
 

 
 

ABSTRACT 

MABRY, NEHEMIAH JAMES. Detection of Bond Defects in Carbon Fiber Reinforced 
Polymer Strengthened Concrete Using Pulse Phase Thermography. (Under the direction of 
Dr. Rudolf Seracino and Dr. Kara Peters). 
 
 
 

As externally bonded fiber-reinforced polymers (FRP) are finding regular use in the 

strengthening of existing concrete structures, common installation practices still allow for the 

likelihood of defects forming at the interface of these bond-critical systems.  Though 

published guidelines exist to provide recommendations for handling this issue in the field, 

significant research is still needed to determine critical defects, their identification using 

rapid methods of nondestructive evaluation (NDE) techniques, and the effect of such defects 

on the overall performance. This dissertation examines the use of pulsed phase infrared 

thermography (PPT) as a method to determine the location, size and depth of bond defects in 

wet lay-up carbon FRP (CFRP) systems. A series of small scale, single lap shear pull-tests 

were also performed to examine the effect detectable defects have on the strength of the 

CFRP strengthened concrete joints. Environmental conditioning protocols, namely 

submersion and freeze-thaw cycles, were also subjected to a subsample of specimens in order 

to observe durability effects on ultimate loads and strains. Results from PPT inspection and 

structural tests were then compared to present an effective approach for monitoring and 

evaluation. Finally a set of conclusions were presented regarding PPT inspection and the 

criticality of defects found in CFRP strengthened concrete governed by the common 

debonding mechanism. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Civil infrastructure in the United States has, for many years, supported economic 

growth and advancement. The ability to create, ship and deliver goods and services with 

relative convenience has been enabled by the extensive network of roads, waterways and 

bridges that reach across the nation. This network was, in a large part, made possible by Civil 

Engineers who were depended upon by society to carry out proper planning, design and 

construction of these systems to adequately meet the needs of the public. Structural 

Engineers in particular were relied upon to design bridges that safely transported vehicles 

across large spans. Despite how well these bridges were designed and built, it was inevitable 

that these structures required maintenance and sometimes repair to extend their use and 

function; increasing loading capacity compared to allowable limits when they were first 

designed. 

Now in 2015, this country’s infrastructure has seen decades of deterioration, and 

sometimes neglect, since their initial erection; much of which occurred in the years 

immediately following World War II. Natural disasters, accidents and even normal wear and 

tear have all contributed to the decline in the ability of our bridges’ to perform their intended 

purpose. In fact, more than one-fourth of all bridges are over their intended 50 year average 

design-life. In 2009, the U.S. Federal Highway Administration (FHWA) rated almost 

200,000 bridges in the United States (~33%) as structurally deficient or functionally obsolete 
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(FHWA, 2009). This report was published only 4 years after the American Society of Civil 

Engineers issued a report card grading various categories of U.S. infrastructure with average 

grade being a D (ASCE, 2005). 

With this news one must observe that the United States did seek to address these 

challenges by identifying it as one of the “Grand Challenges of the 21st Century” by the 

National Academy of Engineering (National Academies, 2008) and has since been more 

actively engaged in the restoration and improvement of our nation’s infrastructure.  

Incremental improvement has been seen over the last decade and the number of deficient 

bridges has tended to trend downward. For instance, the number of bridges defined as either 

functionally obsolete or structurally deficient improved to a 24.9% in recent years. However, 

while annual spending has been in the billions when it comes to public bridge restoration 

over the last twenty years, reports still show that this has not been enough to meet the 

growing demand for rehabilitation in our urban areas (ASCE, 2013). 

1.1.1 Strengthening or Repair of Concrete Members 

A key factor in determining the repair methods available for structural rehabilitation 

is the type of material in use. Concrete has been cited as the most used structural material in 

the world. Globally it consumes about 1.6 billion tons of cement, 10 billion tons of sand and 

crushed stone and 1 billion tons of water every year (Skinner, 2008). According to NACE 

International (formally known as the National Association of Corrosion Engineers), over 

56% of the bridges in the United States are primarily constructed of either prestressed or 

conventional reinforced concrete (NACE, 2013). 
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This is important when considering damage mechanisms that play a role in the 

deterioration of concrete members, which include corrosion, earthquake, impact and fatigue. 

Though in some cases the extent of damage may be consider too extreme for repair (for 

instance when significant portions of material have been removed from the section), with the 

majority of our bridges being susceptible to some damage and the high cost associated with 

replacement, the most economical option, especially when considering life cycle costs, is 

strengthening and/or repair. 

Traditional methods for strengthening or repair of concrete structures vary according 

to the type of member and the damage it experienced. In some cases, corrosion at the bottom 

of reinforced slabs could result in spalling of the concrete cover, leaving rebar exposed and 

susceptible to further deterioration. Situations like this are often attempted to be repaired by 

removing the poor concrete and patching the region with grout. When corrosion is not of 

concern however, steel plates may be bonded to the tension face of the member to strengthen 

it by increasing flexural capacity.  The addition of post-tensioning cables has also been used 

to reduce excessive deflection and enhance the load limits. These methods have traditionally 

been practiced in the field but may be undesirable due to amount of added weight.  

Furthermore, in cases of corrosion, these “repaired” sections remain equally venerable to the 

same mechanisms that caused the initial damage. 

 

1.1.2 Fiber Reinforced Polymer Composites 

A relatively new and effective solution for strengthening civil structures is the use of 

fiber reinforced polymer (FRP) composites. The method of externally bonding fibers (e.g. 
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carbon, glass, or aramid) by means of saturation and adhering to the tension face of a 

structural member using a structural grade epoxy is commonly used and is referred to as wet 

lay-up. This technique has been extensively proven and documented to improve the behavior 

and capacity of strengthened concrete members (Hollaway and Leemigig, 1999, and Mielke, 

2011).   

 In addition, FRP materials are versatile in that they can be tailored to a fit various 

shapes and sizes of members. Fabricators boast the ability to mold them into virtually any 

shape or configuration for your applications. (mcclarinplastics.com, 2001). They are 

corrosion-resistant, proven to be effective for repair of corroded concrete columns by 

wrapping (Pantazopoulou, 2001). They also add very little weight to the overall structure. 

This is an attractive alternative considering the high strength- and stiffness-to-weight ratios. 

CFRP is often preferred; being approximately 1/5 the weight of steel and 5 times its typical 

tensile strength.  In some cases ultrahigh modulus carbon fibers may be chosen which are 

capable of reaching modulus values of 550-1000 GPa (Kaw, 2006). Considering these 

advantages, FRP strengthening has tremendous potential to provide effective restoration to 

many of our nation’s bridges. 

However, as with any material, FRP is not without its drawbacks. There are a few issues 

that prevent the widespread acceptance and use in civil engineering applications. Not the 

least of which include inspection and maintenance concerns. The issue of quality control is a 

major hurdle that must be overcome in order to build the confidence of engineers and 

infrastructure owners. Since FRP composites are still a relatively new material in civil 
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engineering there is a lack of thorough knowledge and understanding of its behavior when 

compared to traditional materials, such as steel and concrete. Installation practice in the field, 

for instance, is largely carried out by manufacturer-trained technicians to ensure proper 

procedure and avoid liability. Large factors of safety are implemented in the design process 

to accommodate uncertainty and the composites’ strengths are prevented from being fully 

utilized. 

Some trepidation is given in that the failure observed in most FRP strengthened elements 

is much different than that of typical reinforced concrete. The long plastic region of steel 

after yield allows for the large deflections, visible in members due to elongation of the steel 

reinforcement; which occurs after the severe cracking of the concrete. This type of behavior 

provides warning of imminent collapse. Such high levels of ductility is not typically present 

in FRP strengthened concrete members due to the elastic nature of the FRP and relatively 

low debonding strains at failure. There is typically very little loss in stiffness prior to failure, 

and the potential for sudden, unexpected failure provides the incentive to over-design or even 

avoid the risk altogether in favor a more predictable outcome. 

Further, when bridges are routinely inspected, those that have been strengthened with 

externally-bonded FRP are difficult to assess without proven techniques and procedures. 

Some defects such as air bubbles or entrapped moisture may be visible to the eye on the 

surface but there is inconsistency and ambiguity regarding what size and distribution of 

defects are considered critical and how much capacity reduction should be assigned due to a 
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particular defect. Not to mention situations wherein multiple layers of FRP are used and 

defects at the FRP-concrete interface are more difficult to be detected by traditional methods.  

Considering these issues, research efforts should focus on addressing these important 

concerns in order to advance the use of FRP in the field. Civil engineering is a very 

conservative discipline in which each structure is its own “prototype” and motivation to 

change is often stifled by the high risk of public safety. 

1.2 Motivation for Research 

The motivation for this research is to provide greater insight into the issue of quality 

control, inspection and maintenance of externally bonded wet lay-up FRP strengthening 

systems. The ability of such systems to increase the performance of concrete structures is 

well documented at this point and research in the area of non-destructive evaluation (NDE) 

and structural health monitoring (SHM) is required to build confidence in FRP and 

encourage widespread use.  

Particular to this study is the consideration of the inspection technique known as Pulse 

Phase Thermography (PPT), which is derived from the more widely known method of 

Infrared Thermography (IRT). PPT is capable of rapid defect detection and has the advantage 

of performing depth retrieval by identifying the layer at which a particular defect is present.  

Current guidelines provide limited data and conflicting recommendations on the size 

thresholds of acceptable bond defects found in wet lay-up applied FRP-strengthened 

concrete. In addition to the need for defect identification using rapid methods of NDE, the 
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National Cooperative Highway Research Program (2004) is quoted as saying that 

“significant research is needed to determine critical defects… and the effect of such defects 

on the long-term performance of FRP repair systems.”  

Though some work has be dedicated to this end (much of which will be presented in 

Chapter 2) there still remains the need for a more comprehensive body of knowledge on this 

topic. In particular, the size that should be detectable by advanced NDE, the impact of those 

defects on the behavior of the system, as well as the environmental durability of such 

defected and non-defected specimens. It is also advantageous that conducted research aligns 

with experimental programs that currently inform the design and construction of externally 

bonded FRP systems for strengthening concrete structures here in the United States (ACI 

2008).  

1.3 Research Objectives 

Through a process of carefully designed and conducted experiments, the intended outcomes 

of this study are: 

1. Demonstration of Pulse Phase Thermography as a reliable method for defect 

detection in CFRP strengthened concrete and the development of a 

relationship that enables depth retrieval of defects in a given CFRP 

strengthened concrete system, without required prior knowledge of the 

precise thermal properties of the material.    
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2. Assessment of the effect of bond defects, with sizes similar to that allowed by 

current guidelines, considering the strain profile, ultimate stress, and ultimate 

strain achieved by the system. And, observation of their effect on failure 

mode caused by varying defect size, location and orientation within the 

bonded length of the CFRP-to-concrete joint. 

3. Assessment of the impact of environmental conditioning, via high 

temperature water submersion and freeze-thaw cycles, on the ultimate 

capacity of pull-test specimens including PPT assessment of their respective 

influence on the growth of defects at the CFRP-to-concrete joint. 

Development of recommendations on how the outcomes of this research can be 

used to inform the inspection of full-scale CFRP strengthened concrete members. 

4.  Provide suggested areas that warrant further research and study beyond what 

is covered in this dissertation. 

 

1.4 Layout of the Dissertation 

Chapter 2 presents a literature review of several key articles covering topics of Infrared 

Thermography inspection and the limited use of Pulse Phase Thermography in civil 

engineering applications. Significant attention is also given to studies performed on CFRP 

strengthened concrete specimens and corresponding debonding failure.  
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Chapter 3 covers Phase 1 of the experimental program which involves the application 

of PPT to detect intentional bond defects in small concrete panels with externally bonded wet 

lay-up CFRP. This chapter also explains the process of calibrating the PPT in order to 

determine the layer at which a defect is present in a multi-layered CFRP system. 

Chapters 4 and 5 follows with experimental results of Phases 2 and 3, respectively, 

which consist of conducting CFRP strengthened concrete pull-tests to examine the effect of 

embedded bond defects on the debonding resistance and failure mode. There will be a 

comparison of experimental values with the prediction of analytical models. These chapters 

also include durability studies including specimens with pre-existing defects. Chapter 4 

presents results of specimens conditioned by submersion in water at an elevated temperature 

and Chapter 5 presents freeze-thaw environmental conditioning. Repeated demonstration of 

PPT inspection will also be performed throughout these experiments. 

Finally Chapter 6 concludes with a discussion and highlights the unique contributions 

of this research program. It also specifies suggested areas for future work relating to the 

results presented in this dissertation. Appendices are also included, presenting additional PPT 

inspection images and strain plots obtained from tested specimens. 
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CHAPTER 2 

 LITERATURE REVIEW 

 

A large body of research currently exists in the area of externally-bonded FRP 

strengthening of reinforced concrete (RC) members as well as the non-destructive evaluation 

(NDE) of defects in these composite bonded systems. While this chapter will provide some 

background references on CFRP strengthening, primary focus will be given to issues related 

to defect criticality, detection using thermographic methods, and environmental durability. 

Studies that utilize Pulse Phase Thermography (PPT) as it specifically applies to CFRP 

strengthened concrete systems are also discussed. 

 

2.1 CFRP Strengthening 

The use of externally bonded FRP has increased in popularity over the last two to 

three decades as a viable method for repair and retrofitting (i.e. strengthening to increase 

original design limits) of concrete infrastructure. While there are a number of fiber materials, 

the three most common types of fibers used in civil engineering application are Carbon 

(CFRP), Glass (GFRP) and Aramid (AFRP). There are a number of design configurations 

available that involve fiber type, matrix material, and orientation patterns [Edwards, 1998]. 

However, when it comes to externally bonded systems, CFRP’s provide a higher modulus 

and ultimate tensile strength compared to other alternatives when used in strengthening 

applications (Kaw, 2006). 
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Wet lay-up is the most common method of installation which involves saturating dry 

fibers and applying it to the surface of an existing structural member [Figure 2.1] It has been 

shown that using multiple layers can enhance the capacity of retrofitted concrete elements 

(Kim et al. 2012). Within limits, increasing layers of CFRP fabric increases the strength and 

stiffness of the retrofitted element, however at least one study has shown that inadvertent 

defects embedded beneath multiple layers have a negative impact on its effectiveness 

(Mielke, 2011). This is a substantial issue considering that some defects hidden well beneath 

the surface are difficult to detect yet may have significant consequences (Karbhari et al. 

2005).  

 

 

Figure 2.1 A field technician applying externally bonded FRP to the bottom of a 
concrete slab via wet lay-up.  
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2.2 Debonding Failure  

When inappropriately installed or without additional anchorage, failure of externally 

bonded FRP strengthened systems primarily occurs by debonding of the FRP from the 

concrete substrate. From the testing of several single lap shear pull-test specimens, Chajes et 

al. (1996) concluded that the bond between externally bonded FRP laminates and concrete 

was the most critical aspect in such strengthening methods.  In their paper they highlighted 

the importance of surface preparation in determining ultimate bond capacity. The best bond 

was seen to be achieved by abrading or sandblasting to roughen the surface and then cleaning 

the area. They also determined that the two main failure types were shearing of the concrete 

below the bonded surface and shearing at the adhesive interface. Since shearing of a layer of 

concrete beneath the bond was dominant it was also recognized that the ultimate bond 

strength was proportional to the concrete compressive strength (f’c). 

 Research performed by Arduini et al. (1997) sought to shed light on the load-

deflection behavior of externally bond CFRP strengthened RC beams. There were 6 beams 

manufactured and tested in 4-point bending; beams 1 and 2 were without CFRP, beams 3 and 

4 had one layer of CFRP laminates, and beams 5 and 6 had 2 layers of CFRP laminates. The 

final beam was additionally anchored with a steel plate formed as a U-shape around the ends 

of the bonded CFRP to provided additional anchorage. The reinforced concrete beams 

without CFRP failed in a traditional manner which experienced an initial linear elastic region 

until cracking of the concrete followed by a non-linear region up to yielding of the steel 

rebar. The CFRP strengthened beams, of both 1 layer and 2 layers, demonstrated the same 
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initial linear elastic region however, shortly after the initial cracking there was sudden brittle 

failure.  

 In addition to those first 6 beams, Arduini (1997) examined 4 more beams 

incorporating wet lay-up CFRP sheets. These beams had nominal dimensions of 300 x 400 x 

2500 mm. The first had no strengthening as a control, the second had 2 layers of CFRP, and 

beams 3 and 4 had 2 layers with beam 4 being anchored with additional vertical U-wraps of 

CFRP around the ends of the bonded length. The results of these 4 beams resembled that of 

their first 6 with the control beams exhibiting typical behavior of reinforced concrete and the 

CFRP strengthened beams showed higher capacity with brittle failure. The beams with 2 

layers failed with a thicker layer of concrete cover on the debonded sheets while failing at a 

higher capacity than the 1 layer specimen. The beam with CFRP U-wraps had the highest 

ultimate capacity indicating the benefit of the additional anchoring of transversely wrapped 

CFRP. These experiments carried out by Arduini et al. (1997) not only confirmed the 

increase in strength provided by externally bonded CFRP but that the brittle failure 

mechanisms should be considered. 

 Another parametric study conducted in 1997 by Arduini and Nanni examined 

parameters that dealt with: a) the geometry and properties of the existing concrete member 

and b) the properties of the repair materials. Concrete beams with a constant steel 

reinforcement ratio were chosen with compressive strengths of 20 and 30 MPa with 

rectangular sections of h/b ratios of 0.5, 1, and 4. The FRP thicknesses varied from 0.5 to 2 

mm while the FRP-to-shear span ratio (p/a) varied from 0.60 to 0.95.  
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 Beams with different combinations of parameters were tested with the outcome of 

interest being the ratio of the ultimate load of the FRP-strengthened beam compared to the 

unstrengthened beam. Rupture of the FRP only occurred with the FRP of 0.5 mm thickness 

and the longest bond length, otherwise there was debonding. Results indicated that deep 

beams (h/b > 4) could not be significantly stiffened but better gains were made with square 

beams and slabs. It was also concluded that a long bonded length and adhesives with high 

ultimate elongation were most beneficial to the system. Interfacial behaviors of various fiber 

and resin systems were investigated to bring about derivations of theoretical development 

lengths (Bizindavyi and Neale, 1999). Using specially made gages they were able to measure 

the strain distribution across the bonded length. They observed that at loads below cracking 

an exponential decay of strain from the loaded end was observed. As the tests progressed 

there was an abrupt peak and then decrease in stress near the loaded end which represented 

concrete cracking. This was followed by a sudden increase in strain in an adjacent region. 

 Bizinadavyi and Neale (1999) used 150 x 150 x 400 mm concrete blocks dimensions 

with 25 mm wide GFRP and CFRP strips tested in direct shear. A schematic of their 

specimen design is shown in Figure 2.2. Based on the results they proposed that transfer 

lengths can be estimated by taking into account the maximum load of the bond divided by the 

bond area. An analytical model was developed to determine the shear stress distribution 

along the bonded interface for loads less than the initial cracking load. This was valuable in 

understanding the effective length of applied stress along the bond FRP.  It was concluded 

this beyond this length stress is essentially not experienced by the FRP. 
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Figure 2.2 Schematic of pull-test specimen (Bizinadavyi and Neale, 1999). 

 

Chen and Teng (2001) took a critical look at the most referenced models at that time 

and used to predict bond strength. They highlighted shortcomings in that many of the models 

predicted vast underestimations of the experimental strength values and produced a wide 

range of scattered values. Of many observations, they contended that bond stress was not 

uniform across the width of the FRP. Therefore if the FRP is much narrower than the 

concrete then higher stresses at failure are seen which can be attributed to the concrete 

outside the bond area. Chen and Teng’s model for debonding prediction is presented below:  

 

𝜎𝑃 = 𝛼𝛽𝑃𝛽𝐿�
𝐸𝑃�𝑓′𝐶
𝑡𝑝

                                      (2.1) 
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where 𝛼 is a calibrated constant relative to the test type of specimen, 𝛽𝑃 is a width factor, 

𝛽𝐿 is an effective length factor, Ep is the modulus of the FRP,  f’c is the compressive strength 

of the concrete, and tp is the thickness of the FRP. This was in fact a critical study in 

debonding failure as current guidelines, provided for the design of externally bonded FRP 

strengthened concrete, have largely based their debonding strain models on the findings of 

Chen and Teng (ACI 440.2, 2008).  

Other debonding models have been developed that attempt to better incorporate the 

range of variables that are possible when considering different methods of FRP 

strengthening.  Prior to this point there was not one unified model that includes both 

externally bonded FRP sheets/plates as well as near-surface mounted FRP laminated strips in 

its prediction. Seracino et al. (2007) derived such a model by using existing push-pull (i.e. 

“pull-test”) data along with 14 new pull-tests with varying FRP cross-sections. Their 

approach involved defining a fracture plane through the concrete substrate located outside of 

the bonded interface which was described as Lper ; given by an appropriate sum of df and bf; 

which denoted depth and width respectively [Figure 2.3]. 

 

 

 

 

 

Figure 2.3 Cross-section of a pull-test specimen showing the width (bf) and depth (df) 
of the failure plane. 
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Another assumption by Seracino et al. (2007) was that the bonded systems followed 

the behavior of the idealized linear-softening interface bond-slip model (Mohamed Ali et al. 

2006; Chen et al. 2005). In the derivation of their debonding load expression it was also 

assumed that the axial rigidity of the concrete is very large relative to the axial rigidity of the 

FRP. This enabled them to derive expressions for the maximum shear and axial stress as a 

function of 1) tensile strength of the concrete and 2) confinement of the failure plane, defined 

by an aspect ratio:  

 

𝜑𝑝 = 𝑑𝑓
𝑏𝑓

        (2.2) 

 

Ultimately this, aided by the statistical analysis of approximately 100 pull-test specimens, 

resulted in the derivation of the following expression for ultimate bond capacity: 

 

PIC =αp0.85 𝜑𝑓0.25
 f’c�𝐿𝑝𝑝𝑝(𝐸𝐸)𝑝     (2.3) 

 

Where PIC is the maximum resistance of the bond, αp is a calibrated constant, f’c is concrete 

compressive strength, 𝐿𝑝𝑝𝑝 is the length of the failure plane, and (EA)p is the axial rigidity of 

the FRP. 
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2.3 Critical Defects 

With bond resistance being critical to the performance of such strengthening systems 

it has been a natural progression for researchers to question the criticality of certain types of 

defects which might exist at the bonded interface [Figure 2.4]. In one study examining the 

effect of untreated surface debonds on the performance of FRP-retrofitted beams, 40 concrete 

T-beams were fabricated with half of the specimens having 4 inches of wet lay-up CFRP 

sheets and  the other half having 2 inches precured CFRP laminates (Kalayci et. al., 2009). 

