50-control 
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 P1 P2 P6  

 3 mm 2 mm  3 mm 

A50-Wet-side view 

   
 P1 P2 P6  

A50-Wet-top view 

Figure A.18 Failure mode A50-wet 
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 P1 P4 P6  

 2 mm 2 mm  3 mm 

B50-Wet-side view 

    
 P1 P4 P6  

B50-Wet-top view 

Figure A.19 Failure mode B50-wet 
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 P5 P3 P2  

 3 mm 3 mm  4 mm 

A50-Dry-side view 

   
 P5 P3 P2  

A50-Dry-top view 

Figure A.20 Failure mode A50-dry 
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 P1 P2 P6  

 4 mm 6 mm  5 mm 

B50-Dry-side view 

    
 P1 P2 P6  

B50-Dry-top view 

Figure A.21 Failure mode B50-dry 
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Figure A.22 Group 15 bond line images 
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Figure A.23 Group 35 bond line images 
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Figure A.24 Group 50 bond line images 
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