
 ABSTRACT 

RUTLEDGE, STEPHEN TYREE. FRP Repair of Circular Reinforced Concrete Columns by 

Plastic Hinge Relocation. (Under the direction of Dr. Mervyn Kowalsky and Dr. Rudolf 

Seracino). 

 

Fiber-reinforced polymers (FRP) have long since been used to retrofit reinforced concrete 

(RC) columns by means of wrapping in the hoop direction in order to provide additional 

confinement to the column and increase the material properties of the section.  While proving 

to increase the strength of undamaged RC columns, attempts to restore sufficient strength to 

damaged RC columns, which contain buckled longitudinal reinforcement, has not been 

successfully attempted.  Presented herein are the results of 4 large-scale column tests, 600 

mm in diameter and 2.40 m tall that were previously damaged, repaired by various FRP 

alternatives, and then subjected to reversed cyclic loading.  The objective of these tests was 

to relocate the plastic hinge to a location higher in the column where the longitudinal 

reinforcement has sustained far less damage than where the original hinge formed.  Two 

different repair systems were executed, utilizing unidirectional carbon fiber sheets as well as 

carbon fiber anchors, which are embedded into the footing.  When RC columns are damaged 

to the extent that buckling occurs in the longitudinal reinforcement, conventional constitutive 

models cannot be used to accurately represent the residual strain capacity of reinforcement.  

Since the buckled longitudinal reinforcement does not contain all of its strain capacity due to 

residual strain, the load transfer of the section must be made through other means, in this case 

carbon fiber anchors. Relocating the plastic hinge requires a higher curvature from the 

column at the new hinge location in order to achieve the same top column displacement as 

the original undamaged column.  In order to achieve this increase in curvature capacity, 

fibers in the hoop direction were used to provide additional confinement and ductility to the 



system.  A sectional analysis was performed to design the FRP repair systems so that the 

base of the column would remain elastic during testing and force the plastic hinge up in the 

column.  A method for predicting the force-displacement response of the repaired columns 

was also developed utilizing the plastic hinge method.  The force-displacement responses 

from the four tests were compared to 3 cycle set aftershock tests, which were performed on 

columns that had been subjected to earthquake load histories and not repaired afterwards.  

The responses from the tests show that sufficient strength can be restored by means of 

relocating the plastic hinge. 
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1. INTRODUCTION 

1.1. Background 

Depending upon the severity of the earthquake, regions of inelastic deformation, or plastic 

hinges, may form in the columns of reinforced concrete (RC) buildings or bridges.  These 

columns must then be replaced or repaired in order to restore the structural integrity of the 

structure to the originally intended design performance.  Due to the high cost of column 

replacement, FRP repair is often an efficient and viable option.  A number of different 

techniques have been developed for the FRP strengthening of existing RC columns 

including: (a) wrapping; (b) filament winding; and (c) prefabricated shell jacketing (Teng, 

Chen, Smith & Lam, 2002).  Techniques such as these are also utilized for repair and provide 

additional confinement to the column, allowing the confined concrete to reach higher 

compressive stresses as well as higher ductility levels. Traditionally, strengthening systems 

have been utilized to increase confinement and shear strength of members with reinforcing 

deficiencies and delay longitudinal bar buckling as well as improving splice length. 

However, this research presents an FRP repair technique, which utilizes CFRP unidirectional 

sheets and carbon fiber anchors which are inserted into the footing to increase the flexural 

strength of previously damaged RC columns which contain buckled and ruptured 

longitudinal steel reinforcement. 

 The column specimens repaired in this research were four RC columns which were 

subjected to different earthquake load histories as part of another experimental program, and 

can be seen in Figure 1-1, prior to testing.  These columns formed plastic hinges at the 
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column-footing interface and all contained buckled longitudinal reinforcement with one 

containing ruptured longitudinal reinforcement in addition to the buckled reinforcement.  The 

next section describes the objectives and scope of this research. 

 

 
Figure 1-1 Column Specimens after Construction 

1.2. Objectives and Scope 

The primary objective of this research program is to evaluate the effectiveness of carbon 

fiber anchors on the flexural repair of damaged RC columns containing buckled and ruptured 

longitudinal reinforcement by relocating the plastic hinge from the original location to a 

higher location where the internal reinforcement has not been yielded.  In order to meet this 

objective, the following tasks were performed: 

1. A layered sectional analysis was constructed to design the CFRP repair system.  The 

layered sectional analysis incorporated a steel constitutive model representing 

longitudinal rebar that had undergone cyclic loading, as well as a confined concrete 
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constitutive model accounting for confinement from both steel spirals and CFRP in 

the circumferential direction. 

2. Four reinforced concrete column tests were performed under reversed cyclic loading, 

which were strengthened using the proposed CFRP repair system.  The level of 

damage originally sustained by each column varied, with the repair system remaining 

the same for each test except for the control. 

3. A modified plastic hinge method was formulated and utilized to predict the force-

displacement responses of all repaired column specimens. 

 

1.3. Organization of Thesis 

This thesis is composed of 7 chapters.  In addition to this introductory chapter, Chapter 2 

presents work that has been done in the past related to the repair of seismically damaged 

reinforced concrete columns.  Also included in Chapter 2 is a brief description of CFRP 

anchorage systems and how they relate to the repair of RC columns.  The chapter also 

includes a brief description of work that has been previously published concerning the 

relocation of plastic hinges in RC members. 

 Chapter 3 presents the experimental program that was performed to evaluate the 

effectiveness of CFRP anchors in the repair of damaged RC columns.  This chapter includes 

descriptions of the materials used for the repair, the methodology used to design the CFRP 

repair system, the systems used for each column specimen, the test setup, and loading 



 

4 

protocol for the four column tests.  Also included are descriptions of the columns prior to 

repair, along with the instrumentation setups. 

 Chapter 4 reports the observations and findings of all experimental work that was 

performed in regards to the column tests.  This chapter also presents the method formulated 

for predicting the force-displacement responses of the repaired columns. 

 Chapter 5 presents two design examples, which design CFRP systems for the repair 

of circular RC columns that have sustained different levels of damage to the longitudinal 

steel reinforcement.  These examples demonstrate the design method used in this research. 

 Chapter 6 summarizes the research findings, presents conclusions and provides 

recommendations for future work as well as design recommendations. 
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2. LITERATURE REVIEW 

2.1. Introduction 

A large body of research exists for the retrofit, that is strengthening or repair, of reinforced 

concrete (RC) columns.  Strengthening refers to the strengthening of a RC column that may 

have a deficiency concerning reinforcement, detailing, or otherwise, prior to any damage 

being sustained.  Applications in the context of repair, which for the focus of this research, is 

defined as the retrofit of a column that has sustained some level of damage due to externally 

applied loading, deterioration, or corrosion. 

 In particular, the focus of this chapter will be on the repair of RC columns which have 

sustained some level of damage due to seismic loading.  There exists a large body of work in 

the literature with regard to strengthening deficient RC columns, as is exemplified by 

(Priestley, 1996), however this will not be covered in this review, as it is outside the scope of 

this research.  This chapter will also cover relocation of plastic hinges in RC members and 

how it relates to the relocation of plastic hinges as a means of repair. 

2.2. Repair of Seismically Damaged RC Columns 

Seismic loading of RC columns can cause many different failure modes such as shear, lap 

splice failure, loss of core concrete, and buckling or rupture of the longitudinal steel 

reinforcement.  The research explored in this section represents repair systems in response to 

one or more of these failure modes. 

 Lap splices are common in RC columns due to ease of construction.  They are 

commonly located at the base of columns where the moment demand is highest, and develop 
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the flexural strength of the RC column as long as debonding of the longitudinal 

reinforcement does not occur.  Lapped connections are at risk of sustaining damage during 

seismic loading, especially with regard to debonding of the longitudinal reinforcement 

(Seible, Priestley, Hegemier & Innamorato, 1997).  Kim and Choi (2009) repaired 

seismically damaged RC columns with stainless steel wire mesh (SSWM) in conjunction 

with permeable polymer mortar in order to improve the ductility and load carrying capacity.  

Their objective was to validate the effectiveness of this composite system and to study the 

feasibility of the repair system, while observing the lap splice length as the design variable. 

 Three column specimens were originally tested under reversed cyclic loading with an 

axial load of 345 kN, corresponding to 10% of the axial column capacity, to a peak ductility 

level of 6 and failed due to debonding of the longitudinal rebar in the lapped region.  The 

specimens were then repaired using the SSWM composite and retested using the same load 

history as the original tests.  The specimens displayed an improved hysteretic behavior; 

improving the load carrying capacity, energy dissipation, and displacement ductility of 

columns originally failing due to lap splice debonding (I.S. Kim, Jirsa & Bayrak, 2011).  The 

additional external SSWM in conjunction with the polymer mortar provided additional 

confinement to the lapped region of the column.  This additional confinement is essential for 

the repair of columns with deficient lap splices. 

 In another experimental program, Xiao and Ma (1997) also tested a repair scheme 

with the intent of observing the effectiveness of prefabricated composite jacketing on the 

behavior of a column previously failed due to debonding in the lapped region.  A single 

column was tested cyclically under an axial load of 712 kN, or 5% of the column axial 
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capacity as-built and then repaired using a prefabricated composite jacketing system 

constructed from E-glass fiber composite shells, which contained 90% of the fibers in the 

hoop direction and 10% of the fibers in the longitudinal direction.  The composite repair 

system increased the lateral load capacity of the column by approximately 5%; it also 

improved the displacement ductility reached as compared to the original column test.  

Ultimately, the repaired specimen failed due to deterioration of the lap splice region, similar 

to the original as-built test; however, the hysteretic response proved that this repair system 

increased the displacement ductility capacity by a single ductility level and greatly increased 

the energy dissipation capacity.  In addition to Kim and Choi (2009), Xiao and Ma (1997) 

showed that by providing additional confinement to the column cross-section the lap splice 

failure is delayed and the displacement capacity is increased. 

 Saadatmanesh, Ehsani, and Jin (1997) conducted research to evaluate the 

effectiveness of high-strength prefabricated glass fiber wraps, in the form of straps, in the 

repair of seismically damaged columns, which failed due to lap splice debonding, spalling 

and crushing of concrete, and buckling of longitudinal reinforcement.  Column cross-section, 

longitudinal reinforcement ratio, and development lengths into the footing were the design 

variables for these specimens.  Two rectangular and two circular columns were repaired; with 

one of each containing lap splices and the other two specimens containing full length 

longitudinal reinforcement.  The column specimens contained 14 #4 (db=13 mm) longitudinal 

bars with 9-gage steel wires (db=3.5 mm) for transverse reinforcement spaced at 76 mm.  The 

circular columns were 305 mm in diameter and the rectangular columns had dimensions 368 

mm x 241 mm, with a distance from the top of the footing to the point of loading of 1.89 m.  
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All columns were tested under cyclic loading with an axial load of 445 kN.  The circular and 

square columns that contained lap splices failed during original testing due to debonding 

within the lapped region.  The circular column with full length longitudinal reinforcement 

failed due to buckling of the longitudinal reinforcement, and the square column with full 

length reinforcement experienced a brittle shear failure (Saadatmanesh et al., 1997). 

 The repair systems were constructed to form GFRP straps consisting of six and eight 

plies of glass fibers for the circular and rectangular cross-sections, respectively.  The number 

of GFRP layers was determined by the additional confinement necessary to reach a 

confinement pressure corresponding to ACI 318-95 (1995) design standards.  The GFRP 

straps were 151 mm wide and were applied to the previous failure zone of the column with 

no gaps between them in the vertical direction.  Clamps were then placed on the top and 

bottom of the repair system and the repair system was filled and pressurized with epoxy.  The 

repaired circular and rectangular specimens that originally experienced lap splice debonding 

failures exhibited improved behavior as compared to the original tests and showed an 

increase in lateral load capacities by 24% and 38%, respectively.  At the conclusion of testing 

the repaired circular and rectangular columns with continuous reinforcement showed no 

strength degradation through 6 and  5, respectively and the lateral strength increase for 

these columns was 1% for the circular, and 31% for the rectangular column.  The GFRP 

repair systems remained intact for all tests except for a 50 mm long rupture in a single GFRP 

strap which occurred during testing of the circular column with continuous reinforcement 

(Saadatmanesh et al., 1997). 
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 Saadatmanesh et al. (1997) produced a repair system in an attempt to repair not only 

columns with lap splice failures, but a circular column with continuous reinforcement that 

contained buckled longitudinal steel reinforcement, which is directly related to this research.  