Surface debonds were manufactured in these specimens by using a portable stone cutting saw 

to apply surface cuts at the bottom of the beam web to simulate cracks with different cut 

widths [1.6, 2.4, 3.2 mm] and spacing [25, 38, 51 mm]. Also, drilled holes of different 

diameters [6.4, 9.6, 12.7 mm] were applied in other specimens to simulate surface voids 

beneath the bonded CFRP. Figure 2.5 shows photos of their specimen preparation. 

 

 

Figure 2.4 Examples of bond defects in externally bonded CFRP (Karbhari et al. 2005). 

 



  

19 
 

 

Figure 2.5 Kalayci et al. (2009) specimen preparation for (a) surface voids and (b) 
surface cuts (i.e. “cracks”). 

 

  The T-beams were all tested in 3-point bending, measuring the ultimate load and 

deflection. It should be noted that voids were kept to a 5% frequency across the bonded area; 

which corresponds to current thresholds offered by strengthening design guides (ACI 

440.2R, 2008). However, the results showed no significant reduction in the capacity of the 

strengthened T-beams due to the manufactured debonds, thus concluding that recommended 
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thresholds are too conservative. Nevertheless the authors point out that these conclusions are 

only based on their tested range of variables. 

 A comprehensive study conducted by Delaney and Karbhari (2007) focused on bond 

defect criticality for strengthened, 200 mm x 150 mm x 2000 mm RC beams. Beneath a 

single layer of wet lay-up CFRP foreign material of either a rectangular or circular shape 

were placed to prevent a complete bond. Variables in this study included: unstrengthened 

beams, control strengthened beams (without defects), preloaded beams, pre-cracked beams, 

defect sizes and defect locations of various distances from midspan [0 mm, 185 mm, 428 

mm, and 660 mm]. The goal was to see what amount of reduction in strength might be 

attributed to a given defect configuration. Figure 2.6 shows a schematic of their specimen 

design and test setup. 

 

  

(a) 

Bottom 
View 

Defect Midspan 
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(b) 

Schematic of reinforced concrete beams (Delaney and Karbhari, 2007). 

 

The FRP strengthening of the control specimens showed an average increase in 

ultimate load of 73.2% due to the application of FRP. Further, with the preloaded specimens, 

there were no noticeable changes in global response characteristics (i.e. peak load, 

displacement at debonding, and FRP strain at debonding) were all very similar. Therefore it 

was shown that pre-existing cracks, to the extent at which they tested, are of minimal concern 

when it comes to strengthening. 

 The results showed that, for circular debond sizes, as debond size increased from 25 

mm up to 150 mm diameter, peak load decreased, displacement at debonding decreased, and 

FRP strain at debonding decreased with stress concentrations observed in the FRP near 

debond edges.  For rectangular disbond sizes, where specimens experienced a thick concrete 

bondline failure mode, as the disbond size increased from 25 mm to 250 mm length, the 

displacement at debonding decreased, the displacement at steel yield remained the same, and 

the FRP strain at debonding increased. The authors are clear to point out however, that these 

effects were only noticed in cases where the manufactured defects were placed in the high 
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moment region (i.e. mid length). Furthermore, for the majority of specimens it was noted that 

defects were minimally critical when compared to the effects of insufficient surface 

preparation and application of the FRP. 

Considering debond location, results from beams with circular debonds showed that 

when defects moved from the midspan: load at steel yield increased, displacement at steel 

yield increased, FRP strain at steel yield increased, and FRP strain at debonding increased; 

once again indicating that defects further from high moment regions are less critical.  For 

specimens failing through a thick concrete bondline, rectangular debonds located 185 mm 

from the midspan had a lower ultimate load, and lower displacement at debonding than the 

control specimen and a specimen with a disbond located at the midspan. In their case it was 

also found that the effect of debonds being located between FRP layers, at the adhesive 

interface, of both sizes yielded no substantial differences and had similar effects.  

In a California DOT Report (Karbhari and Delaney, 2006), similar results were 

reported that suggested that present guidelines assessing the aspects of critical defects, such 

as NCHRP Report 514 (2004) and ACI Committee 440,2 (2002) are conservative. In the 

given report it showed that both the laboratory tests and the FEA analysis found that debonds 

and cracking do influence bond performance. However, this influence was often limited to 

local effects near the defect and the global influence was quite small compared to the scatter 

in the data intrinsic to aging, weak, and damaged concrete. However, since the studies were 

all conducted on short term loading, no implications can be made about the long term 

behavior of these defects under sustained load, cyclic load, aging, or severe environmental 
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exposure. Table 2.1 shows a list of defect acceptance recommendations along with other 

existing FRP strengthening guidelines. 

 

Table 2.1 List of current defect criterion from existing FRP strengthening guidelines 

Guideline Year Country Defect Criteria 
ACI 440.2R-08 –Guide for 

Design and Construction of 
Externally Bonded FRP 

Systems for Strengthening 
Concrete Structures 

2008 USA Defects less than 2 in2 each are 
permissible as long as the 

defected area is less than 5% of 
the total area and there are no 

more than 10 such defects per 10 
ft2. 

NCHRP Report 514 – Bonded 
Repair and Retrofit of 

Concrete Structures Using 
FRP Composites 

2004 USA Small entrapped voids or surface 
discontinuities no larger than 6.4 
mm ( ¼  in.) in diameter shall not 
be considered defects and require 

no corrective action unless they 
occur next to edges or when there 
are more than five such defects in 

an area of 0.9 m2 (10 ft2).” 
JCSE 41 – Recommendations 

for Upgrading of Concrete 
Structures with the Use of 
Continuous Fiber Sheets 

2001 
 

Japan Recommends survey of external 
appearance. No acceptable defect 

size thresholds provided. 

Fib Bulletin 14 – Design and 
Use of Externally Bonded 
Fiber Reinforced Polymer 

Reinforcement (FRP EBR) for 
Reinforced Concrete 

Structures 

2001 Switzerland States if “considerable” defects 
are present “the FRP should be 

stripped off and new FRP 
reinforcements should be glued.” 

Limits for Durability Considerations 
NCHRP Report 609 - 

Recommended construction 
specifications and process 

control manual for repair and 
retrofit of concrete 

structures using bonded FRP 
composites. 

2008 
 

USA Maintains same 
recommendations of NCHP 

Report 514 for durability 
purposes. 
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2.4 Environmental Conditioning  

 To-date there is still a significant amount of discrepancy surrounding the appropriate 

environmental conditioning protocols for FRP used for civil engineering applications. This is 

true despite the fact that there is a large body of existing literature surrounding the durability 

of various FRP strengthening products. It is evident that among related publications there is 

found no consensus on this issue of standard procedures for conducting specific 

environmental tests. However, what can be certain from the body of literature is that 

performance of FRP strengthening is compromised from extended environmental exposure 

(Sen, 2015). 

Considering the need for standards regarding the environmental effects on FRP 

strengthened concrete, ICC Evaluation Service, Inc. has established an acceptance criterion 

for concrete and masonry using externally bonded FRP (AC 125, 2006).  In the design world, 

AC 125 has, in a way, filled the gap for standard conditioning procedures by providing 

various exposure protocols to be followed as a condition for commercial certification. 

Though a useful reference, it offers only limited description of each test with much left up to 

interpretation of the laboratory. 

ACI 440.2(2008) has addressed the issue of environmental susceptibility by providing 

environmental reduction factors (CE) to be applied to the ultimate tensile stress and rupture 

strain values provided by the manufacturers. Three different exposure conditions are 

considered (interior, exterior, and aggressive environments) which specify a value between .5 

and .95 applied to the properties of the specific fiber type. One assumption also stated in the 

design guidelines is that the modulus is typically unaffected by environmental conditions. 
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Therefore the same modulus provided by the manufacturer is recommended to always be 

used. 

At the time that this present study was being conducted however, ACI Committee 440 

was in the process of developing a set of “Accelerated Conditioning Protocols for Durability 

Assessment of Internal and External Fiber Reinforced Polymer (FRP) Reinforcement for 

Concrete”.  This document was in many ways derived from the AC 125 acceptance criteria, 

covering most of the same conditioning methods, but attempting to provide more in-depth in 

description of the common methods as well as establish standard test specimen 

configurations. Though unpublished, it is expected that this document will provide the first 

official set of ACI guidelines for determining environmental durability of FRP materials used 

for strengthening concrete structures. 

As early as 1995, durability literature was reviewed with the motivation of predicting 

long-term durability of composites (Bank et al., 1995). Several studies were surveyed that 

included temperature, moisture and chemicals in liquid or gaseous mixtures. After their 

extensive review, the authors concluded that the state-of-the-art, at that point, had provided a 

good amount of micromechanical testing as to provide plenty of insight into how FRP 

composites actually degrade in various environments. Therefore they believed that it was 

suitable to develop more integrated (i.e. applying multiple factors) accelerated test 

methodology in order to predict long-term performance of composites specifically used for 

highway structural applications (i.e. bridges). 

In an early attempt to both integrate and scale such methods some work was done to 

compare the flexural capacity of FRP strengthened beams after undergoing several wet/dry 
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cycles (Toutanji and Gomez, 1997). In this study, various configurations of either CFRP or 

GFRP sheets along with one of three different epoxies (anonymously labeled Epoxy I, Epoxy 

II, Epoxy III) were bonded to the tension face of 56 beams cast from the same concrete mix. 

Half of the beams were exposed to 300 cycles of submersion in salt water followed by a 

period of air drying at 35°C at 90% humidity. An important note in this study however, is 

that the concrete beams were conditioned separately from the FRP sheets prior to 

strengthening. Despite this, the externally bonded FRP still increased the flexural capacity of 

the conditioned beams as observed when applied to the unconditioned beams. Nevertheless 

some difference was observed in the amount the conditioned specimens increased in capacity 

compared to the unconditioned. Depending on the combination of fibers and epoxy type, the 

percent reduction in strength increase of the conditioned beams was as great as ~30% and as 

little as ~5%. 

Recognizing the synergistic effects experienced by FRP materials that are actually 

used to strengthen structures in the field, Myers and Murthy (2001) sought to combine 

environmental exposures and observe their effect on the bond in particular. Their conditioned 

procedure integrated a combination of freeze-thaw cycles, extreme temperature cycles, 

relative humidity cycles and indirect ultra-violet radiation exposure in order to simulate 

seasonal changes in the environment in an accelerated manner. Small scale beam specimens 

(152 mm x 152 mm x 610 mm) were also pre-cracked from bending prior to the application 

of FRP strengthening with carbon, glass or aramid fibers. Furthermore, strengthened 

specimens experienced 0%, 25% or 40% of sustained load while being conditioned.  
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Peeling (i.e. debonding) of the sheets during loading was seen to result from the 

conditioning procedure prior to failure. A reduction in flexural stiffness was clearly seen 

when compared to the FRP strengthened specimens that were kept at room temperature. It 

was also concluded that for specimens conditioned under higher sustained loads (40% of 

ultimate load) more initial degradation in bond was observed. Post-test examination however, 

still revealed a good bond between the concrete and FRP in the areas that apparently did not 

peel before testing. Strain readings also did not highlight a premature bond failure but were 

comparable to that of the unconditioned specimens. 

Ekenel and Meyers (2009) carried out an investigative study on the fatigue behavior 

of CFRP strengthened RC beams coupled with the effects of aggressive environments. Test 

specimens were subjected to sustained load, freeze-thaw, extreme temperature, ultraviolet 

light exposure, and relative humidity cycles. Exposure to their respective conditions was 

prior to fatigue loading after which they examined using microwave nondestructive 

evaluation. Some beams were pre-cracked by being loaded to their theoretical cracking 

moment but all underwent a 2 million loading cycles between 33% and 63% of the member’s 

ultimate capacity.  

 They found that environmental conditioning and sustained load significantly affected 

the flexural stiffness of the beams. Observed delaminations that resulted from conditioning 

decreased the stiffness of the CFRP strengthened beams on an average of 15% when 

compared to the non-defected specimens. The nondestructive evaluation however, showed an 

insignificant growth (<5% based on defect area size) in cracks during load cycling. Although 

identified defects were larger than current ACI 440.2R (2008) document requirements, it did 
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not appear to affect the specimens other than stiffness loss. Environmental conditioning was 

also noticed to reduce the capacity of externally bonded CFRP in direct shear tests. 

An extensive study has been performed to study the behavior of FRP materials when 

subject to several environmental regimes (Cromwall et al. 2010). A suite of nine different 

conditioning protocols were carried out for a set FRP specimens which contained material 

coupons and double-lap shear concrete specimens prepared with a CFRP fabric, CFRP plate 

and GFRP fabric. The environmental conditioning considered were: 1) Ambient temperature 

2) Water exposure, 3) Salt water exposure, 4) Alkaline exposure, 5) Dry heat exposure, 6) 

Diesel Fuel exposure, 7) Weathering exposure, 8) Freeze-heat exposure and 9) Freeze-thaw 

exposure. 

 They found that pultruded CFRP plates performed very well in all conditions while 

CFRP wet lay-up fabric also performed well with the exception of the elevated temperature 

which appeared to cause residual stresses between the CFRP and concrete which lead to 

matrix damage. GFRP fabric performed similarly but was much less durable once damage 

initiated during testing. Salt water and alkaline environments, in particular, showed greater 

degradation of the GFRP. Deterioration was more pronounced at the bond interface whereby 

there was weakened adhesion to the concrete substrate. The authors further commented on 

certain positive effects elevated temperatures might have on the post-cure of FRP systems. 

Lastly, revised environmental knockdown factors of 0.90 and 0.80 were proposed for CFRP 

and GFRP, respectively, to be applied to both the FRP strength, as prescribed by ACI 440.2 

(2008), as well as the elastic modulus. 
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In a study resembling more of a standardized approach used for concrete conditioning 

(ASTM C666, 2003) Shi et al. (2011) prepared specially designed double-lap shear, Basalt 

(BFRP)/Concrete specimens that were exposed to up to 200 freeze-thaw cycles with 

sustained load. After exposure, the specimens were tested to failure. Digital Image 

Correlation (DIC) techniques were applied to capture the full-field strain on the pull-test 

specimens. The conditioning procedure was conducted in accordance with rapid freeze-thaw 

test methods recommended by China National Standard (GB/T 50082-2009). Specimens 

were soaked in water rubber boxes and subjected to freeze-thaw cycles with 3-4 hours per 

cycle.  The range of temperature in the concrete prism varied from +8°C to -17°C [46.4°F to 

1.4°F]. Test results showed that freeze-thaw cycling leads to significant decreases in load 

carrying capacity, ultimate slip, shear strength and increases in effective stress transfer length 

of the FRP-concrete interface. 

Accelerated conditioning methods are common because of practical time constraints 

that exist in typical funded-research. However, in some cases researchers have the privilege 

of dedicating longer amounts of time to the conditioning process. Such was the case with 

Ghosh and Karbhari (2011) in their comparative study which evaluated the durability of 

ambient temperature cured, externally bonded CFRP and GFRP. This paper presents results 

from an extensive 24-month study, involving ten different external strengthening FRP 

systems, to assess the durability of the bond under environmental exposure conditions 

including immersion in water, immersion in salt water, ponding at different humidity levels, 

and exposure to freeze conditions of –18°C [-0.4°F]. The FRP systems were characterized 
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through determination of moisture uptake characteristics, tensile strength and modulus of the 

resins and adhesives, and direct tension pull-off testing of the FRP-concrete assembly. 

 

2.5 Defect Detection Techniques 

Despite the lack of consistent protocols, it has been established that harsh 

environmental exposure, along with installation errors, can cause a defected bond which 

might lead to a compromise of the strengthening system. Bond defects may take the form of 

entrapped air-pockets, moisture, foreign inclusions, or debonding at the FRP-concrete 

interface. These issues present fundamental challenges that must be overcome in order for 

this repair or strengthening technique to realize its full potential. The National Cooperative 

Highway Research Program Report 514 (2004) recognizes these challenges when it states, 

“Significant research is needed to determine critical defects, their identification using rapid 

methods of NDE techniques, and the effect of such defects on the long-term performance of 

FRP repair systems.”  Even the most recent design guides governing FRP strengthening of 

concrete provide no definitive instruction for the inspection and assessment of defects 

(ACI440.2R 2008). To date, such publications simply provide a general list of methods to be 

utilized, including visual inspection, acoustic sounding, mechanical pull-off, and infrared 

thermography, but these documents provide little to no details on their capabilities or 

limitations. General concepts that govern many typical NDE methods are summarized in 

Table 2.2. Of those listed however, infrared thermography has received most attention in the 

published literature regarding FRP strengthening; such is also the basis of this research effort. 
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Table 2.2 Types of NDE techniques and a description of their methods 

Technology Description 

Visual Inspection 

Examination done by visual observation. It can be done 
directly by the human eye using cameras or periodic visits.  
Remote testing is with surface inspection by fiberscopes or 

other digital video technology. 

Dye Penetration 
Dye liquid is applied to seep into tight structural openings such 
as cracks, pores or debonds and then made visible by external 

illumination. 

Radiography 
Electromagnetic radiation is sent through a component to 

produce an X-ray of the structure to reveal internal defects in 
the composite 

Thermography 

Heat is applied through an object to allow the measurement 
and graphing of isothermal contours on the surface of an object 

via an infrared camera. It shows temperature differences 
caused by internal discontinuities. 

Eddy Current 
Testing 

Typically used with carbon composites, this allows for a 
voltage to be sent into the specimen by a circular driving coil. 

A current travels through the structure that experiences 
alternations when it encounters material anomalies. 

Laser Methods 

A variety of methods that involve the use of optics to detect 
minuscule deflections indicated by changes in the wavelength 

of light. Frequently applied methods include moiré 
interferometry, holography, and shearography. 

Ultrasonic 
Detection/ 
Acoustic Sounding 

Mechanical stress waves are utilized to detect internal material 
discontinuities. These can be caused by structural failure or 

induced by external impact, such as hammer tapping or 
piezoelectric (PZT) transducers. 
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2.5.1 Infrared Thermography 

Infrared thermography (IRT) is an advanced method of inspection that involves 

heating an object with an external heating source and then observing the thermal contrast 

between the scene (non-defected area) and the object of interest (defect). Figure 2.7 shows an 

illustration of this process. IRT has shown tremendous effectiveness for non-destructive 

evaluation (NDE) of large-scale composite structures due to the fact that a large section of 

the structure can be imaged without the need of a specialized environment. Further, IRT is a 

non-contact inspection method, which in and of itself drastically reduces the required 

inspection time (Avdelidis et al. 2004). Though widely employed in the aerospace 

community, it is also currently being used for NDE in civil engineering; particularly for 

detecting defects in structures incorporating FRP materials. 

 

 

Figure 2.7 Illustration of how traditional IRT works (Taillade et al., 2012). 
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Halabe et al. (2007) have demonstrated the ability to detect subsurface defects of 

composite bridge decks by using various heating sources including a quartz space heater and 

a heating blanket (both 1500 W) and collecting images with a commercially available digital 

infrared camera. Because of the portability of the device they were also able to perform field 

studies using solar radiation (i.e. the sun) as a heating source (Halabe et al. 2007). Solar 

radiation was useful for a few hours after it built up slowly over time (~ 8am - 2pm) 

however, they found that a significant contrast was better achieved when faster heating 

perturbations were used that produced at least a 10% temperature difference between the 

defect and the sound area.  

Pulsed Thermography (PT), a particular method of IRT, has been shown to improve 

the defect image contrast by applying advanced thermal stimulation (Maldague et al. 2001). 

In PT a relatively short duration pulse of heat is supplied to the region of interest and the 

transient cooling period is observed in which defects are shown at higher temperatures than 

sound areas. Pulse stimulated IRT has been shown to provide sufficient thermal contrast to 

identify defects and estimate their sizes (Taillade et al. 2012, Tashan and Al-Mahaidi, 2014). 

Dumoulin and Ibos (2010) fabricated a CFRP strengthened concrete specimen that had 

manufactured defects with materials such as wood, steel, Teflon and cork. It was found that 

pulse and square heating stimulation produced visible thermal images of each material whose 

signatures were able to be matched to numerical simulations. 

 Commercially available systems using PT have also shown to be effective in 

quantitatively monitoring the growth of bond defects in full-scale segments of bridge decks 

(Ghosh and Karbhari 2011). Researchers constructed a three-girder, two bay bridge deck 
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assemblies with center-to-center distance between girder webs of 1.68 m (5.5 feet). They 

tested the specimen in three phases. Phase 1 was to initiate cracking by loading of the 

specimen to 75% of the punching shear capacity. The concrete slabs were then strengthened 

with two different composite systems. Phase 2 involved initiating shear criticality (75% of 

yield in internal steel stirrups) in the middle of the longitudinal girder. The girder was then 

strengthened by external FRP composite stirrups. Phase 3 involved loading the strengthened 

specimen until ultimate failure by debonding of the FRP. Figure 2.8 shows a photo of their 

test setup.  A pulsed IR thermography system equipped with two xenon flash lamps enabled 

periodic inspection of the bond. Based on the magnitude of the thermal intensity, the severity 

of the damage from the loading was imaged and assessed. 
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Figure 2.8 Photo of 3 girder bridge deck test setup. Reproduced from Ghosh and 
Karbhari (2011). 

 

 By using a thermal diffusion time concept along with the hypothesis of heat diffusion 

in a semi-infinite body, work has also been performed to estimate the depths of defects based 

on the time it takes for the defected area to return to ambient temperatures (Dumoulin et al. 

2011). In this particular study a handheld infrared lamp and camera setup was developed for 

application in the field on a CFRP strengthened bridge in Toutry, France. In this they 

demonstrated the viability of using a portable PT system in the field, nevertheless this 

method still limits the inspector to only being able to detect shallow defects. 

3 girder bridge 
deck specimen 
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Others have performed more controlled methods of thermal excitation by employing 

halogen lamps in a method known as Lock-In Thermography (LT) (Karbhari et al. 2005). LT 

requires an input of single frequency modulated heating. During inspection, IRT recording of 

the oscillating surface temperature is synchronized with the modulated thermal excitation and 

multiple images are taken per modulation cycle. These images are used to calculate the phase 

difference between waves reflected from a defect region and sound region.  This phase 

difference is proportional to the thermal contrast of the two regions. Due to the single 

frequency of the excitation, the user is able to view a strong phase contrast between defective 

and sound regions of the material.  

One advantage of viewing the phase information in these images, as opposed to the 

time information, is that effects of non-uniform heating and surface reflections are largely 

removed, which is critical for structural applications (Maldague and Marinetti 1996). LT 

provides the ability to obtain depth information by selecting particular heating frequencies 

that travel to known depths below the surface. On the other hand, this method is vastly 

inefficient for field applications due to the need to set up and synchronize the instrumentation 

to the corresponding frequency for each observed depth. Labor is further compounded by the 

need to repeat this entire process for each region to be assessed on a large structure; making 

the inspection time longer and requiring more energy to operate. 

Despite documented support of the effectiveness and practicality of IRT inspection, 

there remain a number of general challenges that present themselves when using the typical 

methods currently practiced. For example, environmental conditions may affect the ability to 

apply a consistent and uniform heating excitation, along with changes in distance or 
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orientation of the heat source, resulting in the region of interest receiving variable amounts of 

heat. Such issues can lead to misinterpretation of thermal observations (Ho and Chang, 

2013). Further, strengthening systems typically have glossy finishes or exterior coatings that 

may produce surface reflections from obscure radiation in the area, affecting the accuracy of 

the thermal images obtained. When the assessment of a defect is primarily made from 

thermal data in the time domain, sudden changes in solar intensity, precipitation and even 

wind may cause false IR readings. And finally, when the actual thermal properties (e.g. 

thermal diffusivity, heat flux, specific heat) regarding the strengthening system are not 

known with accuracy, the determination of defect depths using typical methods proves to be 

extremely difficult.  

  

2.5.2 Pulse-Phase Thermography 

Certain issues with traditional IRT have been overcome by the use of Pulse Phase 

Thermography (PPT) which not only to provides information on the presence of defects, but 

also as a method to retrieve the depths at which they exist in multi-layered CFRP 

strengthening systems. Depth information, in particular, provides an extra dimension (i.e. 

through the thickness) beyond what has been obtained using rapid IRT methods currently 

practiced in civil engineering. 

PPT was derived and developed as a method that mathematically combines features 

of both PT and LT (Maldague and Marinette, 1996). It allows one to take advantage of the 

rapid detection of single pulse stimulation and the depth observation of a modulated signal 

[Figure 2.9.]. Essentially, PPT is achieved by applying a single square thermal pulse and 
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performing a Fourier Transform (FFT) on the surface temperature images captured during the 

transient (cooling) period. The FFT calculations produce phase images in the frequency 

domain with high contrast between defective and sound regions of the material (Arndt 2010). 

As in LT, the effects of non-uniform heating and surface reflections are also removed from 

the obtained images as only the phase information is considered. As the frequency 

information is calculated from the FFT, some noise is introduced as compared to LT, 

however only a single measurement is required to scan through the entire thickness of the 

material. 

 
 

 

Figure 2.9 Representation of how PPT combines aspect of LT and PT (Reproduced 
from Ibarra-Castanedo, 2005). 

 
 

 To-date there is only a limited number of published papers that address the 

application of PPT inspection to FRP strengthening or repair systems. Among these are 

Valluzzi et al. (2009) who used PPT inspection for laboratory testing of full-scale FRP 

strengthened beams. They divided the inspection into two phases. First they scanned the 

beam using a hot air heater and recorded thermal images, which were used to look for "hot 

spots" or anomalies. Then they performed an FFT on locations identified as potential 

   + = 
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problems. PPT was proven successful in detecting a 60 micron thick Teflon tape at the FRP-

concrete interface of a reinforced concrete beam strengthened with pultruded CFRP plates 

(Valuzzi et al. 2009).  Others have reported similar success but did so without mentioning 

any specific parameter values (e.g. truncation period, sample rate, etc.). By using PPT it was 

demonstrated that defects at depths of up to 3 layers of FRP, used to strengthen a masonry 

wall, can be identified (Cantini et al. 2012). Interestingly, no specific depth location 

information of a defect was retrieved in any of the previously conducted studies. Ironically 

however, Cantini et al. (2013) does note that high frequencies were needed to make 

shallower defects visible and deeper defects were only obtained by the lower frequencies. 

This is a key observation that theoretically supports and suggests the use of PPT for 

retrieving depth information.  

 A potential, yet unrealized, application of this method in externally bonded FRP 

strengthened civil structures has been the ability to determine adhesive thicknesses to assess 

the quality of installation. Limerick et al. (2004) attempted to use PPT, to examine an 

increase in adhesive bond thickness for CFRP bonded to concrete; using the observed change 

in phase values. Both FE models and experimental data showed a negligible change in values 

and thus yielded a failed attempt to determine thickness difference for thicknesses beyond 4 

mm. This was perhaps due to a low frequency resolution produced by waves capable of reach 

this depth.  

Ibarra-Castanedo (2005) however, has demonstrated the ability to determine the depth 

of defects located in CFRP laminates and steel plates by understanding the relationship 

between thermal frequencies and the material depth they were able to reach. He initially 



  

40 
 

draws attention to the fact that thermal waves are emitted from the material surface and 

detected by the thermal camera to be saved as two-dimensional pixel arrays. They occur at 

discrete time intervals (Δt) which correspond to the sampling rate (𝑓𝑠) of the data acquisition 

system. The overall time for which the data is collected is known as the truncation window 

(w (t)) which determines the total number of recorded images by the expression N = (w(t)/ 

Δt) +1. Figure 2.10 illustrates this concept. 

 

 

Figure 2.10 (a) Temperature 3D matrix on the time domain, and (b) temperature profile for a 
non-defective pixel during cooling (Ibarra-Castanedo, 2005). 

 

The Fourier algorithm performed, in this case, is actually a Discrete Fourier 

Transform (DFT) used to extract specific frequencies from the measured thermal waves: 

𝐹(𝑛) =  1
𝑁
∑ 𝑇(𝑘∆𝑁−1
𝑘=0 𝑡) 𝑒𝑒𝑒 �−2𝜋𝜋𝜋𝑘∆𝑡

𝑁
� =  𝑅𝑒(𝑛) +  𝑖𝑖𝑖(𝑛)  (2.4) 
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where k is image index, T(kΔt) is the temperature evolution of each pixel. The amplitude A, 

and phase delay 𝜑, are outputted as follows: 

 

𝐸𝜋 = �𝑅𝑒𝜋2 + 𝑖𝑖𝜋
2  and  𝜑𝜋 = 𝑡𝑡𝑛−1 𝐼𝐼𝑛

𝑅𝑝𝑛
   (2.5) 

 

The phase information derived from the DFT is minimally affected by noise produced 

by non-uniform heating and surface reflections. These values are obtained from a particular 

range of frequencies determined by: 

 

𝑓𝑘 =
𝑘
𝑁∆𝑡

=
𝑘

𝑤(𝑡)
 

 

with a maximum of         (2.6) 

 

    𝑓𝑘 = 1
2∆𝑡

 

The maximum frequency limit corresponds to the Nyquist limit (i.e. half the sampling 

rate,𝑓𝑠), which is the lowest rate required to reproduce an original continuous signal as a 

discrete sequence of samples without any (significant) loss of information (Shannon, 1948). 

The blind frequency (fb) is the minimum thermal frequency at which a certain defect 

no longer has sufficient phase contrast to be visible in the phase images (i.e. phase pixel 

arrays) presented in the frequency domain (i.e. the minimum frequency that cannot travel to 
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its location through the thickness). For an infinitely deep material, this blind frequency is 

linearly proportional to the depth of the defect according the following relationship: 

 

 z∝𝐶1�
𝛼
𝜋𝑓𝑏

= 𝐶1𝜇      (2.7) 

 

where z is the defect depth, α is the thermal diffusivity of the material or sound area, and C1 

is a calibrated correlation constant. Figure 2.11 further illustrates this concept. 

 

 

Figure 2.11 Illustration of how blind frequency found in phase contrast corresponds with 
defect depth (Ibarra-Castanedo, 2005). 
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 This concept has since been used for through the thickness identification of impact 

damage in aerospace grade composite laminates (Pawar and Peters, 2013). It was shown that 

one can calibrate the constant C1 by obtaining fb for known depths in a given laminated 

composite material and thereby use the derived equation to approximate the depth at which a 

certain defect is present in identical laminates. This calibration can also take into account 

experimental factors such as truncation errors and the fact that the material thermal 

diffusivity may not be well known. 

With the successful application of this technique in aerospace composites, it follows 

that potential contributions remain to be made by using this method of depth characterization 

for externally bonded FRP strengthened concrete. Despite the apparent advantages of using 

the frequency domain for image observation, PPT, or any resemblance thereof, has scarcely 

been used in the inspection of composites in civil engineering applications. 

 

2.6 Research Needs 

 After a thorough survey of literature related to the topic, a few key gaps in the 

literature were identified and are summarized below:  

(1) Exclusive use of PPT as a method of inspection for externally bonded CFRP 

strengthened concrete structures. Despite the few examples of researchers observing 

the phase images to compare defect visibility with other IR post-processing methods, no 

one has yet to demonstrate, nor develop, a procedure aimed at producing reliable phase 

images for defect detection.  
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(2) Calibration process for PPT depth retrieval of defects found in multilayered CFRP 

strengthened systems. Most studies of bond defects have employed time dependent 

methods for estimating the depth of an identified defect. This requires accurate 

knowledge of the material’s thermal properties such as diffusivity and conductivity. 

Estimating the layer at which bond defects exist in externally bonded CFRP has yet to 

be demonstrated without such prior knowledge. 

(3) Defects that exist prior to being subjected to environmental conditioning have not 

been examined. This is relevant when considering the fact that some defects are present 

immediately after the installation of wet lay-up FRP systems. While certain bond defects 

might be minor enough to pass quality control measures, these anomalies could serve as 

the entry point to faster degradation which might lead to a greater compromise in the 

strengthened system. A study that combines the presence of bond defects with 

accelerated conditioning protocols would be of value to the understanding of both defect 

criticality and durability. 

(4) The effect of manufactured debonded regions on the debonding capacity of typical 

pull-test specimens. Though the global effect of debonds on the flexural capacity of 

strengthened beams has been examined, no work has been found that incorporates such 

defects into elemental testing; from which we derive our models for design and analysis 

of FRP strengthening.  Current guidelines have set size thresholds of defects that warrant 

recommended repairs however; apparently no literature exists to support these values. 

Should bond defects of a certain size have a negative impact on the system, it would be 

beneficial to have them analyzed and validated on a fundamental level.  
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A 3 phase experimental program has been design to examine these key issues. Phase 1 

will be entirely focused on the development of PPT inspection CFRP strengthened concrete. 

The blind frequencies will be discovered for multilayered specimens and an equation will be 

calibrated for depth retrieval. This will lead into Phase 2 where pull-test specimens will be 

designed with and without embedded defects that PPT will be used to detect and monitored 

their growth after being subject to water submersion. Phase 3 is similar to Phase 2 but will 

examine environmental durability of defected specimens after being subjected to freeze-

thaw cycles. Measurements obtained from these proposed experiments will provide greater 

insight into the areas not sufficiently addressed in the literature.  
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CHAPTER 3 

PHASE 1: DEPTH DETECTION OF BOND DEFECTS IN  

MULITLAYERED EXTERNALLY BONDED CFRP-TO-CONCRETE SPECIMENS 

USING PULSE PHASE THERMOGRAPHY 

 

3.1 Background 

 Pulse Phase Thermography presents unique advantages when compared to 

traditional IRT. It was the objective of this initial study to demonstrate the use of PPT in 

providing information on the presence of defects and the depth at which they exist in multi-

layered CFRP strengthening systems.  This provides information on an extra dimension (i.e. 

through the thickness) beyond what has been obtained using IRT methods currently practiced 

in civil engineering.  

 

3.2 Experimental Methods 

The lab setup used for this particular study, shown in Figure 3.1, contains 2 halogen 

lamps for the heat source that were placed at a distance of approximately 0.5 m from the test 

specimen. The halogen lamps produced 1700 W each, therefore a total of 3.4 kW from 

halogen lamps were used to thermally stimulate an area of 0.093 m2. The lamps were 

controlled by a Tektronix function generator capable of a 10V output. The excitation voltage 

was amplified by an IR controller (Movimed). The specimen was supported on a light-weight 

aluminum frame; approximately 75 mm above the table surface. The thermal images were 

recorded by a CEDIP Infrared Systems Titanium 560 M Thermal Camera, able to take 
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images in the mid-range thermal spectrum, which was mounted on an aluminum rail to be 

adjusted at variable distances from the face of the specimen. The data from the camera was 

ultimately collected by Altair thermal imaging software. 

 

Figure 3.1 PPT Lab Setup. 

 

3.2.1 Variables 

A set of variables with a respective range of values were examined in this study, as 

shown in Table 3.1. These values are not based on any previous experience but were largely 

selected through trial and error. Sample rate (Δt) is the frequency at which the thermal 

camera takes images during recording. The selection of Δt is based on a compromise between 

the number of images, computing power, and resolution required for analysis. Thermal pulse 
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duration is the length of the active heating periods. This also affects the length of the cooling 

period as longer pulse durations require longer transient times which thereby increases the 

amount of data needed to be stored and manipulated. Related to this, a truncation period (w 

(t)) is selected to determine how much of the transient regime needs to be recorded in order 

to achieve a sufficient resolution in the frequency analysis. And finally, truncation delay is 

the amount of time (i.e. data), after the thermal pulse ended, that is removed before the 

images recorded from the cooling period are considered in the analysis. 

 

Table 3.1 List of Tested Variables 

Variables Values 
Sample Rate, Δt (Hz) 6, 3, 2 
Thermal Pulse Duration (s) 1, 5, 10, 15, 30, 50  
Truncation Period, w(t) (s) 15, 30, 45, 60, 120  
Truncation Delay (s) 0, 5, 10, 20  

 

 

3.2.3 Specimens 

Two types of specimens were used for this study, both consisting of nominally 300 x 

300 x 80 mm thick concrete panels overlaid with a number of layers of CFRP applied using 

the wet lay-up technique. The fabric and epoxy came from a single manufacturer and were 

prepared according to manufacturer recommendations with proper mixing ratios and mixing 

times, and application instructions. The specimens were allowed to cure for minimum of 7 

days prior to testing. Details of these two specimens are illustrated in Figure 3.2. Embedded 

at various bonded interfaces were manufactured defects of Rohacell foam. This foam was 
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selected as a material which closely resembles the thermal characteristics of air by its low 

density and porous nature. The foam had a natural thickness of approximately 2-3 mm but 

could be reduced to 1 mm when compressed.  The areas of the manufactured defects were 

selected to be in the same order of magnitude as the defect thresholds recommended in 

ACI440.2R (2008).  
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Figure 3.2 Schematic of Test Specimens. 
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3.2.4 Test Procedure  

Several steps are required to process the PPT data for detecting the defects and 

determining their blind frequency, fb (defined in Chapter 2) for eventual depth retrieval. It is 

worth noting that all six of the pulse durations used was sufficient for the first stage of simply 

identifying the defects. Parameters such as the truncation period, truncation delay and even 

sample rate were adjusted during post-processing of the data to optimize the PPT results. 

Some combinations were suitable for determining the blind frequency.  

The procedure began with determining the desired thermal pulse duration and the IR 

camera sampling (frame) rate. Once the specimen was placed at a sufficient distance 

necessary for viewing the entire region of interest, the thermal load was applied and the 

surface temperatures during the entire heating and cooling periods were recorded with the 

thermal camera. The thermal data was saved in ASCII format for later processing in 

MATLAB. It was at this step that the data was truncated by removing the frames captured 

during the heating phase, only saving those frames that were recorded immediately after the 

thermal pulse ended. Further, the exported data was also subsampled in order to achieve 

target sample rates of 6 Hz, 3 Hz and 2 Hz. This was helpful in reducing large amounts of 

recorded data to a more manageable size for analysis. 

The subsample data was then concatenated in MATLAB to produce a singular three-

dimensional matrix to be processed by the open source MATLAB program IRVIEW (Klein 

et al. 2008). IRVIEW performs a Fourier Transform analysis of the thermal data at each 

pixel, calculating the phase and amplitude information as a function of frequency. The phase 

information for all pixels at a given frequency is then saved as a series of phase images. The 
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corresponding phase values for a representative defective and sound area were calculated 

using the average of a minimum of 1000 pixels from the center of the identified defect area 

in order to remove noise in the data and variations in phase across an individual defect. At 

the set camera distance, 1000 pixels corresponded to approximately 135 mm2 (0.21 in2). The 

averages for each frequency were then exported to Excel, where they were plotted on a phase 

vs. frequency graph. The produced plots were then curve fitted using a smoothing function to 

further reduce noise. From these curves, the blind frequencies were identified by locating the 

point at which the average defect values fall with 0.5% of the average sound values; which 

was chosen as an arbitrary percentage where there was no significant phase contrast beyond 

data noise.  

 

3.3 Test Results 

 All the specimens were manufactured using the same CFRP system from a single 

manufacturer. The respective material properties as provided by the manufacture along with 

that of the compression tested concrete are given in Table 3.2. One should note that the 

thermal diffusivity, which measures the ability of a material to conduct thermal energy 

relative to its ability to store it, of the composite is typically neither provided by 

manufactures, nor found in literature. However, it is also not necessary because the PPT 

method of detecting defects relies on a contrast of phase values rather than time-based 

diffusion calculations as others have used (Dumoulin et al., 2011).  
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Table 3.2 CFRP Material Properties 

Material Tensile Strength 
(MPa) 

Tensile Modulus 
(GPa) 

Thermal Diffusivity 
(mm2/s) 

Carbon Fiber 3790  230  0.139 

Epoxy 72.4  3.18 0.48 

Composite 986  95.8  N/A 

Concrete 27.6  24.7 0.764  
 

 

Before calibrating the full depth versus blind frequency range, Specimen 1 was used 

to test the ability of the PPT system to detect and locate artificial defects below 1 and 2 layers 

of CFRP. The first specimen contained 2580 mm2 defects located at the CFRP-concrete 

interface. Because the foam inserts in Specimen 1 were not compressed as they were in the 

following specimens, and due to the comparatively thin layers of CFRP, the defects were 

visible, to the naked eye, on the specimen surface. Half of the specimen had 2 layers of 

CFRP above the defect while the other half had only one (Figure 3.3). The PPT was able to 

easily detect the defects in this specimen, as the defects were relatively large and showed a 

strong contrast with the sound areas in the phase images, as can be seen in Figure 3.3. What 

is also noticeable in these phase images is the visual contrast between 1 and 2 layers of CFRP 

away from the defects. This illustrates the frequency information that can be applied to 

differentiate between depths. The PPT images in Figure 3.3 also highlight some of the 

potential challenges in applying PPT to CFRP strengthened or repaired concrete. First, the 

surface texture is still visible in the images, although greatly reduced as compared to the 

temperature images (shown later). Second, the edges of the defects are not distinct in the PPT 
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images and some user interpretation would be required to size the defects. Finally, the phase 

contrast is not uniform over the defect area. Each of these challenges contributes to noise in 

the calculation of the phase of the defective and sound areas for a given frequency. 

 

 

Figure 3.3 Photograph of Specimen 1 with phase images chosen at the frequency at 
maximum contrast of the defect under 2 (left) and 1 layers (right). 
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Recall that the ultimate objective was to achieve a setting that provided clear 

identification of the blind frequency for each defect. The phase images shown in Figure 3.3 

were then analyzed numerically by averaging the value of 1000 pixels located in the defect 

region and comparing it to the average value in the surrounding sound region of the image. A 

minimum of 1000 pixels was selected for determining the average phase value of each defect 

because it was important that a large enough area was selected in order to be considered a 

representative sample of the total area. Selecting too small of an area, relative to the total size 

of the defect, would result in an inaccurate determination of its value.  After carrying out this 

process the blind frequencies were distinguishable as shown in the phase versus frequency 

graphs of Figures 3.4 and 3.5.  

 

 

Figure 3.4 Blind frequency of Specimen 1 in the 1 layer region. 
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Figure 3.5 Blind frequency of Specimen 1 in the 2 layer region. 

 

The Specimen 1 results also allowed for the limits of data feasibility to be 
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cooling periods that were able to be analyzed using truncation windows of approximately 

120 seconds at a sample rate of 6 Hz. Thus it provided enough resolution for the phase 

contrast of defects and their associated blind frequencies to be identified. In some cases an 

additional truncation delay was introduced by removing a number of frames on the front end 

of the exported data. This was done as an attempt to improve the relative resolution of deeper 

defects. Though it appeared to help in some cases, in general this did not provide a definitive 

advantage. 

Figure 3.6 shows the thermal image of Specimen 2 which was manufactured with 4 

layers of CFRP where the defect size was reduced to 1290 mm2 to match the maximum 

acceptable size recommended by ACI 440.2R (2008); conversely representing the minimum 

size of defect the technique should be able to detect. A single defect was embedded at each 

interface with “Interface 1” being between the top and second layers of CFRP, “Interface 2” 

being between the second and third layers, and so on. The rationale for the increase to 4 

layers was that the PPT settings required for identifying the blind frequencies in this system 

would include the maximum truncation period needed during cooling; since most bond 

critical FRP strengthening or repair solutions rarely use more than 4 layers in their design. In 

this case, the respective levels of visibility of defects in both the thermal and phase images 

were compared, as can be seen in Figures 3.6 and 3.7, respectively. 
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Figure 3.6 Thermal image of Specimen 2 at time = 0.167 sec (Scale: 27.5 pixels/cm). 