The repair process of this column involved removing any loose concrete from the cross-

section and patching this region with quick-setting mortar.  Since the concrete could not be 

vibrated, efforts were made to ensure there were no voids within this patching material.  

Rubber spacers were then bonded to the surface of the column to create a gap between the 

GFRP shells and the column where the epoxy was then injected.  The repaired columns 

exhibited a lower stiffness as compared to the original columns, but were able to achieve 

higher displacement ductility levels without strength degradation.  For the circular column 

originally containing buckled longitudinal reinforcement, the repair system allowed for larger 

displacements to be reached without strength degradation, yet there was very little increase in 

lateral load carrying capacity of the column.  This leads to the conclusion that additional 

confinement aids in increasing displacement ductility, but does not increase the flexural 

strength significantly in terms of lateral load carrying capacity.  This is expected due to the 

nature of the damaged cross-section, in particular the longitudinal steel reinforcement, prior 

to repair.  Confinement aids in restoring strength to the column, however, additional 

longitudinal reinforcement is necessary to increase the flexural strength given the damaged 

nature of the original bars. 

In other work, Haroun and Elsanadedy (2005) studied the effect of composite 

materials on shear and confinement enhancement in the repair of a RC column that had 

initially experienced a shear failure and reached a displacement ductility of 0.7.  The column 
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was repaired by applying four layers of carbon fiber sheets along the entire height of the 

column in the circumferential direction.  The column was then retested in the same manner as 

the original column with an axial load of 10% the column capacity and it performed better 

than the as-built column, reaching a displacement ductility of 4.5.  Failure of the repaired 

specimen was due to concrete crushing within the plastic hinge region.  Again, this study 

contributes evidence that additional confinement aids in increasing the displacement 

ductility, but does not have a significant impact on the lateral strength. 

 An experimental program aimed at evaluating the effect of repair systems on circular 

columns which have been seismically loaded and incurred spalling of cover concrete and 

cracking of core concrete was executed by Youm, Lee, and Choi (2006).  The program 

evaluated the effectiveness of steel and CFRP jacketing in the repair of damaged RC columns 

as well as the impact of differing transverse reinforcement ratios on the performance of the 

repair systems.  Nine columns were constructed with three different transverse reinforcement 

ratios, three columns per ratio.  One of each set of three was subjected to a monotonic 

loading to obtain a response envelope, and the other two specimens in each set were tested 

cyclically (Youm et al., 2006).  After initial testing the columns sustained core concrete 

cracking and spalling of cover concrete, but the longitudinal steel reinforcement was not 

visibly damaged. 

 One cyclically tested column from each of the three sets was repaired using a steel 

jacket, and the other cyclically tested column in each set was repaired using a CFRP jacket.  

The steel and CFRP jackets were designed utilizing the stress-strain relationships of the 

confined concrete as proposed by Mander, Priestley, and Park (1988).  The length of the 
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repair systems were determined from (Seible, 1997).  Upon testing of the repaired columns it 

was concluded that the steel and CFRP repair systems did not restore the stiffness to the level 

of the original columns, however the repaired columns reached the same displacement 

ductility.  The CFRP repair system did not significantly increase the flexural strength of the 

columns, which is expected given the nature of the repair system containing fibers in the 

hoop direction only. 

An experimental program, conducted by I.S. Kim et al. (2011), also looked at 

repairing columns that experienced lap splice failures in previous testing.  The experimental 

variables were the cross-section shape, the number of splices within the column, the loading 

program, and the repair system used.  Two different section geometries were used in this 

work, a rectangular cross-section with dimensions 460 mm x 915 mm, and a 460 mm square 

cross-section.  The columns were not subjected to an axial load during testing. 

 One of the columns was repaired utilizing only carbon fibers wrapped in the hoop 

direction, while the other three specimens contained carbon fiber anchors within the column 

cross-section itself, as seen in Figure 2-1 (I.S. Kim et al., 2011, p.635).  The anchors in this 

orientation act in the same manner as anchor bolts in a column with steel jacketing.  The 

CFRP anchors provide anchorage to the fibers, allowing for better confinement of the 

rectangular section.  At the conclusion of testing, it was observed that all of the repaired 

columns performed better than the as-built specimens, and the repair systems containing both 

carbon fiber anchors and carbon fiber jacketing performed the best in regards to strength and 

deformation capacities.  Another variable considered in this experimental program was the 

number of anchors used in the repair systems.  It was observed that an increase in the number 
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of anchors used does not increase the lateral load capacity; however it does increase the 

deformation capacity.  These repair systems were able to change the failure mode from a lap 

splice failure to a flexural failure with yielding of the longitudinal reinforcement (I.S. Kim et 

al., 2011). 

 Within rectangular cross-sections confinement from wrapping fibers in the transverse 

direction effectively confines the four corners, whereas the sides of the column are not as 

effectively confined.  Therefore, it is expected that the more anchors used in the cross-

section, the larger the displacement ductility reached.  This is due to the confining effect the 

anchors have on the section along the edges of the column.  The anchors were inserted 

halfway through the column cross-section allowing them to develop their capacity and 

effectively confine the columns, preventing debonding in the lap splice region.  This repair 

technique is effective for rectangular cross-sections containing lap splices; however, this 

technique incorporating anchors within the column cross-section would not be as effective 

for circular cross-sections due to the confinement efficiency of circular columns when 

wrapped in the circumferential direction.  Again the increased confinement would aid in the 

column reaching larger displacement ductility, but would not increase the flexural strength of 

the column. 
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Figure 2-1 Anchors on Column Cross-Section (I.S. Kim et al., 2011, p.635) 

 Perrone, Barros, and Aprile (2009) executed repair systems which involved fiber 

laminate anchors in a near surface mounting (NSM) technique in order to strengthen 

seismically damaged RC columns.  The NSM technique involves cutting grooves in the cover 

concrete of the member, in which, fiber laminates or rods are then epoxied for strengthening.  

The research program aimed at evaluating the effect of concrete compressive strength, 

longitudinal reinforcement ratio, and number of CFRP layers on the load carrying capacity as 

well as the energy dissipating capacity of RC columns. 

 The column specimens in this work had a 210 mm square cross-section.  These 

columns contained four longitudinal bars of 10 mm, 12 mm, and 16 mm in diameter varying 

from specimen to specimen and for transverse reinforcement contained 6 mm diameter bars 

spaced at 250 mm. 

Three columns were tested under cyclic loading with an axial load of 120 kN, 

experiencing spalling of cover concrete around the longitudinal reinforcement with no visible 
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damage to the reinforcement and then repaired.  The spalled concrete was patched to restore 

the cross-section and grooves were cut into the column cover and holes were drilled into the 

footing beneath the grooves in order to anchor the laminates into the footing, as seen in 

Figure 2-2 (Perrone et al., 2009, p.374).  After the laminates were installed, the columns were 

wrapped in the plastic hinge region with CFRP sheets.  Then CFRP sheets, which were 150 

mm wide, were applied and spaced between the transverse hoops above the plastic hinge 

region in an attempt to increase the energy dissipation capacity of the column as seen in 

Figure 2-3 (Perrone et al., 2009, p.373). 

 

 
Figure 2-2 NSM Technique Prior to Fiber Application (Perrone et al., 2009, p.374) 
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Figure 2-3 CFRP Wrapping Configuration (Perrone et al., 2009, p.373) 

 Column strength increases ranging from 38% - 55% were observed after testing of the 

repaired columns (Perrone et al., 2009).  It was observed during testing of the repaired 

columns that once the lateral deflection of the original test was reached, the effectiveness of 

the CFRP system increased, restraining dilation of the column cross-section.  At the 

conclusion of testing, it was observed that semi-conical fracture surfaces had formed in the 

concrete around the laminate anchors.  These fracture surfaces are attributed to the low 

concrete strength of the specimens and it is considered to be the cause of strength loss and 

ultimately specimen failure.  By utilizing laminate anchors into the footing, it is expected that 

an increase in lateral load capacity was achieved due to the increase in longitudinal 
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reinforcement.  The confinement in the transverse direction increased the displacement 

capacity and also confined the anchorage system.  However, due to the low strength concrete, 

the failure of the repaired specimens occurred due to localized failure of the concrete around 

the anchors. 

2.2.1. CFRP Anchorage Systems 

To restore the flexural strength of a RC column, a transfer of tensile force is necessary from 

the longitudinal reinforcement in the column down into the footing as confinement alone 

does not increase the flexural strength as seen in the previous section.  Anchorage is 

especially important when the damaged column contains buckled or ruptured longitudinal 

reinforcement.  The two most common anchorage systems utilized for flexural strengthening 

are bundles of fibers in the form of carbon fiber anchors, which are externally bonded, as 

well as fiber laminate strips or rods, which are installed through a NSM technique.  These 

anchorage systems were mentioned in Section 2.2 in regards to the repair research that has 

utilized them to strengthen RC columns. 

A large body of research exists where CFRP anchors are used in the strengthening of 

RC flexural members, aiding in preventing debonding of externally bonded CFRP sheets, as 

seen in (Altin, Anil, Kopraman, Mertoglu & Kara., 2010; Galal & Sekar, 2008; Mielke, 

2011; S.J. Kim & Smith, 2010).  For example, Altin et al. (2010) performed work focusing 

on the shear strengthening of RC T-beams by utilizing CFRP anchors to anchor CFRP strips 

along the length of the beam in the form of U-shaped wraps.  In order to anchor the CFRP 

sheets, the anchors were inserted into the flange-web intersection as well as into the web 
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itself as seen in Figure 2-4 (Altin et al., 2010, p.2980).  The specimens which utilized the 

CFRP anchors showed an increase in strain in the U-wrap fibers by 56% as compared to the 

unanchored CFRP sheets.  The anchors utilized in this research were manufactured by rolling 

a 120 mm x 80 mm CFRP sheet, creating an anchor 120 mm in length and 9.6 mm
2
 in cross-

sectional area.  The anchors were able to prevent shear failure in the beams and cause a 

flexural failure.  The use of anchors within the flange for shear strengthening with U-wraps is 

the most similar application to this research because they are in tension, but on a smaller 

scale. 

 
Figure 2-4 CFRP Anchorage in T-Beam (Altin et al., 2010, p.2980) 

When considering the design of CFRP anchors, Ozbakkaloglu and Saatcioglu (2009) 

performed 81 CFRP anchor pull out tests observing the embedment depth, anchor diameter, 

angle of inclination of the anchor, and the compressive strength of the concrete as test 
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parameters.  Three different failure modes were observed, which were:  concrete cone failure, 

combined cone-bond failure, and anchor rupture. 

The anchors tested in this experimental program had diameters of 12.7 mm, 15.9 mm, 

and 19.1 mm, and the embedment depths were 25 mm, 50 mm, 75 mm, and 100 mm.  At the 

conclusion of the program 68 of the 81 anchors failed due to pullout, 8 due to anchor rupture, 

and 5 failed due to concrete cone failure.  The results were analyzed and design equations for 

each failure mode were presented in the form of a critical force.  The force to form a concrete 

cone failure is represented by: 

 (      )         (  
  

)
   

  
 (  

  

  
) 2.1.  

where (f’ct)exp = the experimental tensile strength of the concrete specimen; Lc is define by 

Figure 2-5 (Ozbakkaloglu, 2009, p.88); and dh = the diameter of the anchor head. 