 

 

Figure 3.7 Phase contrast image of Specimen 2 at frequency = 0.0501(Scale: 27.5 pixels/cm). 
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The 4 layers of CFRP of Specimen 2 proved to be more difficult than the 2 layers of 

Specimen 1 in terms of selecting a truncation window that captured enough cooling 

information from each defect. It was determined that a truncation period of approximately 

120 seconds produced the maximum number of images that could be processed in a 

reasonable amount of time. However, once the FFT was performed on the thermal images to 

obtain their phase values, sporadic phase behavior was often observed among the deeper 

defects (i.e. interfaces 3 and 4) in the frequency domain. The plotted curves would often 

begin to deviate from a recognizable trend making the convergence of values non-apparent. 

This obviously made it very difficult to identify the blind frequency for each defect.  

To address this problem a truncation delay was introduced for Specimen 2 before 

performing the FFT on the data set. It was found that by removing approximately 5 seconds 

of data from the front end of the cooling period, before converting to the frequency domain, 

some of the noise observed in the phase plots of deeper defects was avoided. It is believed 

that this “thermal noise” is produced by thermal saturation that occurs on the surfaces above 

the defects during the initial seconds of cooling. However, if too much data is removed there 

is a negative effect on the shallower defects as some of the thermal waves emanating from 

these regions are eliminated and thus not sufficiently included in the FFT algorithm. The 

approximate blind frequencies of the defects in Specimen 2 with 4 layers of CFRP were 

eventually identified using the phase versus frequency plots shown in Figures 3.8 and 3.9. 
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Figure 3.8 Phase vs. frequency graph of the 4 layer specimen showing the fb value for each 
defect. 
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Figure 3.9 Zoomed in view showing the plotted phase convergence of defect at interface 4. 
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z ∝ C1′�
1

𝜋𝑓𝑏
 - C2 = C1′μ′- C2     (3.1) 

where μ' is the modified diffusion length, and C2 is the offset constant. 

 

Using this modified equation (Eq. 3.1), several iterations were performed to identify 

the fb values for each defect. Parameter combinations (each containing a particular sample 

rate, pulse duration, truncation period and delay) that yielded noticeable convergence for all 

4 defects were then designated as six different parameter sets (labeled A, B, C, D, E and F) 

which are shown in Table 3.3. The defect depth prediction values of these sets were then 

plotted on the same graph showing the defect location (depth) versus the modified diffusion 

length as shown in Figure 3.10. The purpose of this graph was to compare their linearity 

(which is expected to represent the linear increase in depth through the thickness), across a 

reasonable range of calculated μ’ values (i.e. linear sensitivity to defect depth). From Figure 

3.10 it is seen that although set A is relatively linear, the frequency band is limited and does 

not extend beyond a μ’ value of 0.5 s1/2. Therefore, the blind frequency is relatively 

insensitive to the depth. Sets D and F cover a wider range of values; however the regression 

coefficient of the data to the linear fit was not high. Further, set F contains one data point that 

causes the linear fit to be unrealistic. This is most likely because the thermal wave 

attenuation experiences non-linear changes in μ' (and thereby blind frequency values) as the 

depth increases, which was highlighted with these parameter sets. From these observations 

the number of viable parameter settings for depth detection was narrowed to those found in 

sets B, C, and E that were to be further vetted using Specimens 3 and 4. 
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Table 3.3 Variable Values for the Six Parameter Sets Yielding Blind Frequencies 

Parameters 
Set 

Sample 
Rate, Δt 

Pulse 
Duration 

Truncation 
Period, w(t) 

Truncation 
Delay 

A 6 Hz 15 s 60 s 0 s 
B 6 Hz 15 s 115 s 5 s 
C 6 Hz 15 s 60 s 10 s 
D 6 Hz 15 s 60 s 5 s 
E 6 Hz 15 s 120 s 0 s 
F 6 Hz 15 s 105 s 15 s 

 

  

 

Figure 3.10 μ′ values (a function of fb) for each set of parameters plotted versus defect depth; 
also showing their respective linear fits. 
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3.4 Verification of Parameters on 2 and 3 Layer Specimens 

Specimen 3 was the 3 layer CFRP-concrete sample and Specimen 4 was the 2 layer 

CFRP-concrete sample with manufactured defects at each interface just as in Specimen 2 

(Figure 3.2). The purpose of these remaining specimens was to verify that the parameter 

settings found using Specimen 2, which represented the maximum number of layers likely to 

be used in design, were indeed suitable for configurations containing fewer layers. In both 

cases, the process of identifying the defects and determining the blind frequency for each 

defect was straightforward using the established parameter settings (i.e. sets B, C and E) 

found from previous specimens. Figures 3.11 and 3.12 show the maximum phase images of 

the 3 layer and 2 layer specimens, respectively. As in the previous cases presented, the defect 

areas produce a significant phase contrast from the surrounding sound areas. 

 

 

Figure 3.11 Maximum phase contrast image of Specimen 3 (Scale: 27.5 pixels/cm). 
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Figure 3.12 Maximum phase contrast image of Specimen 4 (Scale: 27.5 pixels/cm). 

 

Using the same method as that described for Specimen 2 the blind frequency, fb, of 

each defect was identified for all cases. However in using Specimens 3 and 4 for validation, 

it became apparent (based on a R2 = 0.988) that set E had the best linear fit and most effective 

parameter settings for the given CFRP-concrete material system. Therefore the best set of 

parameters found from the set of variables applied to this particular material system and PPT 

system are presented in Table 3.4. This set of parameters was also deemed the most practical 

because it gave a sufficient thermal input while at the same time, at the selected sample rate 

(6 Hz), allowed capture of most, if not all, of the data during cooling without acquiring too 

many frames as to overwhelm post processing. 
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Table 3.4 Recommended parameter settings for determining fb  

Variable Value 
Sample Rate, Δt 6 Hz 
Thermal Pulse 
Duration  

15 s 

Truncation 
Period, w(t) 

120 s 

Truncation Delay 0 s 
 

 

With the data obtained from Specimen 2 a calibration curve was derived by performing a 

linear regression fit on the set E plot of depth versus modified diffusion length. The 

calibrated equation enabling the prediction of the layer at which a bond defect is present for 

the given CFRP strengthened or repaired concrete system is given by the following equation; 

where the correlation coefficient for the linear fit over the data is R2 = 0.994. 

 

z = 8.255 μ′ - 2.988      (3.2) 

 

For externally bonded FRP systems it is only useful to know the interface at which the defect 

is present, therefore the above equation needs only to provide a value that is within ± 0.5 

times the layer’s thickness. Based on thickness measurements of laminates manufactured 

throughout this research, a nominal layer thickness of approximately 1 mm may be assumed. 

Eq. (3.2) yields values for z with an accuracy of  ± 0.15 mm (based on frequency resolution 

provided with a 6 Hz sample rate) which is well within the level of accuracy required. 
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3.5 Phase 1 Conclusions 

The results from this study were successful in that they demonstrated that internal 

defects in multi-layered externally bonded CFRP strengthened or repaired concrete may be 

identified and located using PPT. In addition, a calibration approach was developed for this 

application that accurately located the depth of defects. While the parameters values found in 

this work are specific to the material system and PPT parameters used, the calibration 

method would be applicable for any multi-layered externally bonded CFRP-to-concrete 

system. Further, the properties of the CFRP system used are representative of typical systems 

commercially available. The PPT images rendered the defects more visible than the thermal 

images, however future work should investigate the PPT performance with noise levels seen 

in field applications. Several specific conclusions can be made that provide future guidelines 

in the calibration of defect identification and depth detection using PPT. 

 

1. Although lower frequency waves travel deeper into the specimen, it is also 

important to choose a sufficiently high sample rate so that there is enough high 

frequency information in the reconstructed phase images to calculate accurate 

blind frequency values. In this work a sampling rate of 6 Hz was required. 

2. Another critical parameter is the total specimen heating time. Heating times 

outside of a critical range either produced an inadequate amount of thermal 

energy to analyze certain depths or drawn out cooling periods that required an 

excessive amount of data processing. In this work 15 seconds was found to be a 

sufficient heating time.  However, this heavily depends on the intensity of the 
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heating source. It would be ideal to use a high intensity heating source that would 

be able to send heat through all layers of CFRP. But as was also found, adjusting 

the heating times and/or truncation periods will change the blind frequencies 

identified and thereby affect how the prediction equation is calibrated. 

3. A saturation of the thermal signal occurring on the surface immediately after 

heating can contribute to noisy results for deeper defects. This can be partially 

avoided by instituting a short truncation delay (< 5 seconds in this work) in the 

data upon which the FFT analysis is performed. Removing too much of the initial 

cooling period may cause significant information to be lost from the shallower 

defects whose thermal waves are of higher frequencies and diffuse more rapidly. 

4. Since the FFT algorithm depends on a mathematical reconstruction of thermal 

waves from a discrete signal with non-infinite frequency components, the precise 

value of the blind frequency corresponding to particular depths may vary 

depending on the PPT parameter settings. Therefore a set of calibrated parameters 

must be chosen that accommodates the widest range of frequencies while still 

possessing a linearly proportional relationship between layers (depths) and the 

calibration must be performed for the specific PPT parameters to be applied in 

field applications. 

5.  In light of the previous conclusion, it is also important to mention that the process 

of determining the blind frequencies was hardly able to be carried out as a 

traditional parametric study. In these experiments a large variety of parameters 

and data ranges were used based upon a combination of practical observations and 
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apparent mathematical behavior from the FFT algorithm. Therefore what was 

carried should not be described as a parametric optimization but rather the finding 

of a consistent set of parameters that were useable for the system under 

consideration. 

 

For Pulse Phase Thermography to be used for the identification of defects in various 

layers of externally bonded CFRP a similar calibration process should be carried out for the 

given system under consideration. Since the exact thermal properties for a composite 

material, containing a certain quantity of fibers, epoxy, and embedded inclusions, is unlikely 

to be obtained in the field there would rarely be instances where this process should not be 

repeated. A witness panel containing embedded defects at known depths should be 

manufactured, PPT performed and fb (conversely μ′) values identified, thus allowing for the 

material and offset constants to be obtained from a best fit plot of depth versus modified 

diffusion length (i.e. blind frequency).  

User interpretation also comes into play regarding the precise boundaries of defects. 

Through experience with using a particular set of parameters however, one can determine 

common phase threshold values at which to reliably differentiate between defected and sound 

areas. Once all necessary calibrations have been carried out, the process of using PPT to 

detect and characterize bond defects may be automated. In the case of bridge infrastructure, 

the IR camera and halogen lamps may be set up on an Access Crane (Snooper) truck, 

positioned with direct observation of the strengthened region of a girder, and programmed 
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routines would periodically capture the required thermal data as it moves along the span of 

the bridge.  

This chapter sets forth test parameters with which this procedure can be carried out, 

allowing for more thorough detection of defects in an externally bonded CFRP-to-concrete 

system. This technique provides an extra dimension of defect characterization not typically 

offered by common FRP inspection techniques. Using PPT, one is enabled to determine the 

layer at which a defect is present which further complements the size and location 

information. Ultimately, this enables more informed maintenance choices to be made by 

decision-makers in the field. 

In the next phase of research PPT will be repeatedly used with the parameters found 

in this chapter. This will demonstrate the reliability of PPT in inspecting a single-layered 

CFRP strengthened concrete structure. Specifically this will be applied to detecting defects 

currently permissible by existing guidelines. The goal is now to validate its ability to identify 

and monitoring bond defects of concern. While attention will now turn to primarily analyze 

the effect of such defects on the strengthening system, in the following chapters, the PPT 

method developed here will be operated in conjunction with the experimental tests to provide 

additional information. 
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CHAPTER 4  

PHASE 2: DEFECT CRITICALITY OF PULL-TEST SPECIMENS  

WITH WATER SUBMERSION ENVIRONMENTAL CONDITIONING 

 

4.1 Background 

 Phase 2 of the experimental study involved examining the effect bond defects had on 

a small-scale externally bonded CFRP-to-concrete system. Since it has been suggested in 

both literature and design guides [NCHRP, 2004; ACI 440.2, 2008; Mielke 2011] that there 

is a necessity to detect bond defects and determine their  effectiveness in overall 

strengthening, it was deemed suitable to begin by measuring their impact on a fundamental 

scale involving pull-test specimens. 

4.1.1 Pull-tests 

As stated in Chapter 2, the majority of models that are used to predict the design 

capacity of FRP-strengthened concrete have been derived from extensive testing of small 

single- or double-lap shear pull-tests specimens (i.e. “Pull-tests”) [Chen and Teng, 2001; 

Seracino et al., 2007; ACI 440.2, 2008 ]. It was in consideration of this that it was decided to 

use similarly designed specimens to determine the effect of manufactured debonds. 

Similar tests have been performed on flexural strengthened concrete members in 

which intentional defects were embedded at the interface to produce areas of poor adhesion 

[Delaney and Kabhari, 2006; Ekenel and Myers, 2009]. In these tests that considered the 

global impacts of bond defects, it was discovered that no statistically significant variation in 

ultimate capacity was observable. This experiments differ significantly from pull-tests 
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however, considering that there was very little control over the location of the defected 

region with respect to the initiation of debonding (i.e. intermediate crack), therefore several 

beams may have benefited from redundancy that is inherent in having longer bond lengths 

(i.e. L >> Le).  

 

 4.1.2 Current Defect Acceptance Thresholds 

 Recall from Chapter 2 that certain guidelines have been proposed to govern the 

acceptable size and frequency of bond defects. After these thresholds are exceeded, repair 

methods should be implemented to mitigate structural compromises. In a Report 514, 

published by the National Cooperative Highway Research Program (2004) it was stated that, 

“Small entrapped voids or surface discontinuities no larger than 6.4 mm (¼ in.) in diameter 

shall not be considered defects and require no corrective action unless they occur next to 

edges or when there are more than five such defects in an area of 0.9 m2 (10 ft2).”  

 The American Concrete Institute’s “Guide for the Design and Construction of 

Externally Bonded FRP Systems for Strengthening Concrete Structures” (2008) suggests 

slightly less conservative measures “Small delaminations less than 2 in2 each (1300 mm2) are 

permissible as long as the delaminated area is less than 5% of the total delaminated area and 

there are no more than 10 such delaminations per 10 ft2 (1 m2).” 

 In regards to repair methods, ACI 440.2 (2008) suggests that delaminations less than 

25 in2 (16,000 mm2) may be repaired by resin injection, ply replacement, depending on the 

size and number of delaminations and their locations. Large delaminations that are greater 
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than this repaired by selectively cutting away the affected sheet and applying an overlapping 

sheet patch of equivalent plies. 

 

4.2 Experimental Plan 

4.2.1 Specimen Design  

The mechanics of FRP-strengthened beams or slabs are such that tensile stresses 

experienced at the outermost fiber of the member are transferred to the CFRP by way of 

shear at the adhesive interface. It is considered that the most dominant form of debonding 

failure occurs when an intermediate crack (IC) is initiated in the member and propagates 

along the length of the FRP-concrete interface [Oehlers and Seracino, 2004]. In this case, 

shear at the bond remains as the primary component of resistance as has been characterized 

by a number of a pull-test specimen designs and experimental setups. 

  4.2.1.1 Initial Specimen Design 

 The initial test specimens that were attempted were prepared in a double-lap shear 

manner as shown in Figure 4.1. As seen, this specimen required two 150 mm x 150 mm x 

250 mm (6 in x 6 in x 10 in) concrete blocks that were connected on both sides by a single 

strip of bonded CFRP. The blocks were to be positioned at 12 in apart to provide space for 

the insertion of a hydraulic jack to apply of force on the internal face of the concrete. One 

concrete block was to contain additional anchorage as to force the failure to occur in the 

adjacent block. This type of specimen turned out to be inefficient and abandoned for a 

different design due to issues such as 1) improper alignment of the blocks with the jack to 

apply an evenly distributed force across the loaded surface, 2) inability to force failure in the 
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area of interest, and 3) an inappropriate type of epoxy was used that insufficiently 

impregnated the carbon fibers of the entire prepared set of specimens. 

 

 

Figure 4.1 Photo the original specimen test set up. 

 

  4.2.1 Specimen Design 

Drawing from previous test experience at the Constructed Facilities Laboratory (CFL) 

it was decided to select a single-lap shear pull-test specimen. Eighteen small-scale pull-test 

specimens, with one layer of wet lay-up CFRP, were manufactured to simulate various defect 

conditions. This specimen design was to be tested vertically using a single strip of CFRP 

which extended beyond the concrete block. Concrete blocks of 150 x 150 x 250 mm (6 x 6 x 

10 in) overall nominal dimensions were cast and cured with a 28-day compressive strength of 

34.5 MPa (5 ksi). The unidirectional carbon fabric (same material used in previous chapter) 

were to be cut into 50 mm (2 in) wide strips with a total length of 500 mm (20 in), 200 mm 
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(8 in) of which was eventually bonded to the prepared surface of the concrete block for a 

total laminated area of 10000 mm2 (16 in2). This defect width was chosen based on standard 

guidelines governing flash thermography inspection of composite aerospace structures 

[ASTM E2582] which states that known flaws (i.e. thermal gradients) should be arranged so 

that edge-to-edge separation of adjacent flaws is at least one diameter of the larger 

neighboring flaw. Therefore 50 mm allowed for a ½ in x 2 in (2 in2) embedded defect to be 

placed at mid-width with sufficient distance from the edge of the CFRP strip. Saturation of 

the fabric and external bonding was performed using the commercial two-part epoxy 

designed to complement the specific fabric used. The material properties as provided by the 

manufacturer are shown in Table 4.1. A schematic of the test specimen is shown in Figure 

4.2. 

 

Table 4.1 CFRP material properties (from manufacturer). 

Material Tensile 
Strength 

Tensile 
Modulus 

Ultimate 
Elongation 

Carbon Fiber 3790 MPa 
(550,000 psi) 

230 GPa 
(33.4 x 106 psi) 

1.7% 

Epoxy 72.4 MPa 
(10,500 psi) 

3.18 GPa 
(461,000 psi) 5.0% 

Composite 986 MPa 
(143,000 psi) 

95.8 GPa 
(13.9 x 106 psi) 

1.0% 



  

76 
 

 

Figure 4.2 Sketch of standard Phase 2 single-lap shear pull-test specimens with defect and 
strain gage location shown. Defect location and size varied between specimens. 

 
 
 

4.2.2 Defect Simulation  

Unlike Rohacell foam used in Phase 1, a different material was needed in Phase 2 to 

primarily prevent a complete bond so that its effect on the debonding resistance of the system 

may be analyzed. However, the manufactured defects still needed to be detectable by the PPT 

which also accompanied this phase of testing. For this purpose, Polytetrafluoroethylene 

(PTFE) (i.e. Teflon) inserts were cut to size and embedded during installation of the wet lay-

up CFRP system. The specimens contained manufactured defects that were 645 mm2 (1 in2), 

1290 mm2 (2 in2), and 1935 mm2 (3 in2) in size and located at the loaded-end, middle and 

free-end of the bonded length. These defect sizes were selected to represent debonds on the 

same scale as those determined to be acceptable, without needing repair, as recommended by 

Strain Gage 
(on outer surface) 
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ACI 440.2R-08. Three control specimens were also manufactured with no intentional defects 

to be cured and tested at ambient conditions. 

4.2.3 Test Matrix 

From the eighteen concrete blocks a test matrix was developed to best examine a 

number of variables including Defect Size, Defect Location and Environmental 

Conditioning. The test matrix that governed Phase 2 can be seen in Table 4.2. In the Defect 

Location column, the terms “Loaded End” refers to the location near the overhanging CFRP, 

“Middle” refers to the center of the bonded length and “Free End” refers to the region of the 

bond near the bottom of the specimen. 

 

Table 4.2 Test Matrix of Phase 2 Specimens 

Specimen Reference 
Notation Defect Size (in2) 

Defect Location 
(along Bonded 

Length) 

Environmental 
Conditioning 

1 ND-1 Control N/A Ambient 
2 ND-2 Control N/A Ambient 
3 ND-3 Control N/A Ambient 
4 1D-A 1 Loaded End Ambient 
5 1D-B 1 Middle Ambient 
6 1D-C 1 Free End Ambient 
7 2D-A 2 Loaded End Ambient 
8 2D-B 2 Middle Ambient 
9 2D-C 2 Free End Ambient 

10 3D-A 3 Loaded End Ambient 
11 1D-TA 1 Loaded End  Ambient 
12 1D-TC 1 Free End  Ambient 
13 ND-1S Control N/A Submerged 
14 ND-2S Control N/A Submerged 
15 ND-3S Control N/A Submerged 
16 1D-AS 1 Loaded End Submerged 
17 1D-BS 1 Middle Submerged 
18 1D-CS 1 Free End Submerged 
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4.2.4 Environmental Conditioned Specimens 

In addition to examining the effect of currently acceptable defect sizes, the purpose of 

Phase 2 was to also examine the growth and/or behavior of such bond defects after 

undergoing environmental conditioning; namely high temperature water submersion. The 

ICC Acceptance Criteria for Concrete and Reinforced and Unreinforced Masonry 

Strengthening using Externally Bonded Fiber-Reinforced Polymer (FRP) Composite Systems 

(AC125, 2007) suggests a number of conditioning protocols to qualify of FRP systems for 

use in practice. However, because these tests are usually carried out to determine the 

acceptance of FRP products they are not typically performed and evaluated based on the 

existent of intentionally embedded defects as was the current objective. 

The submersion protocol outlined in AC125 prescribes the environmental durability 

test to determine water resistance by subjecting specimens to 100% humidity at 100 ± 2°F for 

durations of 1000, 3000, and 10,000 hours. For this experimental program it was decided to 

mimic this procedure by submerging six out of the eighteen specimens in 100° F water for 

1000 hours. These six specimens consisted of three control specimens (with no intentional 

defects) and three specimens with 645 mm2 (1 in2) manufactured defects. This was an exact 

duplicate of the six other specimens to be tested without conditioning. 

The apparatus used for conditioning the submerged specimens was a 1 m (3.28 ft.) x 

.5 m (1.64 ft.) x .35 m (1.15 ft.) plastic tank that was affixed with external an aluminum pipe 

and a conventional water heater lower thermostat that was used to regulate the temperature. 

The thermostat was set at 100° F and heat was circulated throughout the water by way of 
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convection. The tank was further insulated by sitting on top of, and being covered by, foam 

sheets. Figure 4.3 shows this setup. 

 

  

Figure 4.3 Temperature controlled submersion tank for conditioned specimens. 

 

4.2.5 Specimen Preparation 

 To prepare the test specimens, small concrete blocks were created by casting concrete 

into 150 x 150 x 500 mm (6 in x 6 in x 20 in) steel molds typically used for ASTM C70 
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concrete modulus of rupture of tests shown in Figure 4.4. These small blocks were split in 

half by insert a foam divider in the molds prior to casting which allowed for the separation of 

individual blocks of the appropriate size. The molds were treated with a form releasing agent 

to enable easy demolding of the blocks after curing. A target 5 ksi concrete mix was supplied 

by a local concrete batch plant. The molds were filled with concrete and then compacted to 

reduce air voids using a steel tamping rod per ASTM C70 specimen preparation standards. 

Nine companion concrete cylinders were also cast to conduct material tests in conjunction 

with the pull-tests. 

 

 

Figure 4.4 Concrete cast in molds with foam dividers. 
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After approximately 2 weeks the concrete beams were demolded and separated to individual 

blocks. The concrete blocks were attached to a block of wood using a steel band and duct 

tape to create an extended leveling platform. This was to provide a surface to support the wet 

lay-up CFRP overhanging laminate prior to curing as well as ensure alignment that was 

critical to develop a pure axial force as seen in Figure 4.5. 

 

  

Figure 4.5 Attaching wood to concrete block for CFRP overhang support. 

 

Lastly, the most level 150 x 250 mm (6 in x10 in) side of the blocks was then chosen as the 

surface to apply the CFRP. The selected concrete sides were prepared by roughening the 

surface using the handheld masonry grinder in Figure 4.6. The grinder was used to remove 

loose pieces of small aggregate to create slight variations (i.e. unevenness) in the substrate to 
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improve adhesion of the applied epoxy. The blocks were then cleaned using pressurized air 

to remove dust from the grinded surfaces. 

 

 

Figure 4.6 Preparing the concrete surface using a handheld masonry grinder. 

 

4.2.6 CFRP System 

 The CFRP system used for the specimens was the Tyfo® SCH-41 composite using 

Tyfo® S Epoxy (the same material system used in Phase 1) supplied by Fyfe Co., LLC. First 

the 50 mm (2 in) wide strips of dry carbon fiber fabric were cut to lengths of 500 mm (20 in). 

These strips of fabric were stored on a clean working table while the required amount of 

epoxy component A and epoxy component B was measured (100 lb. to 37.5 lb. ratio, 

respectively) and mixed for 5 minutes; as shown in Figure 4.7. Once thoroughly mixed a 

portion of the epoxy was used to impregnate the carbon fiber fabric strips. Full saturation was 

required to enable full transfer of the force to all of the fibers as demonstrated in Figure 4.8. 
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Figure 4.7 Mixing of the 2-part epoxy. 

 

 

Figure 4.8 Saturation of the carbon fiber fabric strips. 
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 The epoxy was then applied to the prepared surface of each concrete block. Figure 4.9 

shows where enough epoxy was added and allowed to briefly set so that all of the exposed 

voids would be filled and a thin layer of epoxy remained on the surface. 

 

 

Figure 4.9 Application of epoxy on the concrete substrate. 

 

 After this, the pre-cut pieces of Teflon inserts were placed on the surface of the 

saturated region of the concrete. As shown in Figure 4.10, they were oriented longitudinal at 

the prescribed location according to the test matrix; summarized in Table 4.2. 
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Figure 4.10 Wet lay-up of CFRP onto concrete blocks. 

 

 The impregnated strips were then place within the pre-outlined area of the concrete 

substrate. Each strip was checked for alignment before an additional amount of epoxy was 

applied to ensure full saturation of both the carbon fiber and the concrete.  A putty knife was 

used to manually force saturation through all portions of the fabric, straighten the fibers, as 

well as neatly remove all excess epoxy. 

 

 4.2.7 Aluminum Tabs 

 In order to prepare the specimens for testing, aluminum tabs were bonded at the 

loaded end of the over-hanging CFRP to avoid premature failure from stress concentration 

occurring at the grips. A thin piece of tape was also placed at the edge of the concrete block 

Teflon Insert as 
a Bond Defect 
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to allow for a clean introduction to the bonded region at the loaded end as shown in       

Figure 4.11. 

 

 

Figure 4.11 Aluminum tabs bonded to the loaded end of the CFRP laminates. 

 

 4.2.8 Speckle Pattern 

 The final step of specimen preparation involved applying a random black and white 

speckle pattern over the entire bonded region. This was done by first spray painting the area 

with an even coat of black paint. Next, using a few isolated paint brush bristles, lime paint 

(i.e. white wash) was carefully applied to the black surface in order to produce a randomly 

scattered appearance of black and white contrast on a small enough scale so that a few 

selected pixels of a digital photograph would be virtually distinct similar to Figure 4.12. This 
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was performed for the purpose obtaining strain measurements using a Matlab-based program 

developed by White and Take (2002), known as GeoPIV. GeoPIV utilizes a digital image 

correlation method known as Particle Image Velocimetry (PIV) to collect displacement data 

from a series of digital images taken during testing. 

 

 

Figure 4.12 Application of speckle pattern onto the bonded area of CFRP. 
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4.3 Test Setup 

 4.3.1 PPT Imaging 

After allowing the FRP to cure for at least 7 days, the specimens were vertically 

positioned in the test frame with the bonded area of interest facing outward from the test 

fixture. A CEDIP Infrared Systems Titanium 560 M Thermal Camera located approximately 

1.2 m (4 ft.) from the face of the specimen was used to acquire the thermal images. Also 

facing the specimen on either side of the thermal camera were two 1700 W halogen lamps at 

a distance of approximately 800 mm. A photo of the pre-test imaging setup is shown in 

Figure 4.13. The procedure was very similar to that in carried out in Chapter 2 however; the 

objective in this phase was to observe the condition of the bond before and after the high 

temperature submersion, and to see if any debonding was able to be seen during the test. 

 

 

Figure 4.13 PPT Imaging test setup.  
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 4.3.2 MTS Q-Test Machine 

 The specimens were tested with a Mechanical Test Systems (MTS) Q-Test electro-

mechanical system equipped with Test Works® 4 software. A modified testing apparatus was 

designed to fix the concrete block to the machine.  A bottom steel plate was measured and 

cut with holes with screws used to firmly attach it to the base. Each corner was also drilled 

with holes through which bars were tightened to connect a top steel plate. This top plate had 

a 50 mm (2 in) x 100 mm (4 in) slot cut in the center that allowed for the extended CFRP 

laminate to pass through to the upper grips. This apparatus served as a reaction frame to 

prevent rotation of the specimen during eccentric loading; as can be seen in Figure 4.14. 

The Q-Test machine was synced with a Strain Smart 5000 data acquisition (DAQ) 

system using both the load and stroke outputs. The DAQ system was used to record strain 

measurements from strain gages attached to the surface of the specimen. 

 

 

Figure 4.14 Pull-test specimen set up in the Q-Test machine. 
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4.3.3 Measurement 

 During each test, measurement equipment was strategically placed to both efficiently 

obtain the required data and allow for the smooth operation of the testing procedure. Figure 

4.15 shows the entire set up that existed during the pull-test of each specimen. In addition to 

the PPT equipment (Halogen lamps, Infrared camera, Function generator, etc.) that was 

pointed out in Figure 4.13, Figure 4.15 also shows the operating computer (CPU) with 

TestWorks® 4 software to control and record the loading data, the Strain Smart 5000 system 

to the left of the Q-Test frame for the syncing and recording of mounted strain gages, 

GeoPIV software (bottom right corner) which controlled the Digital Camera (which was used 

to take this picture) that was placed on the tripod (bottom left-of-center) right in front of the 

specimen to capture a series of images of the speckle pattern on the bonded area during the 

test. 
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Figure 4.15 Complete experimental pull-test set up containing. 

 

4.3.4 Testing Procedure 

 4.3.4.1 Step-by-Step Process 

 Each tests began by starting the loading of the Q-Test machine and the GeoPIV 

recording software simultaneously. The Digital camera would proceed to take a photo of the 

speckled bonded area at 5 second intervals while the tensile load was applied at a rate of 0.05 

in/min to the CFRP at the grips. When the load reached what was estimated to be 50% of the 

predicted capacity, the tension load was held and the PPT was performed. In most cases this 

took a total of 3 minutes, start-to-finish, for the heating, cooling and recording of the images. 

The test would then resume loading the specimen until 75% of the predicted capacity was 
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reached. Once again, PPT was performed while the load was held, after which the specimen 

was loaded monotonically to failure.  The test procedure is illustrated in Figure 4.16. 

 

 

Figure 4.16 Loading protocol executed for each pull-test specimen. 

 

 4.3.4.1 PPT Execution 

In all cases utilizing PPT, a multistep procedure was followed to obtain the phase 

images of the bonded area for defect detection. In addition to observing defect growth as a 

result of conditioning, PPT inspection was also implemented at the determined pauses in 

loading in attempt to capture debonding of the CFRP. After the test fixture and 

instrumentation were in place, per Section 4.3.1, inspection began with a single square wave 
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of 15 seconds duration at maximum power was activated by the function generator. At a 

frame rate of 30 Hz, the thermal images of the front surface during the entire heating and 

cooling period was collected and recorded in the Altair software for a 140 second total 

duration. After the images of each specimen were obtained the data was truncated to only 

include the time immediately after the active heating was removed. For computational 

efficiency those images were then further subsampled to 6 Hz. This data was exported in the 

form of ASCII files to MATLAB to be analyzed in IR View open source software. In IR 

View the thermal images revealing the maximum contrast of each were saved for comparison 

purposes. These parameters (same from Phase 1) were used to because they were proven to 

be reliable in repeated use and robust for single layer inspection. 

 

4.4 Experimental Results 

 4.4.1 PPT Results 

 4.4.1.1 IRT Temperature and PPT Images 

The images obtained for representative specimens containing 645 mm2 (1 in2) defects 

are presented in Figures 4.17 - 4.19 showing the externally bonded CFRP region of the 

concrete block. A digital photograph of the specimen is shown in image (a) with the location 

of the insert identified by a superimposed rectangular shape. Image (b) is the temperature 

image at maximum thermal contrast as seen prior to performing the FFT algorithm on the 

data. And finally, image (c) is the maximum phase contrast (at a fixed frequency) image that 

reveals the quality with which the defects are detected by PPT. It is evident in these examples 
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that the Teflon inserts can be identified by contrast in both the thermal and phase images. By 

observing representative sections of the sound and defected regions, the defects yielded an 

average contrast of ~1% (+2°C) in the thermal images and an average of ~30% (+0.3 rad) in 

the phase images. Images (b) and (c) both show detected defects larger than the sizes of the 

embedded inserts. Particularly in Figure 4.18, apparent defected areas in addition to the 

manufactured one may be observed. Such defects are presumably due to unintended 

fabrication errors, yet revealed a phase contrast comparable to that of the Teflon inserts. A 

conclusion to be drawn from these images is that all inserted defect sizes were clearly visible 

using PPT inspection; in Section 4.4.2 their impact of the defect on the resistance of the pull-

test specimens will be evaluated. Additional PPT images can be found in Appendix A2. 

 

 

(a)                    (b)                                     (c) 

Figure 4.17 Spec. 1D_A: (a) photo, (b) max thermal contrast, and (c) max phase contrast. 
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(a)                    (b)                                     (c) 

Figure 4.18 Spec. 1D_B: (a) photo, (b) max thermal contrast, and (c) max phase contrast. 

 

 

(a)                    (b)                                     (c) 

Figure 4.19 Spec. 1D_C: (a) photo, (b) max thermal contrast, and (c) max phase contrast. 
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4.4.1.2 Defect Boundaries 

In order to find a threshold that allowed for determination of defect sizes, a process 

was carried out to identify the relative phase values existing at the edges of the embedded 

defects; as revealed in the PPT images. The objective of this process was not to provide a 

definitive method for determining all defect boundaries in PPT but rather to present a 

methodology useful in comparing the pre- and post-conditioned specimens. For visualization 

purposes, a plot of the phase values along the center of the bonded CFRP was produced for 

the pre-conditioned specimens. PPT images of specimens 1D-A, 1D-B, and 1D-C and their 

respective plot of phase values can be seen in Figures 4.20 - 4.22. These plotted figures 

reveal the noticeable increase in phase values measured above the embedded defects. 

Overlaid on the PPT images are red rectangles denoting where the Teflon inserts were 

placed. At the top and bottom edges of the manufactured defects, lines were extended from 

the axis to identify their intersection with the to the plotted phase curve. This intersection is 

an example of how values at the boundary were identified. 
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Figure 4.20 Correlation of Specimen 1D-A with plot of phase values down the center of the 
bonded CFRP to examine defect boundary thresholds. 

 
 

 

 
 

Figure 4.21 Correlation of Specimen 1D-B with plot of phase values down the center of the 
bonded CFRP to examine defect boundary thresholds. 
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Figure 4.22 Correlation of Specimen 1D-C with plot of phase values down the center of the 
bonded CFRP to examine defect boundary thresholds. 

 

 
Similar plots were created along each side of the defects denoted by the red rectangles 

superimposed on Figures 4.20-4.22 in both the longitudinal and transverse direction; 

respectively. The values on each side were averaged, excluding the top of the Specimen 1D-

A and the bottom of Specimen 1DC. The average values were then normalized according to 

the maximum phase value on the given plot and presented as the percentage of the maximum 

phase value (% Max). This is shown below in Table 4.3; with an overall Average Boundary 

Threshold being finally determined from these three specimens. 
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Table 4.3 Phase (in radians) at each defect boundary. 

Averages 1D-A 1D-B 1D-C   
Top Edge N/A 0.743 0.839   

%Max   80.76% 78.45%   
Bottom 

Edge 0.818 0.837 N/A   
% Max 74.37% 90.97%     

Left Side 0.802 0.845 0.899   
% Max 72.89% 91.86% 84.06%   

Right Side 0.810 0.826 0.922 Average 
Boundary 
Threshold 

% Max 73.60% 89.73% 86.14% 
Max Pixel 1.1 0.92 1.07 

Avg. %Max 73.62% 90.85% 85.10% 83.19% 
 
 
 

It should be clearly noted that, since the exact phase values of a typical bond defect is 

actually dependent on the defect contents, frequencies observed and existing FRP system 

properties, a similar method is recommended to be carried by future users. However, for our 

purposes, a standard threshold obtained from initial PPT images was inputted into Matlab to 

produce binary (i.e. “black and white”) images from the original PPT images. The ‘Sobel’ 

algorithm was then applied for edge detection. The Sobel operator essentially computes an 

approximation of gradient of the image intensity (i.e. high frequency variations in the image). 

 With this a rough outline is produced showing the high contrast areas of the defects 

which were further dilated to connect the contours of the image. The interior of the 

continuous lines (which was determined to be the “defected area”) were then filled in using 

the ‘imfill’ MatLab function; after which the object (i.e. defect) is smoothed around the 

edges. Finally, it was necessary that this final image be overlaid back onto the grayscale 

version of the original image. This allowed for precise distinction of where the defect 
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boundaries were located in the PPT images. Recall this operation serves as an example 

process chosen in the utilized methodology for determining defect boundaries in the 

considered specimens. 

 4.4.1.3 Pre- vs. Post-Conditioning 

 It was hypothesized from literature that the specimens containing defects near the 

edge of the bonded CFRP would experience some growth in size due to ingress of moisture 

from the submersion tank and therefore reveal greater deterioration. Hence PPT inspection 

was performed on specimens 1D-AS, 1D-BS, and 1D-CS prior to and after the environmental 

conditioning protocol. Examination of each of the specimens after they were submerged in 

100°F water for 1000 hours revealed that there was little, if any, growth extending from the 

defected region. However, some defects were seen to from the perimeter of the bonded 

CFRP. Figures 4.23 – 4.25 show the pre- and post-submersion images (exact same specimens 

featured in Section 4.3.4.1) with defect outlines based on consistent boundary thresholds 

determined using the initial images. Overall, for the submerged specimens, there was 

minimal increase in defected area, implying that any strength loss observed in the pull-test 

experiments is not a direct result of defect growth but more likely a result of reduced 

chemical bond between the epoxy and concrete due to moisture absorption.  
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(a)                                                                     (b) 

Figure 4.23 Specimen 1D_AS: (a) PPT image before submersion (b) grayscale PPT Image 
after submersion. 

 
 
 

    
(a)                                                                      (b) 

Figure 4.24 Specimen 1D_BS: (a) PPT images before submersion (b) grayscale PPT Image 
after submersion. 
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(a)                                                                     (b) 

Figure 4.25 Specimen 1D_CS: (a) PPT image before submersion (b) grayscale PPT Image 
after submersion. 

 
 

4.4.2 Pull-test Results 

 4.4.2.1 Predicted Values 

Prior to testing, calculations were performed to estimate the ultimate capacity of the 

pull-tests specimens using the models identified in Chapter 2 which were a) Chen and Teng 

(2001), b) Seracino et. Al (2007), and c) ACI 440.2R (2008). In each case, a perfect bond is 

assumed and based on a combination of concrete properties experimentally obtained at the 

time of testing and CFRP properties provided by the manufacture; provided below in Table 

4.4. Using these parameters the debonding strain, debonding force and the effective length 

were calculated for each model presented in Chapter 2 and are shown in Table 4.5. To date 

no prediction models incorporated the existence of bond defects however in comparing our 

results with these values we can provide insight into whether such a factor is warranted. 
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Table 4.4 Input parameters used for debonding prediction models. 

Parameter Value 
Modulus of CFRP, Ep 95,800 MPa (13,895 ksi) 
Tensile Strength of CFRP, fry 986 MPa (143 ksi) 
Thickness of CFRP, tp 1 mm (.04 in) 
Width of CFRP, bp 50.8 mm (2 in) 
Number of Layers, n 1 
Compressive Strength of Concrete, f’c 49 MPa (7.1 ksi) 

 
 
 

Table 4.5 Predicted values from presented models. 

Prediction Model Wet Lay-up 
Strain (μɛ) Load (lb) Le (in) 

Chen & Teng 0.004329 4155.5 18,484.4 
Seracino et al 0.004047 3884.9 17,280.6 

ACI440.2R-08 0.006103 5858.6 5,858.6 
 

 
  4.4.2.2 Failure Behavior 

The graph in Figure 4.26 shows a plot of the applied force versus the strain as derived 

from slip measured by an extensometer over a 4 in gage length; which was attached right 

above the bond area of the CFRP. As expected, some relaxation can be identified along the 

curve which took place during the periods that the test was paused to perform the PPT 

inspection.  
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Figure 4.26 Typical force vs. strain response from the pull-test specimens. 

 

Essential to the execution of this study was that the failure mode of all the specimens 

be debonding at the CFRP strengthened concrete interface; as assumed. This was indeed the 

case for all the specimens of Phase 2 as shown in Figure 4.27. Figure 4.28 shows a typical 

failed non-conditioned Phase 2 pull-test specimen where a thin layer of concrete has been 

removed from the substrate along with some of it still attached to the CFRP laminate. What 

can also be seen is that the surface beneath where the Teflon insert was place is smooth and 

perfectly intact, containing no concrete layer, which indicates the manufactured defects’ 

ability to produce an insufficient bond. Figure 4.29, on the other hand, shows a post-failure 

image of the submersion conditioned specimen. What is seen is a slick surface containing no 

concrete cover which suggests a reduction in the adhesion of the epoxy to the concrete. 
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Figure 4.27 Close-up photo of specimen after debonding failure. 

 

 

Figure 4.28 A typical failed ambient specimen with debonding at the interface. 
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Figure 4.29 A typical failed submerged specimen with debonding at the interface. 

 

4.4.2.3 Ultimate Capacity 

 a) Ambient Specimens 

 Figures 4.30 & 4.31 are graphs that present the ultimate values of the ambient (i.e. 

non-conditioned) specimens. Figure 4.30 shows the debonding strains obtained from testing 

all of the ambient specimens. Figure 4.31 shows the ultimate load averages of the ambient 

specimens and those with defects (1 in2 and 2 in2 respectively), including standard error bars. 

These error bars were determined by the standard deviation of the considered sample set. The 

dashed lines in each of the graphs represent the predicted values from the Chen and Teng 

model previously presented (Section 4.4.2.1a), which is the most widely used model. What is 

immediately seen in these graphs is that all of the specimens performed well above the 
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estimated values as represented by the red line. Comparable average values indicated that 

there was no significant reduction in load capacity as a result of the embedded bond defects. 

This non-effect is also seen in Figure 4.32 which shows the ultimate strains by the 

submerged. Once again, no reduction was measured in the specimen containing 1 in2 defect 

(the only size used for submerged specimen), which was contrary to expectations since the 

defect area exceeds 5% of the bonded area limit as recommended by ACI 440. 

 

 

Figure 4.30 Debonding strains of all ambient Phase 2 specimens. 
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Figure 4.31 Bar graph of average ultimate failure load for each defected specimen type. 

 

   b) Submerged Specimens 

 A total of six specimens were environmentally conditioned by submersion in water. 

They were allowed to dry for a minimum of 7 days before testing. The 100°F temperature of 

the water produced a post-curing effect on the concrete that was evident in the increase of its 

compressive strength. Predicted capacities were still based on the concrete strengths A purple 

line is also added to show the predicted capacity based on the increase of concrete strength 

after submersion from 7.10 ksi to 8.4 ksi (pre- & post-conditioning; respectively).  
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Figure 4.32 Debonding load of all submerged Phase 2 specimens. 

 

For reference, Appendix A5 also contains a summary table of all data obtained from 

the Phase 2 pull-test specimens. 