 Prediction of the force necessary to cause a combined cone-bond failure was found to 

be: 

                2.2.  

where Fcone is found using Eq. (2.1), and: 

            
  2.3.  

where = 0.66 and  = 0.83 from regression analysis; d = diameter of the anchor; and Lb as 

well as  are defined by Figure 2-5. 

 Lastly, the force required to rupture the CFRP anchor is taken as: 

              2.4.  
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where ffu = the ultimate tensile strength of the CFRP; tf = nominal thickness of CFRP; and wf 

= the width of the fiber sheet used to form the CFRP anchor. 

 After testing the first group of CFRP anchors, it was found that the experimental 

force needed to rupture the anchors was between 30 to 50% lower than the theoretical tensile 

capacities.  This is attributed to the misalignment and uneven straining of fibers within the 

anchor from manufacturing.  Therefore, to calculate the actual tensile capacity of the anchor, 

the theoretical capacity, found in Eq. (2.4) should be reduced by 60%.  Other important 

conclusions found in this research is that the average bond strength of the anchors decreases 

as the anchor diameter increases, possibly due to Poisson’s effect.  It was also found that the 

average bond strength decreases and the embedment length increases, implying that the bond 

stress distribution is affected by the increasing length.  Lastly, it was observed that the 

pullout capacity of anchors decreases with increasing angle of inclination, . 

 
Figure 2-5 Concrete Pullout Dimensions (Ozbakkaloglu, 2009, p.88) 
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 An analytical study was performed by Kim and Smith (2010) to determine design 

equations for the failure modes of concrete cone failure, bond failure, and combined concrete 

cone and bond failure, just as Ozbakkaloglu and Saatcioglu (2009).  The models presented in 

this research were constructed from data obtained from several pullout tests of anchors 

varying in size and embedment depth in uncracked, unreinforced concrete.  The largest 

anchors used were 19 mm in diameter and the largest embedment depth was 100 mm. 

 The analytical model was presented for the strength of a single anchor in tension: 

        (            ) 2.5.  

           
   √    (concrete cone failure) 2.6.  

              (combined cone-bond failure) 2.7.  

                     (anchor rupture failure) 2.8.  

where hef = the effective embedment depth of the anchor; f’c = concrete compressive 

strength; d0 = diameter of the anchor hole; wFRP = width of fiber sheet used to construct the 

anchor; tFRP = thickness of sheet used to construct the anchor; and fFRP = coupon tensile 

rupture strength of CFRP.  The calibration factors cc, u, and ar were determined from 

statistical analysis, and can be found in Table 2-1 (S.J. Kim, 2010, p.411). 

 The research that has been performed by Ozbakkaloglu and Saatcioglu (2009) as well 

as Kim and Smith (2010) was performed with the intent of formulating equations that 

represent the pullout strength of CFRP anchors in uncracked, unreinforced concrete.  The 

columns used in this research are reinforced and have been subjected to seismic loading 

resulting in cracked footings.  Although the research presented above does not perfectly 
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describe the scenario of this research due to the small nature of the anchors used by 

Ozbakkaloglu and Saatcioglu (2009) and Kim and Smith (2010), these equations offer a 

valuable guideline, since no other research work has been done on the pullout resistance of 

CFRP anchors in reinforced concrete. 

 

Table 2-1 Calibration Factors (S.J. Kim, 2010, p.411) 

 

 It is the objective of this research to relocate the plastic hinge in a circular RC column 

utilizing a CFRP repair system, which contains CFRP anchors.  There has been no work done 

involving the repair of seismically damaged RC columns by means of relocating the plastic 

hinge.  Therefore, the next section in this chapter will discuss the work that has been done 

involving the relocation of plastic hinges in RC members and their applications to give 

insight into the means and methods used to achieve plastic hinge relocation. 
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2.3. Relocation of Plastic Hinges 

Very little work has been performed involving the relocation of plastic hinges in RC 

columns.  However, this was the objective of one such experimental program executed by 

Hose, Seible, and Priestley (1997).  The intent of Hose et al. (1997) was to construct RC 

columns with the capability of forming a plastic hinge away from any supporting member, 

such as a footing or cap beam. 

 This experimental program consisted of seven RC columns, tested under reversed 

cyclic loading.  In order to achieve formation of the plastic hinge at a higher location in the 

column, the columns were constructed with an internal concentric cage consisting of the 

same amount of longitudinal bars as the column itself with the same size transverse 

reinforcement, but at a tighter spacing.  The cage has a smaller diameter than the column, and 

is placed inside the column with the top of the cage terminating at the desired plastic hinge 

location, as seen in Figure 2-6 (Hose et al., 1997, p.15). 

 The internal concentric cages vary bar termination geometries from specimen to 

specimen so that the effect of each can be observed.  The desired plastic hinge location was 

chosen so that the hinge would be far enough away so that strain penetration did not reach 

the footing, yet not too far from the footing to be affected by an increase in shear demand 

(Hose et al., 1997). 

 At the conclusion of testing, it was clear that the plastic hinge had fully formed at the 

intended location within the column.  The reference column reached an ultimate 

displacement of 318 mm corresponding to a force of 334 kN, while the specimen with the 

relocated hinge reached a peak displacement of 292 mm with a peak load of 365 kN (Hose et 
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al., 1997).  There were a few discrepancies between the reference column and test specimen 

load histories, but with this taken into consideration, it was observed that the column with the 

relocated hinge reached a higher lateral load, yet a lower displacement as compared to the 

reference column.  Both test specimens failed due to rupture of longitudinal reinforcement. 

 

 
Figure 2-6 Plastic Hinge Relocation Detail (Hose et al., 1997, p.15) 
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Relocation of the plastic hinge in new construction was observed in this research 

performed by Hose et al. (1997), which gives insight into the design and analysis of RC 

columns with relocated plastic hinges; however, the focus of this research is to relocate the 

plastic hinge in columns that have already formed a plastic hinge at the column-footing 

interface.  A similar approach will be taken by providing additional confinement and 

longitudinal reinforcement in the repaired section so as to force the plastic hinge to the 

weaker section above the repair.  Apart from new construction, other research has been done 

involving the relocation of plastic hinges in an effort to repair damaged joints, which is 

presented in the next section. 

2.4. Relocation of Plastic Hinge for Repair 

In an experimental investigation, Mahini and Ronagh (2011) studied the relocation of plastic 

hinges in beams, away from the beam-column joint using CFRP systems as a means of 

repair.  Two specimens were tested to a ductility level of two and sustained flexural cracking 

of the concrete at the joint, but no spalling of cover concrete.  The beam was then repaired 

using CFRP fibers of a single ply for one specimen and two plies for the second specimen.  

The CFRP sheets were applied to the webs of the beam along the entire depth and from the 

column face opposite the beam to a distance 200 – 350 mm from the face of the column, as 

seen in Figure 2-7 (Mahini & Ronagh, 2011, p.2463).  The single and double ply specimens 

saw an increase in ultimate strength of 7% and 5.3%, respectively while successfully 

relocating the plastic hinge away from the joint.  This study demonstrates that by utilizing a 

CFRP system, plastic hinge relocation as a form of repair is a viable option in the case of a 
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beam-column joint.  Relocating the plastic hinge within the beam away from the column 

allows the less damaged region of the beam to form the plastic hinge, resulting in a slight 

increase in strength compared to the as-built connection. 

 

 
Figure 2-7 CFRP Orientation and Instrumentation (Mahini & Ronagh, 2011, p.2463) 

This research performed by Mahini and Ronagh (2011) represents an idealized two 

dimensional frame connection, and as an extension of their work, it is the objective of this 

research to relocate the plastic hinge to a higher location in a RC column as a means of 

repair, utilizing the less damaged, higher location of the column for the new hinge.  This 
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study demonstrated that fibers along the axis of the strengthened member aids in increasing 

the flexural strength of the member. 

2.5. Research Significance 

 Considering past research that has been performed on the repair of seismically 

damaged RC columns, it is clear that confinement of the cross-section is of crucial 

importance when wanting to achieve higher displacement ductility.  It is also evident from 

past research that confinement of circular sections is much more effective than rectangular 

sections, and fibers wrapped in the circumferential direction alone provide sufficient 

confinement.  When a column is subjected to bending, the column cross-section at the plastic 

hinge location dilates, creating a radial pressure outward, which is then restricted by the hoop 

fibers and induces a tensile strain in the hoop direction (Seible et al, 1997).  Confinement in 

this manner is advantageous due to the speed of installation as well as improving durability 

of the column (Priestley, 1996).  Additional advantages of using FRP composites are their 

high stiffness and strength to weight ratio, controlled material properties, and their corrosion 

resistance (Haroun & Elsanadedy, 2005).  FRP composites do not significantly increase the 

cross-section or mass of columns, which is advantageous when considering building 

occupancy disruption and seismic applications.  When considering the advantages of FRP 

composites, these systems have been proven effective in improving strength and deformation 

capacity of deficient and damaged RC columns (Seible et al, 1997; Priestley, 1996; Haround 

& Elsanadedy, 2005). 
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When considering the flexural strengthening of circular RC columns, it is evident that 

an anchorage system is needed to transmit additional force from the column down into the 

footing.  It is evident from past research that an anchorage system of this type has not been 

executed, tested, and observed on a circular column, but on rectangular columns as 

performed by Perrone et al. (2009).  From these experimental programs it has been shown 

that anchors inserted into the column cross-section, as done by Kim et al. (2011), do not aid 

in strengthening columns in flexure, but only increase the displacement ductility of the 

columns.  However, an anchorage system in the form of NSM CFRP laminates anchored into 

the footing showed that an anchorage system of this sort can increase the flexural strength of 

rectangular RC columns.  It has also been shown in a different application by Mahini and 

Ronagh (2011) that CFRP systems are effective in relocating plastic hinges within RC 

members, which supports the overall objective of this research. 

No experimental work has been done to provide a design methodology for CFRP 

systems used to repair circular RC columns containing buckled or ruptured longitudinal 

reinforcement.  With the information gained from past research regarding CFRP repair 

systems, along with the CFRP anchor design equations presented by Ozbakkaloglu and 

Saatcioglu (2009) as well as Kim and Smith (2010), gaps in past research can be filled by this 

experimental program.  A CFRP repair system incorporating a CFRP anchorage system 

encompasses the theoretical and construction advantages to produce an effective repair 

system by relocating the plastic hinge in circular RC columns. 
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3. EXPERIMENTAL PROGRAM 

3.1. Overview 

This research program includes an experimental component that is designed to evaluate the 

effectiveness of CFRP repair systems in relocating the plastic hinge in previously damaged 

circular reinforced concrete columns as a means of repair.  Five large-scale columns were 

repaired and tested to failure in order to evaluate their responses.  The first four column 

specimens were constructed with the same geometries and reinforcement details and 

consisted of a footing, column and loading cap, while the fifth specimen had a different 

transverse steel spacing.  The column specimens were identical except for the level of 

damage that was incurred by each prior to repair, and the control specimen used a different 

CFRP repair system than the other specimens. 

The first specimen was treated as a control and contained buckled longitudinal 

reinforcement and was repaired using a common wrapping technique with fibers in the hoop 

direction only.  The second, third, and fourth tests utilized the same CFRP repair system, 

which consisted of carbon fiber anchors along with vertical and hoop fibers.  The columns 

repaired in the second and third tests contained buckled longitudinal reinforcement and were 

classified; along with test one, as moderately damaged.  The fourth and fifth test specimens 

contained ruptured longitudinal reinforcement and were classified as severely damaged in 

comparison to the previous tests. 
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3.2. Material Properties 

The column specimens used in this research were initially constructed and tested for another 

experimental program.  The specimens were built with ASTM A706 (2009) steel 

reinforcement along with Portland cement concrete, and the repair systems applied to the 

damaged specimens utilized multiple materials including Tyfo
®
 PUW, Tyfo

®
 SCH 41 

composite, which consisted of unidirectional carbon fibers and Tyfo
®
 S epoxy, and Tyfo

®
 

SCH Fibr
TM

 Anchors.  Determining accurate material properties of each material is critical in 

the design of each repair system as well as evaluation and analysis of test data. 