4.4.3 Geo PIV 

  GeoPIV data from Phase 2 was intended to be used to verify effective length, 

observe the strain field during debonding, as well as conduct PPT image correlation of 

embedded defects. However in this portion of the study it was discovered that the extent of 

preparation carried out to reliably conduct PIV was not satisfactory. The amount of white 

wash speckles applied to the bonded surface was not dense enough to create enough of a 
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distinct pattern to track the displacement of pixel areas selected during analysis. As a result, 

the strain profiles calculated from the data turned out to be very sporadic and uninterruptable. 

This was unfortunately realized after all Phase 2 pull-test specimens were used and the data 

was in post-processing. 

 

4.4.4 Coupon Tests 

 Still needing to verify the accuracy of the GeoPIV method of measuring strain, the 

process was attempted again using the CFRP coupons. A witness panel of 930 cm2 (1 ft2) 

shown in Figure 4.33 was manufactured at the same time as the pull-test specimens. Figure 

4.33 panel that was cured with the ambient specimens and another was placed in the 

submersion tank with the conditioned specimens of Section 4.4.2.3 part b). 
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Figure 4.33 Witness panel fabricated alongside pull-test specimens. 

 

 These panels were cut into 25 mm (1 in.) wide strips to be used for material testing 

coupon tested according to ASTM 3039 (2008) standards. A subset of coupons was painted 

with a random high contrast speckle pattern to test the use of the GeoPIV software and verify 

its accuracy. Figure 4.34 shows the coupons after they have been prepared for this testing. 
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Figure 4.34 Phase 2 CFRP coupons prepared for tensile testing and GeoPIV validation. 
 

 
The coupons were tested in the MTS Q-test machine. An extensometer was used to 

measure strain over a particular gage length. These strain measurements were compared to 

the values acquired by using GeoPIV analysis. Figure 4.35 shows a photograph of a CFRP 

coupon in the test fixture. Figure 4.36 shows the agreement between the extensometer stain 

measurements and the strain measurements derived from the displacement data recorded by 

GeoPIV. As shown in the plot there was positive correlation between the measured data. 

There was marginal percent error in their agreement however, this was due to slipping 

between the extensometer clamps and the coupons that occasionally occurred as cracking in 

the laminate spontaneously took place throughout the test. This suggests that GeoPIV were 

more accurate by not being subject to this occurrence. 
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Figure 4.35 A CFRP tensile coupon in MTS Q-test machine. 

 

 

Figure 4.36 Correlation of extensometer and GeoPIV strain readings. 
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Significant changes in the tensile strength of the ambient coupons and the submerged 

coupons were noticed.  Taking the average from a minimum of 3 specimens, the submerged 

coupons have shown an increase in ultimate tensile strength to 128.3 ksi from 119 ksi of the 

ambient coupons. This increase was expected based on the post-curing effects of the high 

temperature water on the epoxy. Table 4.6 shows a comparison of both ultimate tensile 

strength and ultimate elongation with that reported by the manufacturer. The Ultimate 

Tensile Stress was found by dividing the average cross-sectional area by the failure load and 

the Ultimate Elongation was provided by finding ΔL/L in terms of percentage. 

 

Table 4.6 Properties of CFRP coupons (per ASTM 3039) 

Property Manufacturer’s Tested 
(Pre-Submersion) Tested (Post-Submersion) 

Ultimate Tensile Stress 143,000 psi 119,348 psi 
 

123,479 psi 
 

 
Ultimate Elongation 

 
1.0% 1.07% 

 
1.05% 

 
 
 

4.5 Discussion and Conclusions 

4.5.1 PPT visibility 

 The initial images of the specimens obtained by traditional IRT (i.e. thermal images) 

and PPT rendered the embedded Teflon inserts visible as expected based on what has been 

previously seen in literature. In addition to these intentional defects, areas that were 

inadvertently defected by entrapped air were also seen; which was found near the edges of 
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the bonded CFRP likely to entrapped air during manufacturing. This verified their ability to 

adequately detect such anomalies at the bonded interface. Furthermore, a comparison of 

thermal and PPT images at maximum defect contrast revealed an increase in defect visibility 

when inspection was conducted with PPT in identical conditions. Throughout the process it 

was occasionally seen that the steel frame used to hold the specimen in place during testing, 

unfortunately cast a shadow across the upper portion of the bonded region of interest. This 

partially prevented the light from the halogen lamps from accessing the entire region of 

interest. However this had no effect on the clarity of the PPT images. 

4.5.2 Effect of Defects 

The ultimate capacity of each Phase 2 specimen revealed a virtual immunity to the 

embedded defects. Examination of the bonded areas after failure revealed that the concrete 

surface area under the Teflon inserts were still very much intact; thus verifying the 

applications of the debonded defect. This however, was inconsequential when noticing that 

there was no significant decrease in the failure load when testing either of the 1 in2 or 2 in2 

defected sets. To this end, there was also no identifiable trend in the effect of defects as their 

location was moved further from the loaded end as in positions A, B, and C.  

 4.5.3 Submersion Effects 

From analysis of the PPT images obtained from the Pre- and Post-conditioned 

specimens, mixed results were seen in the growth of defects occurring as a result of 

submersion. It was originally hypothesized that warm water would penetrate the bond 

interface and cause further deterioration of the bond. This was not the case regarding the 
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manufactured defects. However, in some cases, changes in the bond was seen to exist is areas 

near the perimeter of the bond 

 What could be definitely seen however, was weaker performance of those specimens 

subjected to the 1000 hours 100° F submersion in water. On average, the ultimate capacity of 

the submerged specimens decreased by 19% (1140 lb) when compared to their unconditioned 

counterparts. Comparing this to the average variation in failure load among control 

specimens being 4%, and only a 9.43% and 8.24% variation in failure load between the non-

defected and defected specimen, ambient and submerged respectively, environmental 

conditioning clearly appears to have a greater impact on strength. From the observed results, 

it can be concluded that durability of the bond under such submerged conditions is of greater 

deterioration concern compared to bond defects of this scale. 

 It is also interesting to note that the submerged coupons failed at a higher strength 

than the coupons stored in dry ambient conditions. This is contrary to what was seen in the 

pull-test specimens. It is presumable that post-curing might have taken place in the CFRP 

laminates while submerged in the 100°F water tank. This post curing seems to be 

strengthening the CFRP but at the same time reducing its adhesion to concrete. 

4.5.4 Failure mode 

What is also observed in the specimens after failure is a difference in the condition of 

the concrete substrate after failure. As shown in Figures 4.28, the ambient specimens 

experienced debonding failure with some of concrete still bonded to the CFRP. On the 

contrary, the representative submerged specimen in Figure 4.29 shows a substrate that is 

largely intact. No concrete was removed from the block and the bond surface is smooth 
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indicating a failure entirely in the adhesive layer. This suggests that the reduction in capacity 

seen in the conditioned specimens is due to degradation of the epoxy bond. 

4.5.5 Phase 3 Considerations 

Phase 2 of the presented study rendered a number of lessons that proved to be useful 

in the planning of Phase 3.Tasks including specimen preparation, test setup and PPT 

execution was now improved to yield a much smoother operation.  Key lessons gained are: 

Utilizing Teflon inserts was effective in producing unbonded areas, as was evident in post-

test examination, and they were able to be well detected by the PPT. Nevertheless, the failure 

of all pull-test specimens occurred at loads above the predicted values.  Therefore the impact 

of manufactured defects (i.e. Teflon inserts), on the scale of which is currently considered by 

existing guidelines, were shown to be inconsequential on this pull-test experimental level. 

The impact of the location of bond defects along the bond length was indeterminate 

due to the non-effect of the considered defect sizes. Environmental conditioning, by 

submersion in100°F water for 1000, of externally bonded CFRP strengthened concrete has 

thus far seemed to be the most critical factor relating to the reduction of capacity. The 

GeoPIV method of measuring strain distribution is also viable, as demonstrated on the 

coupon tests. However, in order for this to be successful on the pull-test specimens a denser 

speckle pattern must be painted on the photographed surface. 

In light of these lessons it became of interest to observe the behavior of other defect 

configurations. This would not necessarily call for an increase in size of embedded inserts 

but rather changing their orientation. Instead orienting them along the axis of the bonded 
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length, defects of the same size can be oriented transversely across the width of the CFRP. 

Another consideration would be a reduction in bonded length to only the effective length Le. 

This is based on the idea that perhaps the consistent failure strength between the non- and 

defected specimens may be a function of there still being a bonded length beyond a defect 

which is at least the effective length; despite the embedded defect. Therefore manufacturing 

defected specimens with a shorter bond length is also of interest. 

Lastly, freeze-thaw cycles conditioning was deemed worthy of consideration, not 

only to observe its impact on ultimate capacity but, to see if there are other mechanisms that 

produce growth in debonded regions. The Phase 3 experimental program was therefore 

designed based on these considerations. 
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CHAPTER 5 

 PHASE 3: DEFECT CRITICALITY OF PULL-TEST SPECIMENS  

WITH FREEZE-THAW ENVIRONMENTAL CONDITIONING 

 

5.1 Background 

5.1.1 Phase 3 Objectives 

Instead of conducting brand new experiments that examined a completely new range of 

defect sizes, it was of interest to first maintain a baseline of reference samples which shared 

the same configuration in each set. Therefore 3 control specimens and those with the 645 

mm2 (1 in2) embedded defects, at each of the specified locations (loaded end, middle and free 

end), were identically prepared for each set experimental set. 

Beyond this, however, Phase 3 brought about a new set of objectives pertaining to defect 

orientation and bond length. To examine a new range of variable in this phase it was decided 

to: 

1) Explore more environmental conditioning impacts by subjecting a set of 

specimens to freeze-thaw cycles in order to observe the growth of damage due to 

the combination of moisture ingress and dynamics temperatures. 

2) Examine the effect of 1290 mm2 (2 in2) embedded defects when the orientation is 

transverse (as opposed to longitudinal) to the bond length. 

3) Test pull-test specimens with shorter bond lengths that only account for the 

estimated effective length, Le, of the system. 

4) Include embedded bond defects in specimens with shorter bond lengths. 
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5) Improve surface preparation for GeoPIV strain measurements to gain greater 

insights into strain behavior on the surface of the bonded region and to facilitate 

correlation with PPT images. 

 

5.2 Experimental Plan 

5.2.1 Test Matrix 

An experimental plan was developed to achieve the stated objectives for this phase of 

research. Using a total of twelve 150 x 150 x 500 mm (6 in x 6 in x 20 in) steel beam molds, 

the various CFRP strengthened concrete configurations were determined in effort to best use 

the number of specimens available. The Phase 3 test matrix can be seen in Table 5.1. A 

legend describing the methodology used to create the specimen reference notation is also 

presented in Figure 5.1.  
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Table 5.1 Test Matrix of Phase 3 Specimens 

Specimen Reference 
Notation Defect Size (in2) 

Defect Location 
(along Bonded 

Length) 

Environmental 
Conditioning 

1 ND-1 - - - - Ambient 
2 ND-2 - - - - Ambient 
3 ND-3 - - - - Ambient 
4 1D-A 1 in2 Loaded End Ambient 
5 1D-B 1 in2 Middle Ambient 
6 1D-C 1 in2 Free End Ambient 
7 1D-ABT 1 in2 (2) Loaded End/Middle Ambient 
8 ND-L1 short - - - - Ambient 
9 ND-L2 short - - - - Ambient 

10 ND-L3 short - - - - Ambient 
11 1D-AT short 1 in2 Loaded End Ambient 
12 1D-CT short 1 in2 Free End Ambient 
13 2D-AT 1 in2 Loaded End Ambient 
14 2D-BT 1 in2 Middle Ambient 
15 2D CT 1 in2 Free End Ambient 
16 ND-1  - - - - Freeze/Thaw 
17 ND-2 - - - - Freeze/Thaw 
18 ND-3 - - - - Freeze/Thaw 
19 1D-A 1 in2 Loaded End Freeze/Thaw 
20 1D-B 1 in2 Middle Freeze/Thaw 
21 1D-C 1 in2 Free End Freeze/Thaw 
22 2D-AT 1 in2 Loaded End Freeze/Thaw 
23 2D-BT 1 in2 Middle Freeze/Thaw 
24 2D-CT 1 in2 Free End Freeze/Thaw 

 
 
 

Specimen naming key: 

 

 1D AT 

 

 

Figure 5.1 Naming convention for each pull-test specimen 

Represents size of 
manufactured defect in 
sq. inches (1D=1in2, 
2D=2in2, 3D=3in2). 
“ND” denotes no 
manufactured defects 
present, in which case the 
number next to it 
represents which control 
specimen it is. 

Represents the location 
of the manufactured 
defect (A=Loaded End, 
B=Middle, C=Free 
End).  “T” if present 
signifies that the defect 
was place transverse to 
the force direction, as 
opposed to the typical 
longitudinal direction. 
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5.2.2 Specimen Preparation 

Specimen preparation in Phase 3 began by casting the 12 small beams (that were to be 

divided into individual blocks), and companion cylinders, with a concrete mix of design 

strength of 5 ksi; similar to that of Phase 2. They were allowed to cure for a minimum of 28 

days, per standard procedure, after which they yielded average compressive strength of f’c = 

5.1 ksi; compared to f’c = 4.97 ksi of Phase 2. As can be seen in Figures 5.2 and Figure 5.3, 

the beams in Phase 3 were not divided into separate blocks prior to casting but rather they 

were cut in half after curing to produce blocks of the standard specimen size using a stone-

cutting saw. Otherwise as noted a similar procedure to that described in Chapter 4 was used. 

 

 

Figure 5.2 Beams and cylinders cast for Phase 3 specimens. 

 



  

123 
 

 

Figure 5.3 Using a stone-cutting saw to split the small concrete beams into two separate 
blocks for strengthening. 

 

 
A potential concern observed in Phase 2 was the rather limited amount of concrete 

substrate remaining attached to the debonded CFRP strips after failure. Though this was 

not a major problem to the overall success of the Phase 2 experiments (i.e. having no 

impact on failure stress results), it did suggest that a more thorough roughening of the 

concrete surface was suitable during preparation to achieve a better adhesion. Therefore, 

two steps were used to prepare the 150 x 250 mm (6 in x 10 in) surface designated for 

strengthening in Phase 3.  First, a masonry grinder was used to remove surface paste and 

small pieces of exposed aggregate as shown in Figure 5.4. Secondly a pneumatic needle 

gun was used to provide additional roughness; shown Figure 5.5. What resulted was a 

surface well-conditioned with small indentations and minor aggregate voids which 
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allowed for sufficient epoxy saturation. A photo of the surface finish can be seen in 

Figure 5.6. 

 

 

Figure 5.4 Masonry grinder for initial surface preparation. 
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Figure 5.5 Using the pneumatic needle gun to provide final surface preparation. 

 

 

Figure 5.6 Final condition of surface prior to application of CFRP. 
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5.2.3 Defect Simulation 

Teflon inserts were again used to simulate bond defects at the CFRP strengthened 

concrete interface. In addition to the control specimens, repeat specimens (i.e. 1D-A, 1D-B, 

and 1D-C) were all manufactured with a 12.5 mm wide x 50 mm long (1 in2) insert oriented 

longitudinally along the bond length for each conditioned case. Additionally in this phase,  

25 mm x 50 mm (2 in2) embedded defects of other specimens were oriented transversely and 

were made to extend beyond the bond edges as shown in Figure 5.7. 

 

 

Figure 5.7 Specimens with transversely oriented defects prior to strengthening. 

 

All specimens were then fabricated via the wet lay-up process as executed in Phase 2 

and described in Chapter 4. They were all allowed to cure for a minimum of 7 days per 

standard procedure. Figure 5.8 shows some of the specimens while curing. 
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Figure 5.8 Photo of Specimens curing after wet lay-up of CFRP. 

 

5.2.4 Environmental Conditioning: Freeze-Thaw Cycles 

An important element in the preparation of Phase 3 experiments was the setup for the 

environmental conditioning protocols. It was necessary to achieve rapid temperature 

fluctuations in a controlled environmental for several freeze-thaw cycles. The setup was 

designed to achieve a protocol outlined by ASTM C666 (2008) Procedure B which specifies 

that freezing takes place in air while thawing is done submerged in water.  

For such purposes, the NC State Constructed Facilities Laboratory has a walk-in 

Thermotron environmental chamber on the strong floor. The environmental chamber 

contains 1512 cubic feet of test space (18ft x 8ft x 8ft). The chamber is capable of thermal 

loading from -68°C (-90°F) to 85°C (185°F), humidity control from 20% to 95% relative 

humidity. The chamber was designed to transition from +85°C (185°F) to -40°C (40°F) or 
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from -40C (-40°F) to +85°C (185°F) in 24 ± 1 hours. The chamber is electronically 

controlled and can be programmed for complex environmental loading sequences or cycles. 

A photograph from outside the chamber is shown in Figure 5.9. 

 

 

Figure 5.9 Photo of the front of the environmental chamber.  
 

 
For this conditioning, the inside of the chamber was fitted with a 300 gallon 

galvanized steel tank to hold all the specimens during the freezing and thawing cycles. The 

dimensions were .9 m x .9 m x 2.75 m (3 ft. x 2 ft. x 9ft) which allowed the specimens to be 

adequately spaced out. A bed of gravel was added to the bottom of the tank which kept the 

specimens above the water flowing from the inlet as well as preventing the specimens from 

attaching to the steel during freezing. The entire tank was also slightly inclined towards the 

outlet to allow complete drainage. A picture of the tank inside of the chamber containing the 



  

129 
 

specimens is shown in Figure 5.10. The tank was shared with another ongoing experiment 

whose specimens were also conditioned simultaneously. 

 

 

Figure 5.10 Freeze-thaw set-up in environmental chamber. 

 

Three drains were added to the tank: an inlet, an outlet and an overflow drain. The 

inlet and outlets were found at the bottom of the tank, at the front and back ends; 

respectively. The overflow drain was located in the middle of the specimen tank and elevated 

to a level above the concrete blocks. During the thawing cycles, when water would enter the 

tank through the inlet, water would be prevented from rising beyond the overflow drain. This 

provided a safety valve that kept the water level consistent and below the tank height. 
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A reservoir tank was used to store water during the freezing cycles and served as a 

source of water for the thawing cycles. Water inside the reservoir tank was maintained at a 

constant temperature of 45°F. The reservoir was kept in the lab basement and was connected 

to the specimen tank via a pump.  A second pump was used to connect it to a chiller coil used 

to maintain the required temperature. Water would be periodically circulated throughout the 

chiller when would began to rise towards room temperature which was higher than the 

required temperature. A photo of the reservoir is shown in Figure 5.11. 

The chiller coil consisted of a 120 foot long copper coil that was wound in a spiral 

manner inside of the environmental chamber. When triggered, the cooling pump sent water 

from the reservoir to circulate through the coil during the freezing cycles, thus cooling down 

the water. When the cooling pump was switched off, water could drain out of the coil and 

flow back into the reservoir by gravity. 

A submersible pump of one horsepower was placed inside the reservoir to pump 

water to the chiller coil. This pump was triggered by a thermostat switch, which measured 

the temperature of the water inside reservoir tank and turned the circulating pump on and off 

as needed. When the water temperature inside the reservoir rose above 7.2°C (45°F), the 

thermostat switched the cooling pump on automatically and pumped water throughout the 

chiller coil in order to keep it at the required temperature. 

A two horsepower pump was used to send water from the reservoir to the steel tank 

containing the specimens during the thawing cycles. This pump was directly connected to the 

environmental chamber’s main controller and was operated by a relay. The controller was 

programmed to turn on the pump automatically when a thawing cycle began and to switch it 
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off when a thawing cycle ended. Though a subset of specimens did experience interruptions 

in conditioning, Figure 5.12 shows specimens after they have undergone 50 total cycles.  

 

 

Figure 5.11 Water reservoir with attached pumps as kept in the lab basement. 
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Figure 5.12 Freeze-thaw specimens after conditioning. 

 

5.2.5 Aluminum Tabs 

As in previous cases it was once again imperative to add aluminum tabs at the ends of 

the CFRP strips to allow sufficient grip of the Q-test load cell. The tabs were attached using 

Fyfe TC epoxy and cured under pressure to ensure tight adhesion; seen in Figure 5.13. In the 

Phase 2 experiments difficulty was experienced in trying to easily fit the tabbed ends into the 

grips due to an excess of cured epoxy found around the edges of the aluminum tabs. 

Therefore it was necessary, in some cases, to sand the edges of the tabs as shown in Figure 

5.14. 
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Figure 5.13 Aluminum tabs attached to the end of the CFRP strips while curing. 

 

 

Figure 5.14 Sanding edges of the aluminum tabs. 
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5.2.6 Speckle Pattern 

After a failed attempt at sufficiently using the GeoPIV software to obtain strain 

measurements in Phase 2, it was paramount that the speckle pattern on each specimen be 

properly applied in this set of specimens. Black spray paint was evenly distributed across the 

bonded CFRP surface as in Figure 5.15. The spray can was held a distance of approximately 

4 inches to avoid over application or buildup of paint in any area. After this the lime paint 

(i.e. whitewash) was added to produce a highly dense, yet evenly distributed, pattern of white 

speckles across the surface shown in Figure 5.16.  

 

 

Figure 5.15 Spray painting the bonded area with black paint to prepare for application of 
speckle pattern. 
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Figure 5.16 Application of speckle pattern onto the bonded area of the pull-test 
specimens. 

 
 

5.3 Testing Procedure 

The loading procedure in Phase 2 included two periods at which the test was paused to 

conduct the PPT inspection (approximately at 50% and 75% of estimated failure load; 

respectively). It was found however, that PPT images captured at the 50% load level yielded 

no significant information relevant to this study. It was therefore opted, in this phase, to 

conduct a single PPT inspection at approximately 65% of the estimated failure load. A 

representative graph of the typical loading protocol is shown in Figure 5.17. This procedure 

was selected because it was determined that microcracking and the amount of debonding of 

the CFRP was only visible in PPT images captured at this load level [See Appendix A2]. 
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Figure 5.17 Typical loading protocol executed for each Phase 3 pull-test specimen.  