3.2.1. Steel Reinforcement 

The steel reinforcement used in constructing the column specimens was ASTM A706 (2009).  

In order to define the stress-strain relationship as well as find the significant material 

properties of the steel reinforcement, direct tension tests were performed on #6 (db = 19.1 

mm) bars in accordance to ASTM A370 (2003). 

 Six specimens were tested using a 979 kN capacity MTS universal tension-

compression testing machine.  During testing, the load and stroke were recorded, and the 

strain was measured using an MTS extensometer attached directly to the bar with a gage 

length of 50 mm.  The material properties, including yield stress, yield strain, strain at which 

strain hardening begins, stress at strain hardening, and the ultimate stress and strain can be 

seen in Table 3-1, and was obtained during the original testing of these specimens. 
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Table 3-1 Steel Reinforcement Material Properties 

  Yield 
Strain 

Hardening 
Ulitmate 

Strain 0.0024 0.0146 0.1331 

Stress (MPa) 469 470 654 

 

3.2.2. Portland Cement Concrete 

Concrete cylinders were made at the time of casting for each column specimen as a part of 

the original experimental program, so that the concrete compressive strength for each 

specimen could be determined.  The cylinders were made using 210 mm x 419 mm plastic 

molds in accordance with ASTM C 31 (2003).  The cylinders were cured alongside the 

column specimens so that the material properties of the cylinders would match that of the 

columns, given the environmental conditions.  At least three cylinders were cast for each 

specimen so that the 28 day strength could be found. 

 Each cylinder was tested in accordance to ASTM C39 (2005) using a 2224 kN 

capacity Forney compression test machine.  Neoprene padded end caps were used on each 

cylinder so that uniform stress would be applied to the cylinder ends.  The maximum load 

recorded for each cylinder test was used to calculate the ultimate compressive strength.  The 

average concrete compressive strength for each column at the time of original testing can be 

seen in Table 3-2. 

 

Table 3-2 Concrete Compressive Strengths 

Specimen Test 1 Test 2 Test 3 Test 4 

f'c (MPa)  42  42  48  36 
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3.2.3. Tyfo® PUW 

Tyfo
®
 PUW is a quick-setting cementitious patching material that is capable of setting under 

water.  This material was used to restore the cross-section of the damaged specimens where 

core concrete had crushed within the column and where cover concrete had spalled.  The 

compressive strength of the PUW is based on the testing of 100 mm x 200 mm cylinders, 

which were constructed in accordance with ASTM C31(2003) and tested in accordance with 

ASTM C39 (2005), the results of which can be seen in Table 3-3.  The cylinder tests were 

performed using a 2224 kN capacity Forney compression test machine at a load rate of 0.24 

MPa/sec.  This cementitious material was mixed with a water-to-PUW ratio of 0.25.  This 

w/PUW ratio was determined experimentally after several trial batches were mixed using 

different w/PUW ratios.  The w/PUW ratio of 0.25 was found to be the ideal ratio for 

sufficient strength while maintaining workability.  The results from these trial batches can be 

seen in Table 3-4. 

 

Table 3-3 PUW Cylinder Strength 

Cylinder w/PUW smax 

(#) - (MPa) 

1 0.25 37 

2 0.25 44 

3 0.25 43 
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Table 3-4 Varying w/PUW Compressive Strengths 

Cylinder c/PUW smax 

(#) - (MPa) 

1 0.20 39 

2 0.20 36 

3 0.25 30 

4 0.25 29 

5 0.30 25 

6 0.30 24 

 

For the column repair, the PUW was mixed in small, fifteen pound batches in order to 

maintain work time and mitigate premature setting before the batch was applied to the 

column.  PUW was effective in patching the crushed core concrete, spalled cover concrete, 

and spalled footing cover, as seen in Figure 3-1.  Evaluation of the bond between the PUW 

and concrete was difficult to observe within the column itself due to the encompassment of 

the repair system.  The bond strength between the PUW and concrete could be observed at 

the footing during testing.  When small voids were patched in the footing the bond remained 

intact throughout testing.  However, when large voids in the footing were to be patched the 

bond between the PUW and the existing concrete was lost at earlier ductility levels during 

testing as compared to patched footings with less damage.  This debonding mechanism was 

induced by the rotation of the column at the footing. 
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Figure 3-1 Patching of Damaged Cross-Section 

3.2.4. Tyfo® SCH 41 Composite 

Tyfo SCH 41 is a unidirectional carbon fiber fabric with fibers oriented in the 0˚ direction.  

This carbon fiber fabric is used in conjunction with Tyfo S epoxy for wet-layup applications, 

and a picture of the fibers can be seen in Figure 3-2.  Coupons were constructed and tested in 

direct tension by a 1112 kN capacity Q-Test MTS machine in accordance to ASTM D3039 

(2008).  The results of the tension tests match those provided by the manufacturer, which 

present a tensile modulus of 96 GPa, maximum rupture stress of 986 MPa, and an ultimate 

tensile strain of 0.01.  The coupon results from this experimental program can be seen in 

Table 3-5, where the ultimate force, tensile modulus, ultimate stress, and ultimate tensile 

strain are presented for the gross composite. 
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Table 3-5 Tyfo® SCH 41 Composite Material Properties 

Coupon 

Composite 

Cross-Sectional 

Area 

Fmax E max emax 

(#) mm
2
 N (MPa) (MPa) () 

1 19 16284 94733 838 8850 

2 19 18732 98212 981 9990 

3 19 17728 97255 930 9560 

4 19 18193 94264 979 10390 

5 19 20150 98094 1050 10700 

  
AVERAGE 96512 956 9898 

 

 

 
Figure 3-2 Tyfo SCH 41 Unidirectional Fibers 

3.2.5. Tyfo® SCH FibrTM Anchors 

Tyfo
®
 SCH Fibr

TM
 Anchors are comprised of Tyfo

®
 SCH carbon reinforced roving and 

Tyfo
®
 S Epoxy.  The tensile strength, tensile modulus, and ultimate elongation as presented 

by the manufacturer are 745 MPa, 61.5 GPa, and 1.7%, respectively. 
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3.3. Large Scale Columns 

3.3.1. Test Specimens 

The specimens used in this work are products of another experimental program and represent 

single degree of freedom bridge columns, and were identical in all respects except for the 

level of damage sustained prior to repair.  The columns are 610 mm in diameter and contain 

16 #6 (db = 19 mm) ASTM A706 (2009) reinforcing bars for the longitudinal reinforcement, 

and #3 (db = 9.5 mm) ASTM A706 (2009) spirals with a 50 mm pitch for transverse 

reinforcement.  The footing of the column is 1.2 m wide by 2.4 m long by 0.46 m deep and 

all footing reinforcement is ASTM A615 (2001).  The column and footing reinforcement 

details can be seen in Figure 3-3 and Figure 3-4, respectively. 

 

600 mm

760 mm

2.44 m

Loading Cap

460 mm

Footing

#3 (db=9.5mm)

ASTM A706 @ 50 mm

16 #6

(db=19mm)

Column Bars

Column Cross Section

600 mm

 
Figure 3-3 Column Reinforcement Detail 
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2 #8 (db=25mm) U bars top and bottom

placed side by side

2 #8 (db=25mm) U bars top and bottom

placed side by side

2 #8 (db=25mm) Z bars top and bottom

placed side by side
1.22 m

2.44 m

 

Figure 3-4 Footing Reinforcement Detail 

3.3.2. Previous Column Damage 

The specimens were subjected to real earthquake load histories prior to repair, and each 

reached different, but similar, peak tensile strains and displacement ductility levels, which 

can be seen in Table 3-6.  Each test specimen sustained different levels of damage to the 

longitudinal reinforcement.  Columns that contained buckled longitudinal reinforcement were 

classified as moderately damaged, whereas columns containing ruptured longitudinal 

reinforcement were classified as severely damaged.  Tests one through three were moderately 

damaged with buckled longitudinal reinforcement and specimen four was severely damaged 

with ruptured longitudinal reinforcement on one side of the column.  Table 3-7 presents the 

number of damaged bars in each specimen prior to repair and what level of damage was 

sustained by those bars.  Figure 3-5 through Figure 3-8 show photos of the North and South 

sides of each specimen prior to repair. 
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Table 3-6 - Previous Load History Effects 

Specimen 1 2 3 3 4 

Load History Japan 2011 Kobe 1995 Chile 2010 
Cyclic 

Aftershock 
Chichi 

Peak 
Displacement 

209 mm 210 mm 184 mm 169 mm 188 mm 

Displacement 
Ductility 

9.9 10 8.7 8 8.9 

Peak Tensile 
Strain 

0.058 0.059 0.051 0.048 0.052 

 

Table 3-7 Longitudinal Reinforcement Damage Prior to Repair 

 
Specimen 1 Specimen 2 Specimen 3 Specimen 4 

Side North South North South North South North South 

Buckled 
Bars 

2 0 1 1 1 1 2 0 

Ruptured 
Bars 

0 0 0 0 0 0 3 0 

Bars Intact 14 14 14 11 

 

 

Figure 3-5 Specimen One Prior to Repair, North Side (Left), South Side (Right) 
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Figure 3-6 Specimen Two Prior to Repair, North Side (Left), South Side (Right) 

 

 
Figure 3-7 Specimen Three Prior to Repair, North Side (Left), South Side (Right) 

 
Figure 3-8 Specimen Four Prior to Repair, North Side (Left), South Side (Right) 
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3.3.3. Strengthening Procedure 

All specimens were strengthened using the same repair sequence.  The repair process began 

with the removal of all loose concrete within the column and footing.  The cross-section of 

the columns was then restored using Tyfo
®
 PUW, which was mixed in fifteen pound batches 

with a w/PUW ratio of 0.25.  Once the cross-section was restored to its original shape, and 

the PUW reached the design strength after 3 days, the surface of the column where the fibers 

were to be applied was roughened using a needle air gun.  The roughened surface compared 

to the smooth surface of the column can be seen in Figure 3-9.  This roughened surface was 

provided to aid in improving the bond between the repair system and the column. 

 

 
Figure 3-9 Roughened Surface of Column Prior to Fiber Application 

 Once the surface of the column was roughened, holes were drilled into the column 

footing around the circumference of the column using an SDS Max Hammer Drill and a 38 
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mm diameter masonry drill bit.  A photo of the holes on the South side of the third test 

specimen can be seen in Figure 3-10.  A Profometer 5 rebar locator was used to locate the 

reinforcing steel in the congested footing so that drilling into rebar would be minimized.  

However, in some instances rebar in the footing was hit and different drilling angles were 

taken in order to pass the obstruction and reach the required depth. 

 

 
Figure 3-10 Anchor Holes Drilled into Footing on Third Specimen 

 

 After the holes in the footing were drilled, all dust and loose concrete particles were 

removed with compressed air and vacuumed out of the holes to create a clean surface for 

bonding of the externally bonded CFRP repair system.  The application of the CFRP repair 

system was carried out in two stages for all specimens.  Since the control specimen only 

utilized fibers in the hoop direction and did not incorporate Tyfo
®
 SCH Fibr

TM
 Anchors in 

the repair system, the hoop fibers were applied in the plastic hinge region in the first stage, 

and then applied to the remainder of the column in the second stage of repair.  For all other 
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specimens, the two stages of repair were: a) application of vertical fibers and anchor 

installation and b) application of hoop fibers. 

3.3.3.1. Application of Vertical Fibers & Anchor Installation 

Tyfo
®
 S Epoxy was first mixed and thickened with fumed silica, Cab-O-Sil TS-720, to 

produce Tyfo
®
 WS Epoxy.  The WS epoxy was used as a prime coat and was applied to the 

roughened column surface, filling all voids.  The vertical layers of Tyfo
®
 SCH 41 were 

impregnated with Tyfo
®
 S Epoxy and then applied to the region containing WS.  Once the 

circumference of the column was covered by one layer of vertical fibers, the anchors were 

ready to be installed.  Prior to installing the carbon fiber anchors, they were first impregnated 

with Tyfo
®
 S epoxy and WS epoxy was applied to the first layer of vertical fibers to prevent 

the anchors from sliding down the surface of the column.  After being impregnated, excess 

epoxy was removed from the anchors to prevent sagging and the anchors were then inserted 

into the drilled holes in the footing, as seen in Figure 3-11.  Once fully inserted into the 

footing the end fibers were splayed onto the columns surface as can also be seen in Figure 

3-11.  The hole in the footing containing the anchor was then filled with Tyfo
®

 S epoxy to be 

sure no voids were present.  This process was then repeated until all anchors were inserted 

and splayed. 

 A layer of Tyfo WS epoxy was applied to the column, filling all voids between and 

above the anchors.  The two additional layers of vertical fibers were then impregnated with 

Tyfo
®
 S epoxy and applied on top of the anchors with a layer of WS epoxy between each 

layer.  The last step of stage one was wrapping a single layer of hoop fibers around the 
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bottom portion of the column to be sure the system formed a full bond between all fibers 

applied to the column.  The single layer of hoop fibers also served to hold the repair system 

together and prevent sagging. 

 

   
Figure 3-11 Anchor Insertion (left) and Splayed Anchor (right) 

 

3.3.3.2. Application of Hoop Fibers 

The second stage of repair involved applying the remaining layers of hoop fiber to the 

column.  This stage was executed twenty four hours after the first stage was completed so 

that the fibers applied during the first stage would be sufficiently cured.  The purpose for 

applying the repair system in two stages is to minimize the weight of the fibers applied to the 

column.  Too much weight applied at one time will cause sagging of the system and curing in 

the wrong position. 

For tests two, three, and four the additional six layers of hoop fibers were applied to 

the column in individual plies.  Although the application of all necessary hoop layers 

continuously would be ideal, six continuous layers of fiber were not a feasible option, and the 



 

43 

additional six layers of CFRP were applied individually with a 305 mm overlap, which were 

staggered around the circumference of the column.  Wrapping the column with the remainder 

of the hoop layers concluded the repair process of the column.  The strengthening systems 

were allowed to cure for a minimum of seven days before testing and Figure 3-12 shows the 

test three repair system at the conclusion of the process. 

 

 
Figure 3-12 Test Three Repair System 

3.3.4. Repair Designs and Details 

Recall the specimens repaired and tested in this research were a product of another 

experimental program, where the columns were subjected to different earthquake load 

histories, resulting in different levels of damage sustained by each column.  This chapter 

discusses the design philosophy of the repair systems used, and how each was designed. 
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3.3.4.1. Test One 

The test one specimen was treated as a control and the repair system was designed in a 

manner that represents a commonly accepted repair system containing fibers wrapped in the 

circumferential direction only.  Considering the plastic hinge length of a circular RC column 

to be one and a half times the column diameter, it was decided that this region of the column 

be wrapped with three layers of CFRP in order to provide significant confinement within 

economical means.   A 25 mm gap between the fibers and the footing was provided to 

prevent axial loading of the repair system at high curvature levels.  It was then decided that a 

single layer of CFRP be applied to the remaining height of the column, as is done in the field, 

beginning from 25 mm above the three layers in the plastic hinge region as seen in Figure 

3-13. 

 The intent of this repair system was to provide additional confinement to the damaged 

column section, and observe the impact of providing confinement only. 
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3 Layers Hoop

1 Layer Hoop

25 mm

610 mm

25 mm

1470 mm

 

Figure 3-13 Test One Repair System 

 

3.3.4.2. Test Two 

Upon completion of testing for the test one specimen, it was evident that additional 

longitudinal reinforcement was necessary to strengthen the previously failed plastic hinge 

region enough to force the failure to a weak section above the strengthened section. 

 To begin the design, the intended location of the new plastic hinge was found.  When 

reviewing the vertical strain profiles from the initial testing, it was apparent that at a location 

of 380 mm above the footing the strains in the longitudinal steel had not significantly passed 

yield.  With the new plastic hinge location known, the new critical section of the column was 

analyzed.  Given the new hinge location, the distance from this location to the point of 

loading was now 2.06 m as compared to 2.44 m from the original plastic hinge to point of 

loading.  Now that the column is essentially shorter, the critical section must reach a higher 
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curvature than the original section to reach the same lateral displacement at the top of the 

column.  For this research, a ductility level of 8 without significant strength degradation was 

decided upon for the performance of the column because during the original testing this was 

a common displacement ductility for bar buckling to occur. 

 A moment-curvature analysis was performed using CUMBIA – Set of Codes for the 

Analysis of Reinforced Concrete Members, which was constructed by Montejo and 

Kowalsky (2007), on this shorter section of the column.  The King, Priestley, and Park 

(1986) steel model was used as the steel reinforcement constitutive model and a constitutive 

model for confined concrete incorporating confinement from both transverse reinforcement 

as well as FRP in the hoop direction was utilized (Hu, 2011).  The number of layers of CFRP 

was varied in the confined concrete model until it was found that six layers of CFRP in the 

circumferential direction were needed to reach the necessary curvature of the critical section 

to reach the appropriate ductility level.  For this design, the six layers of CFRP would be 

applied from the footing up to a distance of 1.22 m so that the new and old plastic hinge 

regions would contain the necessary confinement to reach this higher curvature. 

 Once the CFRP system was designed for the new plastic hinge region, the CFRP 

system for the previously failed plastic hinge region was designed.  From the moment-

curvature analysis previously performed, the critical moment at the new hinge location was 

then extrapolated down to the footing to find the necessary moment capacity of the column at 

the column-footing interface.  In order for the base section to achieve a higher moment 

capacity, the column needed to contain vertical fibers as additional longitudinal 

reinforcement. 
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A moment-curvature program was constructed and run to solve for the necessary 

number of layers of CFRP needed to reach the critical moment at the base of the column with 

an over strength factor of 5%.  The moment-curvature program utilized a layered sectional 

analysis and used the model by Hu (2011) as the constitutive model for the confined 

concrete.  For each column specimen the peak and residual strain values for the three extreme 

tension and compression longitudinal rebar were available from the original testing.  An 

average residual strain was found from these six bars and a stress-strain curve was defined 

incorporating this residual strain using a cyclic stress-strain model from OPENSEES 

(McKenna, Fenves & Scott, 2000).  Therefore, for the reinforcing steel this constitutive 

model containing an average residual strain was used in the analysis.  It was found that three 

layers of vertical CFRP fibers were necessary for the specimen to reach this moment 

capacity. 

 In order to anchor the vertical CFRP sheets, carbon fiber anchors were designed to be 

anchored into the footing and splayed across the column face to withstand rupture of the 

CFRP sheets.  With three layers of vertical CFRP sheets on the column, an equivalent area of 

fiber was found for the entire column.  The anchors were then designed to withstand this area 

of fibers rupturing, so as to fully anchor the vertical fibers.  It was found that twelve anchors 

with a diameter of 30 mm were necessary to fully anchor the vertical fibers.  The anchorage 

length of the anchors was designed so that the rupture capacity could be developed within the 

column section.  This anchorage length was found by considering three failure mechanisms: 

concrete cone failure, bond failure, and combined concrete cone and bond failure from (S.J. 

Kim, 2010).  It was found that the carbon fiber anchors needed an embedment length of 355 
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mm with an additional 355 mm on the column face to develop the necessary force, making 

the carbon fiber anchors a total of 710 mm long.  The repair system for the test two specimen 

can be seen in Figure 3-14. 

6 Layers Hoop

Anchors

+ 3 Vertical

+ 6 Hoop
610 mm

610 mm

 

Figure 3-14 Test Two Repair System 

3.3.4.3. Test Three & Test Four 

After observing the effect of the repair system during test two, tests three and four utilized 

the same repair system except for the additional fibers in the circumferential direction at the 

new intended plastic hinge location.  The circumferential fibers for these two tests went from 

the column-footing interface to a height of 610 mm as seen in Figure 3-15.  The repair 

systems for these two tests still contained twelve 30 mm diameter carbon fiber anchors along 

with three layers of vertical CFRP on the column face. 
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Anchors

+ 3 Vertical

+ 6 Hoop
610 mm

 

Figure 3-15 Tests Three and Four Repair Systems 
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3.3.5. Test Setup 

The reinforced concrete column footing was stressed to the lab strong floor through four 

holes in the footing, one at each corner with dimensions between the holes 0.9 m x 1.8 m.   

Dywidag bars were used to stress the footing down, which were stressed to a force of 400 

kN. 

A constant axial load of 756 kN, which corresponds to an axial load ratio of 6%, was 

applied to the column prior to testing.  To apply the axial load, a spreader beam was placed 

on top of the column with two dywidag bars running through it alongside the column, 

through the column footing and bolted beneath the lab strong floor.  These bars were 

tensioned by two hydraulic jacks that were located on top of the spreader beam.  These 

hydraulic jacks were charged with hydraulic fluid simultaneously until a load of 378 kN per 

jack was achieved using an electric hydraulic pump.  Once the appropriate load was reached, 

a 4448 kN capacity MTS machine was used in a force-controlled mode to maintain the 

constant axial load by compressing and releasing a third hydraulic jack, which was connected 

to the hydraulic jacks above the column. 

A single 980 kN capacity MTS hydraulic actuator was attached to the lab strong wall 

and bolted to the column loading cap using four threaded rods, which ran through the cap 

itself.  The actuator was run in displacement control for the entirety of each test, with 

exception to the test one specimen through 1, so that each repaired specimen experienced 

the same load history, which will be discussed in Section 3.4.  A photo of the test setup can 

be seen in Figure 3-16. 
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Figure 3-16 Fourth Column Prior to Testing 

 

3.3.6. Instrumentation 

In order to measure strains within the plastic hinge regions of the columns, two OPTOTRAK 

Certus
®
 HD Dynamic Measuring Machines (DMM) were used.  One DMM was placed on 

either side of the column on the extreme tension and compression faces.  This unique system 

tracks LED targets, which are positioned on the column in the region of interest, in real-time 

3D space using digital photogrammetry and optical triangulation techniques.  The LED 

layout for each column is identical for each side of that specific specimen and can be seen in 

Figure 3-17 through Figure 3-20.  For test one and test two, the LED targets were applied 

only to the CFRP repair system, and for test three the LED targets were applied to the CFRP 
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as well as the concrete surface directly above the repair system.  In order to measure the 

strains on the longitudinal reinforcement in the potential plastic hinge region, the cover 

concrete was removed and the LEDs were placed directly on the longitudinal bars for a span 

of 610 mm above the CFRP repair system for test four.  The layout of LED targets allows for 

the calculation of both hoop and axial strains at a section.  Electrical resistance strain gages 

of 120 ohm resistance and 60 mm gage length were used on the CFRP between LED targets 

to validate the strains calculated using the OPTOTRAK system, as seen in Figure 3-21. 

 

 
Figure 3-17 Test One LED Layout 
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Figure 3-18 Test Two LED Layout 

 

 
Figure 3-19 Test Three LED Layout 
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Figure 3-20 Test Four LED Layout 

 

 
Figure 3-21 Strain Gauge for First Test between LEDs 

 

 A 980 kN load cell, which was a part of the hydraulic actuator assembly, measured 

the lateral load applied to the column loading cap.  Another load cell with a capacity of 890 

kN was integrated into the test setup, positioned beneath one of the hydraulic jacks on top of 
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the column, as seen in Figure 3-22.  Because the pressure in both hydraulic jacks above the 

column was equal, only one load cell was necessary to measure the axial load.  The total 

axial load was then double the axial load measured by the load cell.  Two 1270 mm string 

potentiometers (string pots) were attached to the column loading cap on the opposite side of 

the hydraulic actuator normal to the surface of the loading cap, from an independent reaction 

frame.  One string pot was centered on this side of the loading cap, concentric with the 

applied lateral load, while the other string pot was attached 50 mm above the centered string 

pot for use in case the centered string pot failed, which can be seen in Figure 3-22. 