 

In all cases, except for one, failure occurred by debonding of the CFRP as shown in 

Figure 5.18. In the single exception, debonding began to propagate however, the specimen 

ultimately failed at the tabs, which was suspected to be caused by inadventent damaging the 

CFRP laminate in the region during the sanding of the excess epoxy around the aluminum 

tabs, as described in Section 5.2.5. A photo of the failure of this particular specimen is shown 

in Figure 5.19. 
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Figure 5.18 Specimen 1D-ABT captured right at debonding failure of the CFRP. 

 

 

Figure 5.19 Failure of specimen 1D-A FT at the aluminum tabs. 
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5.4 Experimental Results 

5.4.1 PPT Imaging 

The performance of PPT remained one of the integral elements in this set of 

experiments. It was however, applied more sparingly in this case to focus more on the 

targeted aspects of specimen behavior. Primarily this included the effect of freeze-thaw 

conditioning on the growth of bond defects and the visible extent of debonding after an 

estimated 65% of ultimate capacity 

5.4.1.1 Pre- vs. Post-Conditioning 

As in the case with submerged conditioning, attention was given to the potential 

growth of bond defects as a result of freeze-thaw conditioning. PPT images were taken of the 

pull-test specimens before and after the 50 cycles of the ASTM C666 protocol. Pre-

conditioned and post-conditioned images can be seen in Figures 5.20 – 5.23. Based on the 

Sobel method for determining defect boundaries (described in Sobel) it can be seen that there 

was growth of deterioration in the bond of the CFRP. This noticeable damage is due to a 

combination of degradation of the concrete surface [Chigullapally, 2014] as well as some 

growth of the defect region (i.e. embedded defects) as a result of internal stresses caused by 

the expanding and contracting of absorbed water.  
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(a) Before                                                                     (b) After 
 

Figure 5.20 Environmental Conditioning PPT images of Specimen ND-2 FT.  

 

                  
 
                            (a) Before                                                            (b) After 
 

Figure 5.21 Environmental Conditioning PPT images of Specimen 1D-A FT.  
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(a) Before                                                            (b) After 
 

Figure 5.22 Environmental Conditioning PPT images of Specimen 1D-B FT.  
 

 

                             
 

(a) Before                                                            (b) After 
 

Figure 5.23 Environmental Conditioning PPT images of Specimen 1D-C FT.  
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5.4.1.2 CFRP Debonding 

As the experimental loading protocol was carried out, the PPT inspections rendered 

debonding of the CFRP visible at loads at or above 62% the resulting ultimate load. In some 

cases these periods were extremely difficult to capture due to sudden failure. Throughout the 

tests, the PPT periods were not only determined based on the predicted failure load but also, 

in some cases, on visual and audible evidence that debonding had begun. Figures 5.24-5.26 

show progression towards complete debonding that is immediately seen at such loads. These 

images were left in color for visual purposes since the Sobel algorithm required converting 

the images into grayscale and boundary comparisons were not of interest. What is clearly 

seen is the high phase values measured at the loaded end as a result of the propagation of 

debonding.   In the caption parenthesis the load at which the test was paused and the image 

was taken is stated in terms of % of the ultimate load achieved at failure. 
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Figure 5.24 PPT image of debonding progression in Specimen 1D-A at 4500 lbs.  
(99.7% of ultimate capacity). 

 

 

 

Figure 5.25 PPT image of debonding progression in Specimen 1D-B at 3000 lbs.  
(61.6% of ultimate capacity). 
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Figure 5.26 PPT image of debonding progression in Specimen 1D-C at 3500 lbs.  
(85.2% of ultimate capacity) 

 
 
 

In the case of specimen 1D-A the loading was paused at approximately 4500 lbs. 

while it was noticeably debonding and approaching failure. In Figure 5.24 a significant 

amount of debonding can be seen extending to halfway along the bond length where the 

manufactured defect is located. In this particular case, when the loading was the resumed the 

specimen failed before returning to the previously reached maximum load. 

It is also worth noting that Specimen 1D-B shows clear signs of debonding at 3000 

lbs., ~62% of the predicted ultimate capacity. The load increased to reach 4866 lbs. at failure. 

This suggests that signs of debonding are visible a significant amount of time before eminent 

failure. 
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5.4.2 Material Tests 

Material tests were conducted to obtain properties upon which to base the models 

predicted debonding strengths. During concrete casting, multiple cylinders (4 in diameter + 8 

in height) were made for compression testing throughout the experimental program. Table 

5.2 shows the results from cylinders tested at the time the pull-tests were conducted. These 

tests yielded an average compressive strength, f’c= 5.9 ksi. 

Also, during the wet lay-up of the CFRP onto the concrete blocks, 12 in by 12 in 

witness panels were prepared from which tensile coupons were made; per standard 

procedure. The specimens in Phase 3 were made at two different times, designated by the 

subscripts “a” and “b”, and companion witness panels were prepared each time. A total of 5 

CFRP coupons were cut and tested from two separate panels; “Panel A” from Phase 2 and 

“Panel B” from Phase 3. Table 5.3 shows the results from each test which produced an 

average tensile strength of 119 ksi with 1.07% elongation. This was comparable to the 

manufacturer provided properties (143 ksi and 1.0%; respectively).  

 

Table 5.2 Compression test results from concrete cylinders of same mix used for specimens 

 Area (sq. in) Ult. Load (lb) Stress (ksi) Time of Cylinder 
Testing 

Control 12.68 64691 5.10* tested at 28 days 
1 12.74 75153 5.90 tested at time of pull-tests 

2 12.72 76312 6.00 tested at time of pull-tests 

3 12.74 73993 5.81 tested at time of pull-tests 

Pull-test Average 64691 5.90  
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Table 5.3 Tensile test results for CFRP coupons cut from witness panels 

Panel Sample 
No.  Area (in2) 

Ult. Load 
(lbs.) 

Ult. Stress 
(ksi) 

Ult. Strain 
(μɛ) 

A 1 0.03432 4360 127 11002 
2 0.03844 4920 128 10906 
3 0.04068 5079 125 9593 
4 0.04092 3811 93 18409 
5 0.0406 5591 138 10652 

B 1 0.0384 3696 96 7791 
2 0.03948 5276 134 11741 
3 0.03768 4571 121 9676 
4 0.03276 3973 121 9179 
5 0.03872 4270 110 8536 

Average: 
 

4555 119 10749 
 

 
5.4.3 Epoxy Coupons 

To better examine the behavior of the constituent materials undergoing environmental 

conditioning. Several coupons were manufactured using the Fyfe S-type epoxy for the 

purpose of conducting additional tensile tests. 

5.4.3.1 Specimen Preparation 

Custom molds were created by cutting “dog bone” sections out of small plastic plates 

using a high-powered precision water jet.  A total of three molds were created with space for 

4 coupons each. The epoxy was appropriately mixed and poured into the molds. The epoxy 

was cured for a minimum for 7 days before the samples were carefully removed from the 

mold. Figure 5.27 shows all 12 coupons after being demolded and prepared for conditioning. 
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Figure 5.27 Epoxy “dog bone” coupons for tensile tests. 

 

5.4.3.2 Environmental Conditioning 

Four coupons were used for each type of conditioning; namely ambient, submersion 

and freeze. Coupons that remained in ambient conditions were kept in typical lab conditions 

at 70°F at ~50% relative humility. Submerged specimens were kept in a water tank at a 

maintained temperature of 100° F ± 5° [Figure 5.28]. The final 4 coupons were kept in a 

freezer with a maintained temperature of -18° F [Figure 5.29]. All coupons were held for 7 

days in their respective conditions and then allowed to dry/thaw for another 7 days for a total 

of 21 days including preparation, curing, conditioning, and  post-conditioning stages. 
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  Figure 5.28 Epoxy coupons in submersion tank for conditioning. 

 

 

Figure 5.29 Epoxy coupons in freezer for conditioning. 
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5.4.3.3 Specimen Measurements 

Before and after conditioning the epoxy coupons were weighed and measured for 

volume. The weight of each specimen was obtained by placing it on an Electronic Precision 

Balance shown in Figure 5.30. Figure 5.31 shows how volume was then measured by placing 

the specimen in a vertical cylinder partially filled with water. After the specimens were 

submerged the increase in volume was noted. The change in average weight and volume of 

the specimens are graphically shown as a result of environmental conditioning in Figure 5.32 

and 5.33.  

 

 

Figure 5.30 Epoxy coupons measured for weight. 
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Figure 5.31 Epoxy coupon measure for volume. 

 

 

Figure 5.32 Change in measured weight of epoxy specimens after 7 days (168 hours) of 
conditioning. 
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Figure 5.33 Change in measure volume of epoxy specimens after 7 days (168 hours) of 
conditioning. 
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percentage. While the ambient control specimens obviously remained the same after 7 days, 

the weight slightly increased for both the submerged and frozen specimens. Volume on the 
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2010; Cromwall, 2011),  this represents the potential value measured after 1000 hours of 

submersion conditioning; as was applied in Phase 2 experiments. This prediction was 

specifically to shed light on the nature of strength reduction and failure modes observed in 

the submerged specimens from Chapter 4. Though epoxy strength apparently increases in 

high temperature submerged conditions, its accompanying increase in weight suggests 

absorption of water which is known to affect the nature of its molecular bonds and reduce 

adhesion like in the Phase 2 results. 

5.4.3.4 Epoxy Test Results 

The epoxy coupon specimens were tested in the MTS Q-Test machine, as were the 

CFRP coupons. After a trial round of dummy specimens it was determined that the coupons 

could be placed directly into the grips without the addition of cloth or aluminum tabs. The 

average coupon thickness was .245 in. so standard grips used for a range of 0-0.25 in. thick 

specimens were used. An Epsilon extensometer was attached to the gage length to record 

strain during each test and failure occurred within this region of each specimen. An example 

of the test set-up can be seen in Figure 5.34.  By examination of the gripped section after 

each test like in Figure 5.34, it was verified that no grip slippage took place during loading 

that would affect the readings. 
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Figure 5.34 Epoxy coupon in MTS Q-Test machine. 

 

 

Figure 5.35 Close-up view of gripped end of epoxy coupon post-test. 
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On average, the submerged specimens failed at an average of 26.6% higher stress 

than the ambient (control) specimens. The specimens kept in the freezer on the other hand, 

on average showed a 15.2% reduction in average failure stress as a result of the 7 day 

environmental conditioning.  

5.4.3.5 Predicted Values 

By using the values obtained from the material tests, the Chen and Teng (2001) 

model for predicting ultimate debonding capacity yielded the following values for Phase 3: 

Predicted Debonding Strain, ɛIC= 4806 μɛ 

Predicted Debonding Force, PIC = 4269 lbs. 

 

5.4.3.6 Ambient Pull-test Specimens 

The maximum values recorded at failure were obtained and compared in order to 

examine the impact of the embedded defects on the ultimate capacity. As in Phase 2 it was 

once again seen that the majority of specimens achieved higher loads than what was 

predicted by Chen and Teng. Not only was the performance repeatable in demonstrating the 

non-effect of the 1 in2 defects, but the 2 in2 transverse defects also did not show an significant 

impact on the ultimate load achieved by the pull-tests. Figure 5.36 shows the ultimate load 

achieved by each ambient specimen (light blue), as well as the average values (dark blue) of 

each set of common defect size. 
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Figure 5.36 Ultimate loads of all Phase 3 ambient specimens 

 

Maximum strain was measured at the loaded end of the specimens using two 

methods. Directly above the bonded area a strain gage was mounted to measure the strain 

values in the unbonded region of the CFRP. This vertical strain value, measured adjacent to 

the end of the bonded length, was generally considered as the debonding strain and can be 

seen in Figure 5.37. Redundancy was provided by the Epsilon extensometer which was 

placed above the top steel reaction plate in the test frame. It measured the strain over a 4 in 

gage length and provided additional measurements of the maximum vertical strain occurring 

in the unbonded portion of the CFRP. 
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Figure 5.37 Maximum strains measured at loaded end of all Phase 3 ambient specimens. 
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A set of specimens were manufactured to examine the effects of defects on limited 

bond length. The length was designed to be approximately that of the estimated effective 

length of the system. As in other sets three control specimens were prepared with no 

intentional defects and another two specimens were prepared with an embedded defect at the 

loaded end and the free end, A and C, respectively as illustrated in Figure 5.38. 

 

       

Figure 5.38 Specimen design with shorter bond length: a) Schematic and   
b) Photo of Specimen ND-1 short in the test MTS Q-Test machine. 

 

 

The maximum load and maximum strains measured at the loaded end are shown in 

Figures 5.39 and 5.40, respectively. These specimens also showed no effect on the ultimate 

capacity caused by the presence of defects. What can be seen, however, is that these 
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specimens essentially failed just below the predicted values. This is no surprise when 

considering that the model calculations are based on the estimated effective length and does 

not take into account the incremental strength redundancy gained from additional bonded 

length that existed in the specimens presented in Section 5.4.3.6. 

 

 

Figure 5.39 Ultimate loads of Phase 3 specimens with short bond length. 
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Figure 5.40 Maximum strains at loaded end of Phase 3 specimens with short bond length. 

 

5.4.3.8 Freeze-Thaw Specimens 
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for consideration. Figure 5.41 shows of the typical temperature results obtained for a typical 

freeze-thaw cycle; which is currently published in the thesis of another student from the lab. 
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Figure 5.41 Graph of typical freeze/thaw temperature results (Chigullapally, 2014).  

 

Considering that it is the purpose of ASTM C666 to provide a standard test method 

for determining the resistance of concrete to rapid freezing and thawing it was necessary for 

a reduced number of cycles to be applied to the pull-test specimens. The reason for this was 

so that the concrete be would retain sufficient strength to withstand the reaction force of the 

pull-test specimen at failure to occur in the bonded region. To ensure this condition, a small 

number of concrete cylinders were conditioned beforehand to establish an acceptable 

threshold for future tests. Fifty cycles was hypothesized to produce a satisfactory amount of 

conditioning for test specimens without compromising the concrete strength. Table 5.4 shows 
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the compression test results of the trial concrete cylinders after conditioning that resulted in 

an average concrete strength of 4.57 ksi remaining after conditioning. 

 

Table 5.4 Results from freeze-thaw conditioning of concrete cylinders 

 
# cycles Area Ult. Load Stress (ksi) Age 

Control 0 12.68 64691 5.10 28 Days 
F/T-1 50 12.45 59573 4.79 32 Days 
F/T-2 50 12.88 56435 4.38 32 Days 
F/T-3 50 12.77 57905 4.53 32 Days 

50 cycle Average 57971 4.57 
  

 
The ultimate load reached by the specimens after experiencing 50 freeze-thaw cycles 

yielded interesting results. In Figure 5.42 it can be seen that the average load at failure of the 

control specimens still exceeded the predicted load. However, the load reduced significantly 

among those with 1 in2 defects. Recall from Section 5.5.1.1 that these specimens experienced 

an increase in bond defect area as a result of the conditioning process. Considering this, 

noticeable reduction in both the load and maximum strain is expected. An additional line is 

superimposed on the graph to indicate the predicted values when the reduced concrete 

strength is used in the models. This was to provide a perspective on the decrease in capacity 

that may be due to factors other than concrete deterioration. The green bar shown for 

Specimen 1D-A represents the only specimen to fail prematurely by rupture at the tabs. The 

specimens containing 2 in2 defects had transverse defects are shown in the schematic of 

Figure 5.43. Notice that despite having larger defects, these ultimate of these specimens did 

not reduce as much did the specimens of 1 in2. 
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Figure 5.43 Ultimate load of all Phase 3 freeze-thaw specimens. 
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conditioning process. At each restart of the chamber the specimens failed to be saturated for 

another 48 hours therefore, as the freeze-thaw cycles proceeded there was likely only a 

partial saturation that occurred during the 2 hour thawing period of each cycle. This 

significantly delayed the initiation of more damage and reduced the overall amount of 

deterioration experienced by the specimens. This specimens are denoted by dashed lines to 

denote there difference though they appear to achieve a higher load than the specimens with 

smaller defects. Nevertheless, the maximum strain values shown in Figure 5.44 revealed that 

there was still a reduction despite the inconsistent protocol. 

 

 

   

Figure 5.43 Schematic of the 2D-A, B, & C specimens. 
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Figure 5.44 Maximum strain at loaded end of freeze-thaw conditioned specimens 
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for Specimen ND-1 at the three different locations. These locations were identical to 

designations used in the specimen defect notation. Location A was taken at 1 in. from the 

loaded end, Location B was taken at mid-bond length, 4 in from the loaded end, and Location 

C was at the free end, 7 in from the loaded end. As expected, an increase in strain propagated 

from the loaded end towards the free end as the test progressed.  

 

 

Figure 5.45 Typical strain behavior of a Phase 3 Specimen ND-1. 
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 GeoPIV analysis was also used to examine the distribution of strain across the width 

of the CFRP. It can be seen in Figure 5.46 that a non-uniform axial FRP strain is experienced 

at 0.4 in from the loaded end in the vertical direction, with increasing variation as the test 

progress. A maximum difference of approximately 27% was seen to occur at right before 

failure. This raises concern regarding calculated debonding strain, as values are typically 

measured at mid-width and are not representative of the average axial strain. Such error 

might provide cause for certain uncharacteristic differences in strain measurements among 

specimens. 

 

 

Figure 5.46 Variation of GeoPIV normal axial strain measured across the CFRP at 0.4 in 
from the loaded end. 
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5.4.4.2 Strain Distribution along bond length 

Attention was given to the measurement of strain along the centerline of the CFRP 

bonded length for each specimen. In an effort to compare readings, the line chosen for 

analysis coincided with the location of the strain gage attached just above the bond at the 

loaded end of each specimen. In most cases a gradual increase in strain was seen to extend 

along the bonded length towards the loaded end. Figures 5.47-5.53 show example plots of 

this behavior at various load stages. At y = 0, on the graphs, a red line is shown to represent 

the maximum strain value measured from the strain gage.  The points represent localized 

measurements and the color coordinated lines represent the smoothed data. 

 

 

Figure 5.47 GeoPIV measured strain along the bonded length at 43% - 70% of Ultimate Load 
for Specimen ND-2. 

0

1

2

3

4

5

6

7

8

0.000000 0.002000 0.004000 0.006000 0.008000

Bo
nd

 L
en

gt
h 

(in
) 

Strain (ɛ) 

Strain @ 43%
of Ult. Load

Strain @ 52%
of Ult. Load

Strain @
56.3% of Ult.
Load
Strain @ 55%
of Ult. Load

Strain @
65.1% of Ult.
Load
Strain @ 70%
of Ult. Load



  

167 
 

 

Figure 5.48 GeoPIV measured strain along the bonded length at 74.3% - 99% of Ultimate 
Load for Specimen ND-2. 
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It is worth noting that this test was paused at approximately 4500 lbs. which was also 

recorded as the maximum load as shown previously in Figure 5.24. This was in addition to 

the pause for PPT inspection at 65% of the predicted capacity and was performed as an 

attempt to examine debonding the propagation just prior to failure. It was during this 

inspection period that debonding continued to propagate and failure occurred before 

returning to the previous maximum load. This is the reason why Figure 5.50 shows an 

increase in strain at decreasing loads that were experienced by a relaxing of the load during 

the inspection. This specimen was chosen for presentation purposes however, because the 

steady manner in which debonding propagated allowed for clear measurements of growth 

from one picture to the next. The final reading of the GeoPIV was taken at 89% of ultimate 

load which was within 5 seconds of complete failure. Looking at the strain distribution at this 

point suggests that the failure was rapid (being only a few seconds afterward) and did not 

allow much time for the entire bonded length to be engaged. 
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Figure 5.49 GeoPIV measured strain along the bonded length at 63% - 88% of Ultimate Load 
for Specimen 1D-A.  
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Figure 5.50 GeoPIV measured strain along the bonded length at 89% - 98.4% of Ultimate 
Load for Specimen 1D-A.  
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defect. This is in contrast to both the control (i.e. non-defected) specimens and those with 

embedded defects located at the A positions (loaded end).  

This was counter-intuitive in that defects located at the free end were technically 

outside of the calculated bond length and were hypothesized to have a minimum effect on the 

strain distribution at low levels of load; but the strain plots suggest otherwise. It was further 

investigated to see if this behavior was a single occurrence by examining the GeoPIV 

measured strain in Specimen 2D-CT in Figure 5.53. This specimen had an embedded defect 

outside of the calculated effective length. In this case there was also seen a slight build-up of 

strain above of the defect. Furthermore, there were lower levels of strain near the loaded end. 

This suggests redistribution of strain in these specimens as a result of the presence of defects.  

 

 

Figure 5.51 GeoPIV measured strain across the bonded length at 55.3% - 82.6% of Ultimate 
Load for Specimen 1D-C. 
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Figure 5.52 GeoPIV measured strain along the bonded length at 83.3% - 99% of Ultimate 
Load for Specimen 1D-C. 

 
 
 

 

Figure 5.53 GeoPIV measured strain along the bonded length at 78% - 97% of Ultimate Load 
for Specimen 2D-CT. 
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GeoPIV strain analysis was primarily performed on the ambient specimens without 

much attention given to the conditioned specimens. Additional graphs were plotted in a 

similar manner as presented in the previous figures. For reference, these are included in 

Appendix A2. 

5.4.4.3 Strain field over bond area 

To provide an in-depth look at the strain behavior of the externally bonded CFRP and 

its correlation to the PPT images a strain field analysis was performed across the entire 

bonded area using VIC-2D software by Correlated Solutions. This was done by selecting 12 

evenly spaced nodes across the 2 in. width of the CFRP. This was also repeated for 31 

equally-spaced rows along the bonded length of the CFRP yielding a total of 372 nodes. 

Displacement was measured between each node and compared to the initial node positions to 

obtain strain measured in the x and y direction (horizontal and vertical; respectively). The y 

values were used to create a matrix that was input into Matlab to produce a colormap image 

representing the strain field over the bond area. In the interest of time constraint such analysis 

was only performed on three specimens. The strain field for control Specimen ND-1 is 

presented in Figure 5.54 at 64% of ultimate load. 
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(a)                                      (b)                                               (c) 

Figure 5.54 Specimen ND-1: a) Photograph while load is held during test b) PPT image and 
c) GeoPIV strain field. 