 

 
Figure 3-22 String Pot Location on Loading Cap 
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 In addition to the string pots, a single inclinometer was placed on the column just 

above the footing on the side perpendicular to the plane of bending for tests three and four.  

The inclinometer was placed here to capture and quantify the rotation that occurred at the 

column-footing joint, so that this rotation contribution to the total lateral displacement can be 

accounted for. 

3.4. Loading Protocol 

A three cycle set load history, based on the yield displacement (y = 21 mm) of the 

original undamaged column was used for each specimen and can be seen in Figure 3-23. 

In a traditional three cycle set, the test is conducted in a load-controlled mode up to 

the analytical first yield force Fy’, so that the actual yield displacement of the column can be 

found.  From there three cycles of 1,  1.5,  2,  3,  4,  6,  8, and so forth are performed as 

required by the specific member being tested.  For this experimental testing, the three cycle 

sets were conducted in displacement controlled mode for the entirety of the load history so 

that each column would experience the same load history. 
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Figure 3-23 Three Cycle Set Load History 
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4. EXPERIMENTAL RESULTS, ANALYSIS & DISCUSSION 

4.1. Introduction 

The following chapter presents the experimental results obtained from the large scale column 

tests.  Also included in this chapter is the analysis of the results along with discussion 

regarding the reasons for certain results. 

4.2. Large Scale Column Tests 

4.2.1. Observations during Testing 

Observations were made throughout each test and are presented in this section according to 

the ductility level in which they occurred.  The ductility levels used to describe these events 

are based on the yield displacement of the original undamaged column, and therefore may be 

different from the actual ductility levels of the tested column due to different plastic hinge 

locations and change in the effective length of the column. 

 The anchor and longitudinal rebar designations can be seen in Figure 4-1 and Figure 

4-2 for tests two through four, where the dotted line represents the axis of bending.  Note that 

the anchor positions are different between test two and tests three and four, due to the 

location of reinforcement in the congested footing. 
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Figure 4-1 Test Two Longitudinal Rebar and Anchor Designations 

 

 
Figure 4-2 Tests Three and Four Longitudinal Rebar and Anchor Designations 

4.2.1.1. Test One 

Cracking noises could be heard from the first set of testing at a displacement corresponding 

to ¼ F’y. This appeared to be cracking of epoxy and there was no visible sign of damage to 

the fibers when this cracking was heard. On the first pull to 2 a large crack could be seen at 

the column-footing interface on the South side of the column, as seen in Figure 4-3. Once  4 
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was reached, delamination of the epoxy was noticed at the base of the column just below the 

bottom of the CFRP wrap where the epoxy ran down the column during the repair process.  

At this point in testing there was still no sign of damage to the fibers within the repair 

system.  Towards the end of  4 and through  6, the Tyfo® PUW patching material was 

visibly crushing at the column-footing interface as seen in Figure 4-4.  At the end of the first 

push to  6, circumferential separation of the CFRP fibers parallel to the fiber direction could 

be seen, but the fibers themselves did not rupture. On the South side of the column, these 

separations occurred at 100 mm, 270 mm, and 400 mm from the base of the column, and on 

the North side splitting occurred at 75 mm and 215 mm from the base of the column. These 

locations correspond to the peak tensile strain locations of the extreme fiber bars on either 

side of the column from the original test.  This splitting of fibers at flexural crack locations 

on the North side can be seen in Figure 4-5. 

 

 
Figure 4-3 Initial Cracking at Column-Footing Interface 
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Figure 4-4 Crushing of Patching Material 

 
Figure 4-5 North Side Circumferential Splitting of CFRP 

During the second push of  6, a longitudinal bar on the North side of the column was 

heard to rupture, and on the second push of  8 another bar was heard to rupture on the North 

side of the column.  Recall that after the original testing of the test one specimen buckling 

had occurred on the North side of the column only, which lead to the rupture of these bars at 

higher ductility levels.  During the first push of  10 a longitudinal bar was heard to rupture, 

and during the second push of  10 another two bars were heard to rupture on the North side 
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of the column, which lead to a very significant decrease in strength on the North side of the 

column and the end of testing. 

At the end of the test it was observed that the longitudinal bars on the North side of 

the column, closer to the neutral axis of the section had begun bearing against the bottom of 

the CFRP wrap.  It could be seen that this pushing out of the ruptured bars caused the CFRP 

wrap to split circumferentially, yet no fibers had ruptured as seen in Figure 4-6.  This figure 

shows that the confinement provided by the CFRP repair system aided in restraining the 

ruptured longitudinal bars, but did not prevent rupture of the bar. 

 

 
Figure 4-6 North Side Ruptured Bar Inducing CFRP Splitting 

4.2.1.2. Test Two 

Cracking of the epoxy could be heard during the first push and pull of  1.  Though cracking 

was heard, there was no visible sign of damage to the fibers.  On the first push of  1.5 more 

cracking was heard and a visible crack could be seen approximately 610 mm above the base 

of the column on the North side.  This crack was a circumferential separation of the CFRP in 
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the hoop direction.  On the first pull of  1.5, a crack was visible on the South side of the 

column, which was approximately 660 mm above the base of the column, splitting the hoop 

fibers similar to the splitting on the North side of the column.  During the third push of  1.5, 

the crack propagated through the North side around the column, and during the first push and 

pull of  2, more cracking was heard and the cracks on both sides of the column began to 

open.  It is important to note that at this point during the test there was no visible sign of 

cracking at the column-footing interface unlike test one.  At the end of the first push to  3, 

the crack on the North side of the column at 610 mm from the base was 5 mm wide, and 

cracking at the base of the column also began.  After the first pull of  3, the crack on the 

South side was 6 mm wide at 660 mm above the footing as seen in Figure 4-7, and cracking 

at the column footing interface had initiated.  During  3 it was apparent that the column was 

beginning to rotate about a new plastic hinge approximately 610 mm above the base of the 

column.  It is important to note that there were no visible cracks in bottom 610 mm of the 

repair system during this time of the test.  In Figure 4-8 it is visible that the column began 

flexural hinging at the 610 mm location above the base of the column. 
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Figure 4-7 South Side Circumferential Splitting of CFRP 660 mm Above Footing 

 
Figure 4-8 Visible Rotation of Column about Higher Hinge 

By the first push of  4, the circumferential crack on the North side was 6 mm wide 

and the patching material began to debond and push out of the footing as seen in Figure 4-9.  

Small cracks also began to form on the column just above the top layer of FRP, 

approximately 1.2 m above the base of the column.  Upon completion of the first pull to  4, 
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the crack width on the South side of the column was 8 mm wide.  At this point, cracking of 

the footing began to worsen and during  6, the crack width on the North side reached 9.5 

mm and the crack width on the South side reached 8 mm.  For the remainder of the ductility 

levels the crack widths remained constant on each side and the inelastic deformation focused 

at the column-footing interface.  After the first push to  8, the tops of the anchors were 

exposed and could be seen due to the cover concrete of the footing spalling. 

 

 
Figure 4-9 Debonding of Patching Material within Footing 

 During the second push to  10 two rupturing sounds were heard coming from the 

North side, and during the second pull to  10 three rupturing sounds were heard coming from 

the South side of the column.  Another rupture was heard during the third pull to  10, and 

then another was heard during the first push to  12, which is where testing ended.  Once 

testing was completed, it was observed that the carbon fiber anchors as well as longitudinal 

reinforcement ruptured, which will be discussed in further detail later.  It is important to note 

that during test one, rupture of longitudinal bars began during  6 compared to test two where 
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rupture of longitudinal bars started during  10, which is when bars began rupturing during a 

three cycle set performed on an undamaged column.  This shows that this repair system aided 

in delaying the rupture of longitudinal bars as compared to the repair system in test one.  This 

can be attributed to the additional confinement provided by the additional three layers of 

hoop fibers, vertical fibers, and anchors in the strengthened region of the column. 

4.2.1.3. Test Three 

Cracking of epoxy was first heard during the first push of 1/2F’y, but there were no visible 

cracks on the column at this point.  After the ¾F’y push and ¾ F’y pull, a crack began to form 

on the column just above the level of the CFRP approximately 630 mm from the base of the 

column.  As the F’y push and pull were completed, the crack above the CFRP began to 

propagate, and the width of the crack on both sides of the column at the end of the push/pull 

was 0.4 mm. 

 Upon completion of the first push to  1, a hairline crack began to form at the column-

footing interface, and at the end of this push, the crack above the FRP was now 0.6 mm wide.  

During the first pull of  1 the epoxy just above the FRP on the column began to crack and 

push outward from the column on the North side.  The crack width during this pull on the 

South side of the column was now 0.9 mm, above the CFRP.  It is important to note that 

there were no visible cracks in the circumferential or vertical directions in the CFRP up to 

this point of testing. 

After the first push to  1.5, the crack on the North side of the column above the CFRP 

now had a width of 2.5 mm, and cracks were forming in the region of the column above the 
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CFRP wrap to the cap at the top of the column.  These cracks were fairly evenly distributed 

and it was observed that these cracks were cracks from the original test opening.  At the end 

of the first push to  2 the crack above the FRP on the North side continued to propagate, and 

the epoxy at this location above the FRP began to flake off.  It was also observed that the 

crack that formed at the column-footing interface began to propagate as well.  At this point 

during the test, there was still no visible cracking in the FRP wrap. 

 During the first push to  3 the cracks above the FRP wrap to the loading cap began to 

propagate around the column towards the neutral axis.  It was observed that the cracks were 

fairly evenly distributed and closer towards the cap, the cracks decrease in width.  During the 

 3 set, there was a visible increase in the number of cracks just above the CFRP wrap.  It is 

also important to note that at this location, the cracks were significantly larger than those in 

the higher region of the column as seen in Figure 4-10.  Another observation that was made 

during the  3 set was the crack orientation on the column.  As the cracks propagated around 

the circumference of the column, they began to slant downward in a diagonal orientation at 

an approximate 45 degree angle on the sides of the column.  
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Figure 4-10 Large Flexural Cracks above CFRP on North Side 

The crack at the column-footing interface was visibly getting larger as the  4 set was 

performed, and the cracks above the FRP were growing larger in width as well.  There were 

still no cracks in the CFRP itself at this point. 

 It was apparent during  6 that the column was rotating about a point approximately 

610 mm above the footing.  After the first push of  6 concrete began spalling off of the 

column just above the CFRP at this location, and the crack at the column-footing interface 

continued to get larger on the North side, and significant epoxy cracking was heard during 

this push.  A photo of the column during  6 can be seen in Figure 4-11.  During the first push 

to  8 there was a significant amount of cracking heard from the base of the column yet there 

were still no cracks visible in the CFRP.  This cracking noise could have been rupture of 

some vertical fibers and/or anchors.  During the third push of  8 the patching material that 

was used to restore the missing concrete from the original test began to push out from the 

footing similar to test two. 
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Figure 4-11 Completion of  6 Push 

The extreme fiber bar on the South side of the column buckled during the first push to 

 10 just above the level of CFRP, and upon reversal two bars buckled on the North side at the 

same elevation.  On the second push of  10 two additional bars buckled on the South side, for 

a total of three buckled bars on this side of the column above the level of the CFRP.  During 

the second pull of  10 the three bars that had buckled on the South side ruptured, and two 

additional bars buckled on the North side of the column.  During the third push of m10 three 

bars buckled in addition to the ruptured bars on the South side and the three bars that had 

buckled on the North side all ruptured.  On the third pull of  10 one more bar buckled on the 

North side and two more ruptured on the South side for a total of two buckled bars and five 

ruptured bars on the South side.  The first push to  12 resulted in two more bars rupturing on 
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the North side for a total of five ruptured bar and three buckled bars on the North side.  A 

photo of the column upon completion of the  12 push can be seen in Figure 4-12. 

 

 
Figure 4-12 Completion of  12 Push 

 It is important to note that during test 2 longitudinal bars began rupturing at  10, 

which is when the longitudinal bars began rupturing during test three.  This shows that this 

repair system, which utilizes both anchors and heavy confinement, can delay rupturing of 

bars, as compared to test one where bars began rupturing during  6.  On a 3 cycle set that 

was performed on a virgin column, longitudinal bars also began rupturing at  10, which gives 

perspective as to how these repaired columns compare to the original column behavior.  This 

increase in displacement and ductility capacity at buckling, for this reduced column height, 

may be related to the region below the plastic hinge being a highly confined circular section.  

A square footing is not as effective as confining the adjacent area as a circular confined 
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section.  At the conclusion of testing the carbon fiber anchors will still intact with none 

having experienced rupture. 

4.2.1.4. Test Four 

The first cracking of epoxy was heard during the first push of 3/4F’y and a flexural crack 

began to form on the column just above the level of the CFRP.  As the F’y push and pull were 

completed, the flexural crack above the CFRP began to propagate.  The width of the crack on 

both sides of the column at the end of the push/pull was 0.75 mm. 

 Upon completion of the first push to  1, a hairline crack began to form at the column-

footing interface on the North side of the column and the crack above the CFRP was now 0.9 

mm wide.  During the first pull of  1 there was a significant amount of epoxy heard cracking 

and the crack width during this pull on the South side of the column was now 0.9 mm, above 

the CFRP.  During this same pull cycle, a crack formed at the column-footing interface 

around the anchors.  Since there is a lack of longitudinal rebar on this side of the column, the 

anchors are experiencing more demand compared to tests two and three, explaining the crack 

in the footing outlining the anchors. 

 After the first push to  1.5, the crack on the North side of the column above the CFRP 

now had a width of 2.5 mm, and evenly distributed cracks were forming in the region of the 

column between the CFRP wrap and the loading cap.  At the end of the first push to  2 the 

crack above the CFRP on the North side continued to propagate, and the epoxy at this 

location above the FRP began to flake off.  The width of the crack above the CFRP was 3 
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mm at the conclusion of this cycle and there were no visible cracks at the column-footing 

interface. 

 By the first push of  3 it was apparent that the column was rotating about the new 

hinge location in this direction.  It was observed that the cracks from the top of the CFRP to 

the cap were fairly evenly distributed and the crack widths decreased closer to the cap.  It 

was observed during the early cycles of the test that cracks from the previous test were 

opening up instead of new cracks forming.  During the first pull of  3 it was apparent that all 

damage in this direction of loading was occurring at the column-footing interface.  There was 

no increase in visible damage incurred at the location just above the CFRP. 

 During the first push of  4 the cracks on the column above the CFRP began to orient 

themselves in a diagonal orientation towards the neutral axis of the column, similar to what 

occurred in test three.  It was noticed after this push that there was still no damage at the 

column-footing interface on the North side of the column.  During the first pull of  4 rupture 

of the CFRP anchors on the South side of the column could be heard.  The anchors had not 

visibly ruptured completely, but a large crack was seen along the fiber direction of anchor 

SA3 as seen in Figure 4-13.  After the second pull to  4 was completed, it could be seen that 

anchors SA2, SA3, SA4, and SA5 were at least partially ruptured and can be seen in Figure 

4-14.  The cracks that had initially formed above the FRP on the South side of the column 

were now much smaller as compared to earlier cycles and not propagating because the 

damage was focused on the footing.  By the end of  4 the footing cover began to crack and 

pull up from the footing. 
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Figure 4-13 Partial Rupture of Anchor SA3 

 
Figure 4-14 Partial Rupture of Anchors SA2, SA3, SA4, & SA5 

 During the first push to  6 there were rupture sounds coming from the footing; 

possible anchor rupture of the anchors on the North side of the column, yet the cracks that 

had formed directly above the CFRP continued to get larger.  By the end of the first pull to 6 

it was clear that anchors SA2, SA3, and SA4 were fully ruptured.  Upon reversal, more 

cracking was heard from the column-footing interface of the North side of the column, again, 

possible anchor rupture, but the anchors were still not visible due to the overlaying hoop 

SA3 

SA5 

SA4 
SA3 

SA2 
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fibers.  At the end of the third push to  6 it was clear that all of the anchors on the South side 

of the column were ruptured, as can be seen in Figure 4-15. 

 After the first push to  8 it was clear that anchors NA2, NA3, NA4, and NA5 had 

ruptured and anchor NA3 can be seen in Figure 4-16.  During the first pull of  8, 

longitudinal bars were heard to rupture and the test was concluded after the first pull to  8 

due to a significant loss in strength. 

 

 
Figure 4-15 Full Rupture of Anchors on South Side of Column 

 
Figure 4-16 Rupture of NA3 Anchor on North Side of Column 



 

75 

4.2.2. Failure Modes 

The behavior of all specimens tested can be categorized as single degree of freedom 

cantilever columns.  Ultimate failure in all four column specimens was due to flexure.  This 

failure mode can be attributed to the buckling and rupture of longitudinal reinforcement, as 

well as the rupture of the carbon fiber anchors.  A summary of the ultimate conditions for 

each test specimen can be seen in Table 4-1, which consists of the peak applied lateral force 

in the push and pull directions, peak displacement, ductility levels at which the peak lateral 

forces and displacements were reached, as well as the component failure that led to the 

ultimate flexural failure of the specimen.  Recall longitudinal rebar designations as well as 

carbon fiber anchor designations, where applicable, can be seen in Figure 4-1 and Figure 4-2. 

 

Table 4-1 Peak Specimen Conditions 

Test One Two Three Four 

Peak Applied 
Force, Push 

270 kN 391 kN 386 kN 389 kN 

Ductility Level 6 6 6 6 

Peak Applied 
Force, Pull 

293 kN 383 kN 411 kN 334 kN 

Ductility Level 8 3 6 3 

Peak 
Displacement 

214 mm 255 mm 254 mm 171 mm 

Ductility Level 10 12 12 8 

Component 
Failure 

Rebar Anchors Rebar Anchors 

4.2.2.1. Test One 

Prior to reaching the maximum load, large flexural cracks in the transverse direction could be 

seen in the CFRP within the repaired region.  Upon reaching the maximum lateral load in the 
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push direction, these cracks opened further, but it was not until the second push of  6 that a 

longitudinal bar was heard to rupture.  After this rupture occurred, a 10% drop in strength as 

compared to the peak lateral force was observed at the beginning of  8 and during the second 

cycle push of  8 another longitudinal bar was heard to rupture, which lead to another drop in 

strength by 20% compared to the peak force in the push direction.  During the  10 set, an 

additional three bars ruptured, leading to a total strength loss of 45% in the push direction 

and the end of the test.  In the pull direction, no buckling or rupture of longitudinal 

reinforcement occurred and there was no significant strength loss seen in this direction. 

 Once the test was completed, the CFRP repair system was cut away from the column 

so that damage incurred by the longitudinal reinforcement could be observed.  As can be seen 

in Figure 4-17, a total of five longitudinal bars ruptured (N2, N3, N4, N5 & N6) and two bars 

buckled (N1 & N7) on the North side of the column.  On the South side of the column, three 

bars buckled (S3, S4 & S5), which can be seen in Figure 4-18.  The buckling and rupture of 

longitudinal bars lead to the deterioration of the plastic hinge region, which formed at the 

column-footing interface.  The plastic hinge deterioration of the test one column specimen is 

what ultimately lead to the failure of the column in flexure. 
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Figure 4-17 Ruptured and Buckled Reinforcement after Test One on North Side 

 

 
Figure 4-18 Buckled Reinforcement on South Side of Test One Specimen 

4.2.2.2. Test Two 

The failure mode experienced in test two was similar to that of test one, but the test two 

specimen incorporated carbon fiber anchors in the repair system.  While the specimen in test 
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two also failed due to deterioration of the plastic hinge region, rupture of the carbon fiber 

anchors as well as the longitudinal reinforcement is what lead to this flexural failure. 

 Rupture of the anchors and longitudinal bars began on the second push to  10.  At the 

end of the second push to  10 the column, in this direction, experienced a strength loss of just 

over 30% compared to the peak lateral force subjected to the column.  During  4 the 

cementitious patching material used to patch the footing began to debond from the footing 

and push out.  As testing continued the increase in shear capacity of the column transmitted 

higher shear forces into the footing and larger rotation occurred at the column-footing 

interface as compared to the other tests, which lead to spalling of the footing cover concrete, 

as seen in Figure 4-19.  This softening of the footing and loss of patching material as well as 

cover concrete lead to a lack of confinement for the anchors and longitudinal bars below the 

level of the CFRP.  Therefore, rupture of the longitudinal bars occurred below the level of the 

CFRP in the cover region of the footing, which can be seen in Figure 4-20.  Figure 4-21 

shows the ruptured anchor SA3, on the South side of the column. 

 Longitudinal bars and anchors were heard to rupture during the second pull to  10, 

the third pull to  10, as well as the first push to  12, which concluded the test.  At the 

conclusion of the test the column experienced a strength loss of 50% and 46% in the push 

and pull directions, respectively. 

 After the CFRP repair system was removed, it was observed that one anchor (NA4) 

and four longitudinal bars (N2, N3, N4 & N5) on the North side of the column ruptured and 

three bars buckled (N1, N6 & N7).  It was also found that anchor NA2 was not fully 

embedded into the footing during the repair, as seen in Figure 4-22.  This lack of embedment 
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can be attributed to a construction issue, where the drilled hole with was filled in excess with 

thickened epoxy, making embedment difficult.  On the South side of the column a single 

anchor (SA3) and three bars (S3, S4 & S5) ruptured, with two bars buckling (S2 & S6). 

 

 
Figure 4-19 Spalling of Footing Cover Concrete 

 

 
Figure 4-20 Ruptured Longitudinal Rebar on North Side of Test Two Column 

Top of Footing Cover 
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Figure 4-21 Ruptured Anchor SA3   Figure 4-22 Partially Embedded Anchor 

4.2.2.3. Test Three 

Test three also experienced a similar failure mode as tests one and two.  Upon reaching the 

ultimate load, large flexural cracks had formed and opened up just above the CFRP repair 

system.  Up to this point in testing, there were no transverse cracks in the CFRP repair 

system unlike test one and two.  Once the ultimate load was reached, it was apparent that the 

plastic hinge had formed above the CFRP, as seen in Figure 4-23. 

 During the second pull to  10, three bars ruptured on the South side of the column, 

and during the third push to  10 three bars ruptured on the North side of the column as well.  

During the third pull to  10 two additional bars ruptured, leaving the South side with a total 

of five ruptured bars (S2, S3, S4, S5 & S6) and two buckled bars (S1 & S7).  Two more bars 

ruptured on the North side of the column during the first push to  12, which completed the 

test with five ruptured bars (N2, N3, N4, N5 & N6) and three buckled bars on the North side 

of the column (N1, N7 & center bar). 

 The column had a strength loss of just fewer than 20% at the end of the second push 

to  10 as compared to the peak lateral load.  At the end of the second pull to  10 the column 
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saw a strength loss of 46%.  Within the  10 set, between the second and third cycles, the 

column experienced a strength loss of 50% in the pull direction and forty two percent in the 

push direction.  At the conclusion of the test and first push to 12, the column experienced a 

total strength loss of 75%.  Figure 4-24 shows a photo of the column at the peak 

displacement during  12. 

 

 
Figure 4-23 Formation of New Plastic Hinge 
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Figure 4-24 Push to Ductility 12 

4.2.2.4. Test Four 

The test four column specimen also experienced a flexural failure due to rupture of carbon 

fiber anchors and longitudinal reinforcement.  This specimen contained three ruptured 

longitudinal bars (S3, S4 & S5) on the South side of the column prior to repair. 