 

 
Like Section 5.4.4.1, Figure 5.45 illustrates the significant variation in strain across 

the CFRP width at a given load.  Such non-uniformity was also observed in the plotted 

GeoPIV colormap images. What could be seen is that as the distance from the loaded end is 

increased along the bonded length the strain profile across the width essentially appears to 

inverse with greater strain values found at the center and a decrease approaching the edges. 

An example of this behavior is shown in Figure 5.55. These values are taken from 

specimen ND-1 at a single point in time during the test. While the load was held at 62% of 

ultimate (3500 lbs.), strains were measured across the width that varied by distances from the 

loaded end.  
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Figure 5.55 Strain distributions across the width of Specimen ND-1 at different locations 
along the bonded length at 62% of ultimate load. 

 
 

Figures 5.56 and 5.57 also compares the PPT image with the GeoPIV measured strain 

distribution over the entire bonded area for Specimen 1D-B and Specimen 1D-C. What is 

evident in these images is that, though the embedded defect is visible in the PPT images, the 

defect produces no significant strain concentrations on the surface of the CFRP. This is in 

harmony with results from Section 5.4.4.2 that show no real impact of 1 in2 on the overall 

capacity of the system. Another thing that should be noted is that the PPT images are able to 

detect debonding despite its evidence in the strain measurements; suggesting PPT capable of 

providing information strain sensing cannot provide. 
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          (a)                                          (b)                                               (c) 

Figure 5.56 Specimen ND-B: a) Photograph while load is held during test b) PPT image and 
c) GeoPIV strain field. 

 
 

              

          (a)                                          (b)                                               (c) 

Figure 5.57 Specimen ND-C: a) Photograph while load is held during test b) PPT image and 
c) GeoPIV strain field. 
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5.4.5 Comparative Results of All Specimens 

The following effort was made to compare the behavior of all the specimens tested in 

both Phase 2 and Phase 3 of this research program. For this purpose only the pull-test 

specimens that were duplicated in each conditioning method are examined; namely three 

specimens containing no intentional bond defects and three specimens containing only 1 in2 

manufactured defects. What can be seen in Figure 5.58 is that there is a decrease in ultimate 

capacity in both of the conditioned sets when compared to the ambient specimens. Bars 

designating the standard error as defined in Section 4.4.2.3 are shown to illustrate the 

statistical significance in the variation of these values.  

While conditioned specimens did results in lower failure loads, on average, there is 

clearly a statistically insignificant change in capacity when considering the non-defected and 

defected specimens of each set. The freeze-thaw specimens however, are an exception to this 

in that there is an approximate 59% reduction in ultimate capacity when the specimens were 

conditioned with pre-existing 1 in2 bond defects. Recall from Section 5.5.1.1 that the PPT 

images did reveal significant deterioration in the bond of these specimen as a result of the 

freeze-thaw cycles. This deterioration occurred to a much greater extent than what was 

observed in Phase 2 submerged specimens (see Section 4.4.1.2). 
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Figure 5.58 Comparison of the normalized average failure loads of all duplicate pull-test 
specimens. 

 

 
From the above figure it can be determined that the 50 freeze-thaw cycles yielded an 

average maximum load reduction of 11.61% which was significant but not as drastic as the 

20% reduction seen in the submerged specimens. Notice Figure 5.59 shows a photo of the 

Specimen 1D-B FT interface after failure. 
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Figure 5.59 A typical failure freeze-thaw specimen with debonding at the interface. 

 

What can be observed from the photo shown above is that there was a considerable 

amount of concrete still attached to the CFRP. From the middle-left of the photo there 

appears to be a point where moisture entered and reduce surface bonding that extends 

towards the defect; where more debonding existed (resembling the submerged specimens in 

Phase 2). However unlike the ambient and submerged specimens considered in Chapter 4 

[Figure 4.28 and 4.29] there is only a portion on concrete still intact beneath the defect 

location suggesting that the majority of the degradation was experienced in the concrete 

cover itself.  

In the concrete durability study accompanying the conditioning of these specimens it 

was seen that a prominent effect of freeze thaw was spalling and scaling at the surface. It was 

discovered that cracking parallel to the concrete’s surface was the initial manner in which 
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concrete would degrade in these conditions [Chigullapally, 2014]. This further verifies that 

damage visible in the post-conditioned PPT images in Figures 5.22- 5.24 were not only the 

deterioration of the bond interface but also the earlier stages of this process. 

 

5.4.5.1 CFRP Coupons 

From the companion witness panels CFRP tensile coupons were cut, prepared and 

tested to examine the impact of conditioning on the composite alone. Figure 5.60 shows a 

comparison bar graph of the average ultimate loads of each set of coupons. A slight increase 

and decrease in the strength of the submerged and freeze-thaw specimens, respectively, is 

seen. However, these changes can be considered insignificant in this case, especially with 

variation falling well within the standard deviation of the ambient control coupons.  This 

implies that the reduction of the capacity observed in the pull-test experiments was likely due 

to inherent scatter instead of degradation of the CFRP laminate. 
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Figure 5.60 Comparison of ultimate stress for all CFRP coupon tests. 

 

5.5 Conclusion and Discussion 

Phase 3 confirmed previous conclusions as well as provided additional insight into the 

behavior of CFRP strengthened concrete pull-tests specimens with embedded defects. The 

PPT inspection was able to view the embedded defects that are not seen in the GeoPIV strain 

distribution images. This demonstrates the ability of PPT to identify critical bond defects 

before they are critical. PPT was shown to be able to observe the progression of debonding. 

Research has shown that prior to visible debonding of the CFRP elastic softening and 

microcracking occurs at the interface (Lu et el., 2005). Much of this was seen by the PPT 
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inspection performed at loads ~61% or more of the ultimate load. GeoPIV strain distribution 

over the entire bonded area showed that there was some correlation between the strain field 

colormaps and the PPT images however, PPT provided some information lacking in the 

strain data. 

The Teflon inserts appeared to have a minimum impact on the ultimate capacity and 

strain field experienced prior to debonding. A series of experiments were conducted in which 

there were three control (i.e. no defect) specimens and three specimens with 1 in2 size defects 

that were compared. It was repeatedly seen in the ambient specimens of both Phase 2 and 

Phase 3 that the ultimate load remained relatively unchanged with no strength reduction 

resulting from bond defects of that size. A greater impact was caused by the environmental 

conditioning.  

  In the specimens that underwent freeze/thaw conditioning there was seen a noticeable 

growth in defect areas. Moisture uptake by the epoxy was believed to occur as what was seen 

when observing the increase in volume and weight that was measure in the epoxy coupons. 

Also, in the case of freeze/thaw specimens, saturation combined with temperature 

fluctuations of 40° F at the core of the concrete there was the existence of internal stresses. 

When water freezes it also expands  to occupy 9% more volumes which, coupled with the 

swelling of the epoxy, causes there to be positive forces within the defects and other regions 

that is likely to extend debonded areas which contributes to the overall reduction in capacity. 

 Further considering the specimens containing 2 in2 defects there was also an anomaly 

discovered in the maximum strain measured at the unbounded end during testing. Despite the 

consistent failure loads seen in the ambient set of specimens, the recorded strains of the 2 in2 
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were lower than that of the other specimens. This is also observable in the freeze-thaw set. 

Though theses specimens did not experience equal amounts of deterioration and yielded 

failure loads comparable to the control specimens, the maximum strains however, were also 

reduced by a significant margin.  

 At a material level the mechanical behavior of CFRP laminates and epoxy coupons 

were measured as well. In the epoxy coupons there was a comparison between the failure 

stresses of dog bone specimens kept at ambient, 100°F water submersion, and -18°F freezing 

temperature. The ambient coupons failed at an average of 6850 psi and a 26.5% increase 

(7562 psi) was seen in the coupons submerged in the 100°F water. This is likely due to epoxy 

post-curing wherein there is additional cross-linking of polymer chains; these effects have 

been observed in other studies [Karbhari et al. 2003 and Hammami and Al-Ghuilani, 2004, 

and Miller, 2014]. On the other hand there was a 15.2% decrease (5813.2 psi) in failure stress 

seen in the epoxy coupons kept a -18°F in the freezer. These changes were directly 

proportional to the changes observed in the CFRP coupons conditioned alongside the pull-

test specimens. On average, the ambient coupons achieved an ultimate tensile stress of119.s 

ksi which increased 3.6% (123.4 ksi) in the submersion specimens but only slightly 

decreased by approximately 2% in the freeze-thaw specimens. Much less variation was seen 

in the CFRP coupons which might have been due to greater deterioration primarily taking 

place in the epoxy but having a reduced impact due to the carbon fibers. 

GeoPIV measured strain show a propagation along the bonded length without strain 

concentrations above defects. Posttest examination of the failure plane revealed lack of 

adhesion at the CFRP-to-concrete interface but this did not typically translate to any 
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noticeable changes in the strain experienced on the surface. An exception to this was seen in 

strain plotted along the bonded length of specimens that had defects located near free end 

(i.e. location “C”). Strain concentrations were clearly seen above defects in this position 

[Figures 5.51 - 5.53]. 

At points near is the loaded end, stresses are initially experienced on the surface of the 

CFRP and are gradually introduced into the concrete across the bond [Ferracuti et al. 2006], 

therefore defects located at the interface have less of an impact on the measured strain. 

Considering, defects at locations A (1 in) and B (4 in) are hidden within high values 

measured in the CFRP and are possibly accounted for by redistribution and/or an increased 

transfer length [Benzarti et al. 2011]. However, at distances beyond the effective  length,\ a 

defect located at the bond will then produce a sharp change in stiffness and therefore register 

higher strains measured on the surface of the CFRP. 

Another observation was the reduced impact of a modified freeze-thaw protocol on the 

strength of the 2D specimens. Given the significant reduction in ultimate load of the 

conditioned specimens containing 1 in2 defects it was assumed that a greater reduction would 

result from the larger pre-existing defects. However this was not the case which suggests that 

the interruptions in the freeze-thaw cycles (resulting from chamber malfunctions) prevented 

the damage from accumulating at the same rate as those that were continuously conditioned.  

Many interesting results occurred in Phase 3 of this experimental study that add to the 

overall value of this research. In the final chapter specific contributions from this entire 

experimental program with be outlined and presented in conclusion of this work. 

.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

6.1 Introduction 

This research program was successful in that it provided valuable information on the 

use of pulse phase thermography (PPT) for the nondestructive evaluation (NDE) of bond 

defects as well as the effect of known defects on the behavior of CFRP strengthened concrete 

pull-test specimens. As planned PPT was developed and demonstrated and, using a total of 

42 pull-test specimens, valuable insight was gained on the presence of bond defects. New 

attempts were also successfully made at observing the durability of specimens with pre-

existing defects that add to the body of knowledge regarding critical limits of externally-

bonded FRP structures. 

In general, it is evident that PPT not only provides rapid and robust detection for 

subsurface flaws in multilayered systems. Bond defects of the sizes utilized in this study 

(which were comparable to those allowed by ACI 440) had very little, if any, impact on the 

debonding failure loads. This supports with other published studies and provides additional 

confidence to the adequacy of current guidelines. Environmental conditioning is shown to be 

of greater concern than prescribed defect thresholds, and, in some cases, exacerbated 

problems caused by pre-existing defects. Several key contributions have come from this 

research program that are presented in the following sections. 
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6.2 Conclusions 

6.2.1 Pulse Phase Thermography 

1. PPT is a rapid and reliable civil engineering NDE inspection technique for detecting 

defects up to 1-4 layers of externally bonded CFRP strengthened concrete. It is 

effective in cases where specimens have a higher initial temperature; as is often 

caused by exposure to direct sunlight in the field. 

2. Without specific knowledge of thermal properties, using PPT for depth retrieval of 

bond defects in multilayered CFRP strengthening systems is possible by calibrating 

the blind frequencies for a given system. This is an effective alternative to time-based 

diffusion methods previously used in research. 

3. PPT was shown to reveal bond defects in the absence of strain measured on the 

surface of externally bonded CFRP. This endorses the ability of PPT to provide 

information when strain readings would not have observed such defects. 

4. A methodology for determining the boundary of defects in phase images was 

provided. Using a Matlab edge detection algorithm and determining the % relative 

maximum value of known defects a threshold can be applied to future inspections to 

qualitatively monitor the growth of bond degradation using PPT. 

5. PPT was shown to have the ability to observe the propagation of debonding under 

load. 
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6.2.2 Effect of Bond Defects 

1. Defect thresholds currently permitted by existing guidelines are within the critical 

limits when it comes to properly installed CFRP strengthening systems in ambient 

conditions. 

2. The presence of 2 in2 bond defects, greater than 5% of total bonded area, were shown 

to have negligible effects on the failure load of ambient CFRP pull-tests. 

3. There is no effective trend regarding the location of a defect along the bonded length. 

Interestingly however, defects at the free end (just beyond the effective length) were 

seen to produce strain concentrations measured on the surface of the externally-

bonded CFRP.  

4. Shorter bond lengths that are approximately the same length as the effective length 

essentially achieved the same bond strength with or without defects. A reduction in 

strain is expected however, if less than the effective length is provided due to defects. 

5. Strain is non-uniform across the width of the CFRP which can perhaps cause 

uncharacteristic measurements depending on the location where readings are taken. 

 

6.2.3 Environmental Conditioning Effects 

1. Environmental impacts appear to be of greater concern than bond defects of the sizes 

considered. In both Phase 2 and Phase 3 there was a measurable reduction in 

debonding resistance resulting from the environmental conditioning. 

2. It was found that the only significant reduction of ultimate load was seen was in 

specimens that contained 1 in2 defects prior to freeze-thaw conditioning.  
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3. Specimens showed a visible increase in the defected area as evident in the pre- and 

post- PPT inspection images. Post-test observations reveal this was primarily caused 

by the progressive deterioration of the concrete cover during the freeze-thaw cycles.  

4. Breaks in freeze-thaw protocol were seen to reduce severity of degradation, as was 

the case for the 2 in2 defect FT specimens which retained more strength than the 

others that experienced continuous conditioning. Such sensitivity to protocol raises 

questions about how the durability of these systems should be assessed in the future 

given the significant difference in results. 

5. In submerged water conditions, the elevated temperature proved to actually induce an 

increase in strength for both the concrete and epoxy however, it apparently has a 

negative effect on the chemical bond adhesion between the two which resulted in 

reduced debonding capacity rather than a significant growth of a preexisting bond 

defects. 

 

6.3 Recommendations for Future Work 

This study revealed potential for more extensive research programs that examine 

aspects relating to pre-existing defects and durability of CFRP strengthened systems. 

Findings herein suggest specific areas where further investigation is warranted, including: 

1. Defect growth under different loading protocols. 

This study was limited in that specimens were only tested in direct shear with a constant 

increase in load (the exception being pauses for PPT inspection). Tests that examine the same 
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variables under fatigue, impact, or even bending might yield different results and are worthy 

of further study. 

2. Threshold of defect size and its effect on debonding behavior. 

Due to the limited number of specimens, a comprehensive range of defect sizes was not 

tested in this experimental program. Defects sizes were chosen to be comparable to that 

which is permitted by existing guidelines. A program that examines a wider range of 

increasing defect sizes at smaller increments, relative to bond area, would be a worthwhile 

endeavor towards determining more precise tolerance thresholds. 

3. Parametric study of debonding capacity that incorporates bond defect area. 

Most debonding models have largely based their predictions on the cross section geometry of 

the FRP instead of the bonded surface area. While bond defects do not change the FRP cross-

sectional geometry, it does reduce the area of a system that can be consider a complete bond. 

A parametric study that incorporates this (i.e. “effective bond area”) into the prediction 

model might be beneficial as an extension of this topic. 

4. Environmental reduction methods. 

This study showed the negative effects on the capacity of the system resulting from harsh 

environmental conditioning. However, current ACI guidelines simply recommend a single 

reduction factor applied to the design properties of the composite in use. Such a method is 

insufficient when considering the variability of environmental effects on each individual 

material; not to mention the potential of existing defects to exacerbate the deterioration of 

bond strength as was seen in this study. 
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APPENDICES 

 

Appendix A1 – Thermal Images vs. PPT Images at Different Initial Conditions 

Figures A1.1 and A1.2 are results from an auxiliary study comparing the visibility of 

defects in thermal and phase images when exposed to sunlight. The dashed boxes represent 

the area of pixels averaged for the contrast values provided in Table A1. 

 

 

(a)              (b) 
Figure A1.1Phase 1 Specimen 2 (a) Thermal Image at Laboratory conditions and  

(b) PPT Image at Laboratory conditions. 
 
 

 

(a)              (b) 
Figure A1.2 Phase 1 Specimen 2 (a) Thermal Image after 5 hours in 30°C sunlight and  

(b) PPT Image at Laboratory after 5 hours in 30°C sunlight. 
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Table A1.1 Table showing defect contrast of Phase 1 Specimen 2. 

 
Thermal Image 

(IRT) 
Phase Image 

(PPT) 
In Laboratory (Initial measured Temp. = 21.18oC) 

Sound Area 22.5oC 0.94 Radians 
Defect Area 25.6oC 1.15 Radians 

Max. 
Contrast 12% 18% 

After Sunlight (Initial measured Temp.= 28.28oC) 
Sound Area 27.8oC 0.85 Radians 
Defect Area 30.2oC 1.11 Radians 

Max. 
Contrast 8% 23% 

 

 

Appendix A2 - Phase 2: Debonding was seen with PPT at ~70% of Ultimate Load 

 
       (a) Post Sub/Before                 (b) @1500 lb Load            (c) @3000 lb Load (69.6% Ult.) 
 

Figure A2.1 PPT test images of Specimen 1D-C. 
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      (a) Post Sub/Before Test          (b) @1500 lb Load      (c) @3000 lb Load (71% Ult.) 
 

Figure A2.2 PPT test images of Specimen ND-1S. 
 

 

 
      (a) Post Sub/Before Test           (b) @1500 lb Load           (c) @3000 lb Load (70.8% Ult.) 
 

Figure A2.3 PPT test images of Specimen ND-2S. 
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Appendix A3 – Additional Phase 3 GeoPIV Strain Plots for Select Specimens 

 

 

Figure A3.1a GeoPIV measured strain along the bonded length for Specimen 1D-B. 
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Figure A3.1b GeoPIV measured strain along the bonded length for Specimen 1D-B. 
 
 
 

 

Figure A3.2a GeoPIV measured strain along the bonded length for Specimen 2D-BT. 
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Figure A3.2b GeoPIV measured strain along the bonded for Specimen 2D-BT. 
 

Appendix A4 – Additional Phase 3 Freeze-Thaw Post-Test photos 

 

Figure A4.1 Specimen ND-1 FT after failure. 
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Figure A4.2 Specimen ND-2 FT after failure. 

 

 

Figure A4.3 Specimen ND-3 FT after failure. 
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Figure A4.4 Specimen 1D-A FT after failure. 

 

 

Figure A4.5 Specimen 1D-B FT after failure. 
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Figure A4.6 Specimen 1D-C FT after failure. 

 

 

Figure A4.7 Specimen 2D-A FT after failure. 
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Figure A4.8 Specimen 2D-B FT after failure. 

 

 

Figure A4.9 Specimen 2D-C FT after failure. 
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Appendix A5 – Load and Strain Results from All Pull-Tests Specimens 

 

Table A5.1 Summary of data obtained from all Phase 2 specimens. 

SPECIMEN Ult. Load (lb) Top Strain 
Gage (μɛ) 

Mid Strain 
Gage (μɛ) 

Bottom Strain 
Gage (μɛ) 

ND 1 5984.0 6256.73   
ND 2 5364.8 4392   
ND 3 5777.2 3098.21 1408.40  

ND Average (3) 5708.7    
1D A 6639.6 5262.16 2501.97  
1D B 6219.0 6110.45 4633.15  
1D C 5718.3 7570.22 4123.89 207.35 

1D Average (3) 6192.3    
2D A 5391.9 5197.9 2050.72  
2D B 5842.1 - - 1816.32  
2D C 5413.1 1920.17 1687.76 891.93 

2D Average (3) 5549.0    
3D A 4972.7 6878 5591.85  

1D AT 5041.6 3168.90 641.60  
1D CT 5391.5 2085 1645.72 15.41 
ND 1S 4236.80 3515.60   
ND 2S 4280.30 5575.94   
ND 3S 5331.70 4836.23   

ND S Average (3) 4616.3 4642.6   
1D AS 5270.20 5465.13 4082.40  
1D BS 5385.20 4432.47 10945.17 2215.25 
1D CS 4335.20 4204.82 3206.99 43.72 

1D S Average (3) 4996.9 4700.8 6078.2 1129.5 
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Table A5.2 Table summary of results for all Phase 3 Pull-Tests Specimens 

Specimen Ultimate Load (lb) Maximum Strain (μɛ) 
at Top 

ND 1 5466 4933 
ND 2 3660 4444 
ND 3 4614.5 4222 

ND Average 4580 4533 
1D A 4512 4222 
1D B 4865.8 3606 
1D C 3844.2 4016 

1D Average 4407 3948 
ND 1 short 4447.9 5105 
ND 2 short 3761.2 3874 
ND 3 short 3822.1 3567 

ND Short Average 4010 4220 
1D A short 3980.1 3440 
1D C short 4122.1 5162 

1D Short Average 4051 4039 
1D ABT 3900 3208 
2D AT 4824.1 4427 
2D BT 4294.8 2095 
2D CT 4127.8 2415 

2D T Average 4416 2979 
ND 1 FT 4147 4846 
ND 2 FT 4507.7 4897 
ND 3 FT 3627.7 4023 

ND FT Average 4094 4589 
*1D A FT 3031.5 2865 
1D B FT 2103.5 1267 
1D C FT 2438.6 1576 

1D C FT Average 2271 1903 
2D AT FT 3833 3053 
2D BT FT 4741 3088 
2D CT FT 3086 3616 

2D CT FT Average 3887 3252 
*Highlighted values represent specimen that failed by fiber rupture 
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