 The column was subjected to the peak lateral load in the pull direction at the 

conclusion of  3.  During the first pull of  4, carbon fiber anchors on the South side of the 

column were heard to rupture.  Upon completion of the second pull to  4, it was observed 

that four anchors had ruptured (SA2, SA3, SA4 & SA5), and a strength loss of fifteen percent 

as compared to the peak applied lateral load in this direction was observed.  Throughout the 

 6 set, the carbon fiber anchors were heard to rupture.  By the completion of the third push to 
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 6, it was apparent that all anchors on the South side of the column had ruptured.  After the 

first push to  8, four anchors (NA2, NA3, NA4 & NA5) on the North side of the column had 

ruptured.  The test was concluded after the first pull to  8, after which two longitudinal bars 

(S2 & S6) were heard to rupture on the South side of the column.  At the completion of 

testing, the column sustained a strength loss of just below forty percent in the pull direction 

and fourteen percent in the push direction when compared to the peak applied lateral force.  

The ruptured anchors on the South side of the column can be seen in Figure 4-25. 

 

 
Figure 4-25 Test Four Anchor Rupture on South Side of Column 

 The carbon fiber anchors on the South side of the column were subjected to much 

higher tensile demands than the previous tests due to the lack of longitudinal steel 

reinforcement.  After the anchors ruptured on the South side of the column, the base of the 

column experienced higher rotations due to the lack of stiffness.  It is believed that this 

increase in rotation of the joint affected the strength of the anchors on the North side, 

possibly during compression cycles. 
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4.2.3. Crack Patterns 

Crack patterns aid in depicting the failure modes of RC members as well as visibly indicating 

regions of high strain.  Crack patterns for tests two, three, and four were similar with regard 

to crack locations, orientation, and the ductility level at which they originated.  The test one 

column experienced slightly different crack patterns due to the different repair system. 

 The repair system utilized in test one covered the entire height of the column with 

CFRP, except for a 25 mm gap at the base of the column and a 25 mm gap between CFRP 

layers 630 mm above the base of the column, which made observing cracks difficult.  A large 

flexural crack at the column-footing interface initiated during test one at  2.  Once testing 

reached  6, circumferential splitting of the CFRP occurred on the South side of the column 

at heights of 100 mm, 270 mm, and 400 mm, while on the North side fiber splitting occurred 

at heights of 75 mm and 215 mm above the base of the column, as seen in Figure 4-26.  

Splitting of the CFRP in the circumferential direction is representative of flexural cracks 

within the column itself. 

 Towards the end of the  6 set, the large flexural crack at the column-footing interface 

began to propagate and rupture of previously buckled longitudinal reinforcement began.  All 

observed cracking of the test one specimen occurred from the footing to a height of 400 mm 

from the column base, and was purely flexural. 
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Figure 4-26 Test One Flexural Cracks 

 Test two experienced the first sign of cracking at a location approximately 610 mm 

from the base of the column at  1.5.  This flexural cracking occurred on both sides of the 

column and propagated until  3, where a flexural crack then began to form at the column-

footing interface.  Once the column reached the  6 set, the flexural cracks at 610 mm 

maintained a constant width and the flexural crack at the base of the column began to get 

larger.  Past this point, cracking at the base of the column continued to worsen until the end 

of the test. 

 Similar to test two, test three experience first cracking at the level just above the 

CFRP repair system at 610 mm above the column base.  However, this cracking began 

during the ¾ F’y cycle, much earlier than the test two crack initiated.  At the end of the first 
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push to  1 a small crack formed at the column-footing interface.  The crack at the base of the 

column and just above the CFRP on both sides of the column continued to propagate until 3, 

when evenly distributed flexural cracks formed in the region between the CFRP and the 

loading cap, as seen in Figure 4-27.  At this ductility level, the flexural cracks along the 

height of the column began to orient themselves in a diagonal manner towards the neutral 

axis.  This crack orientation can be seen in Figure 4-28, and is due to flexural shear cracking 

within the column. 

 

 
Figure 4-27 Test Three Distributed Flexural Cracks 
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Figure 4-28 Column Three Diagonally Oriented Cracks 

 During the 3 set there was a significant increase in the number of flexural cracks just 

above the CFRP, and these cracks began to propagate and widen, as seen in Figure 4-29, 

throughout the testing duration until the plastic hinge formed at this location.  It is important 

to note that the crack at the base of the column continued to open until the plastic hinge 

formed just above the CFRP, after which the crack no longer increased in size. 
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Figure 4-29 Test Three Large Flexural Cracks above CFRP 

 The crack pattern and sequence of cracking for test four was similar to that of test 

two.  Flexural cracking began just above the level of CFRP during the ¾ F’y cycle, and 

continued to propagate.  Then a crack formed at the column base, outlining the anchors as 

seen in Figure 4-30, after the first push to  1. 

 

 
Figure 4-30 Test Three Crack in Footing Outlining Anchors 
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 During the  1.5 set, flexural cracks formed in the region between the CFRP and 

loading cap, similar to test three.  Through  3, the flexural cracks above the CFRP began to 

open, and during  4 these cracks began to orient themselves in a diagonal manner towards 

the neutral axis of the column, similar to test three.  During the last cycle of  4, the crack 

width at the base of the column grew larger until anchors ruptured at this location and the 

crack widths above the CFRP reduced in size as the crack at the base of the column grew 

larger, forming the failure plane. 

4.2.4. Vertical Strain Profiles 

LED targets were applied in a grid-like fashion directly to the column for each test, as seen 

Section 3.3.6.  The strains presented in this section are from LED columns N2 and S2, which 

are located on the extreme tension and compression faces of the column.  The LED targets 

are tracked in three dimensional space, therefore the strains between each target can be found 

at any point during the test by subtracting the initial gage length from the current length 

between LEDs and then dividing by the initial gage length.  Vertical strain profiles give 

insight to the column behavior and where inelastic action occurs.  This section presents the 

extreme tensile and compression strain profiles for each column at different ductility levels.  

Note that during testing the LED targets may fall off due to spalling of concrete or cracking 

of epoxy.  The data collected from these targets after they separated from the column is not 

presented in the strain profiles.  Note that the dotted line in each of the profile plots depicts 

the yield strain of the longitudinal steel reinforcement. 
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4.2.4.1. Test One 

Due to the repair system covering the entire height of the column, the LED targets were 

placed on the CFRP itself.  Although strains at this location are not directly representative of 

the strains in the longitudinal reinforcement, they give insight into the behavior of the 

column and where peak strains are located.  The vertical strain profiles for test one are shown 

in Figure 4-31 through Figure 4-34 at the first extreme push and pull of each cycle. 

 The peak tensile strains on either side of the column are located where the CFRP 

fibers in the hoop direction split circumferentially.  These locations also correspond to the 

peak tensile strain locations of the original test.  From these strain profiles it can be seen that 

vertical strains increase when moving from the top of the CFRP repair system down to the 

base of the column.  This is attributed to the formation of the plastic hinge at the base of the 

column, focusing large inelastic strains at this location. 
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Figure 4-31 Test One Vertical Strain Profile at N2 – Pull 

 

 
Figure 4-32 Test One Vertical Strain Profile at N2 – Push 
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Figure 4-33 Test One Vertical Strain Profile at S2 – Pull 

 

 
Figure 4-34 Test One Vertical Strain Profile at S2 – Push 
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4.2.4.2. Test Two 

Recall the test two repair system consisted of fibers from the base of the column up to a 

height of 1.2 m.  LED targets were placed from a height of 280 mm from the base of the 

column up to 1 m in an attempt to capture vertical strains in the new potential plastic hinge 

region.  It is apparent from Figure 4-35 through Figure 4-38 that the peak vertical strains 

occurred at a location approximately 600 mm above the base of the column.  It can be seen 

that the peak strains occurred at  6 and  8 and then reduced in size after  8.  During the  8 

set, the column footing began to soften due to an increase in shear combined with a heavily 

damaged footing prior to repair.  Once the footing softened the plastic hinge formed at the 

base of the column, reducing the strains at the 600 mm location and increasing them at the 

base of the column. 

 

 
Figure 4-35 Test Two Vertical Strain Profile at N2 – Pull 
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Figure 4-36 Test Two Vertical Strain Profile at N2 – Push 

 

 
Figure 4-37 Test Two Vertical Strain Profile at S2 – Pull 
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Figure 4-38 Test Two Vertical Strain Profile at S2 – Push 

4.2.4.3. Test Three 

The test three repair system consisted of fibers covering the column from the base up to 610 

mm.  Therefore, LED targets were placed along the height of the CFRP as well as 150 mm 

above the CFRP as shown in Figure 3-19.  The targets above the CFRP were applied directly 

to the cover concrete of the column. 

 It is clear in Figure 4-39 through Figure 4-42 that the peak tensile and compressive 

strains occurred at a location 650 mm from the base of the column.  The test three column 

was able to fully form the plastic hinge at this higher location in the column, justifying the 

large inelastic strains at this location.  Note in these figures that there are no strain values 

above 600 mm past  4.  This is due to LED targets falling off the column due to spalling of 

cover concrete. 
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Figure 4-39 Test Three Vertical Strain Profile at N2 – Pull 

 

 
Figure 4-40 Test Three Vertical Strain Profile at N2 – Push 
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Figure 4-41 Test Three Vertical Strain Profile at S2 – Pull 

 

 
Figure 4-42 Test Three Vertical Strain Profile at S2 – Push 
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4.2.4.4. Test Four 

The repair system utilized for test four was the exact same as the repair system for test three.  

For test four, the cover concrete was removed from the three extreme fiber bars on each side 

of the column above the CFRP system as seen in Figure 3-20.  This allowed for the LED 

targets to be applied directly to the longitudinal bars so that strain within the bars could be 

captured. 

 Similar to tests two and three, the peak tensile and compressive strains occurred at a 

location 650 mm above the base of the column.  Similar to test two, the hinge began to form 

about this higher location, however, the demand proved too great for the anchors past  6.  

Once the anchors ruptured, the plastic hinge formed at the base of the column, reducing the 

tensile strains at the location 650 mm above the footing. 

 

 
Figure 4-43 Test Four Vertical Strain Profile at N2 – Pull 

0

200

400

600

800

1000

1200

-0.038 -0.028 -0.018 -0.008 0.003

H
ei

g
h

t 
fr

o
m

 F
o
o
ti

n
g
 (

m
m

) 

Axial Strain 

Ductility 1
Ductility 1.5
Ductility 2
Ductility 3
Ductility 4
Ductility 6
Ductility 8



 

99 

 
Figure 4-44 Test Four Vertical Strain Profile at N2 – Push 

 

 
Figure 4-45 Test Four Vertical Strain Profile at S2 – Pull 
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Figure 4-46 Test Four Vertical Strain Profile at S2 – Push 

4.2.5. Curvature Profiles 

Utilizing the vertical strains on either side of the column from the LED instrumentation, the 

strains can be plotted and a line of best-fit run through the data points for each row of strains 

and ductility level as seen in Figure 4-47 for test four.  The slope of the line of best-fit 

represents the curvature of the column section at that particular plane location.  Curvature 

profiles aid in presenting the locations within the column which experienced flexural 

hinging, and are main contributors to the lateral displacement of the column.  Positive 

curvature values, with respect to the x-axis, correspond to loading in the push direction, 

whereas negative curvature values correspond to the pull direction. 
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Figure 4-47 Test Four Push Curvature Plot at 720 mm Above Footing 
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and  8 for the pull and push directions, respectively.  This is attributed to damage sustained 

by the column past these ductility levels focusing at the base of the column.  Once the base 

section failed the vertical strains and thus curvatures decreased along the column height and 

increased at the column-footing interface. 

It is evident from Figure 4-50 that the peak curvatures in test three occurred at a 

location 650 mm above the column base.  Note that curvature values from 600 mm to 700 

mm are not available.  This is due to spalling of the cover concrete, causing the LED targets 

to fall off of the column after  1. 

The curvature profile for test four can be seen in Figure 4-51.  From this figure it is 

apparent that the peak curvatures occurred 650 mm above the base of the column, similar to 

tests two and three.  In the pull direction the peak curvature occurred at  8 and in the push 

direction the peak curvature occurred at  8.  In the push direction, it can be seen that there 

are larger curvatures along the height of the column as compared to the pull direction, 

specifically from 650 mm and above.  The lower curvatures in the pull direction can be 

attributed to the lack of longitudinal steel reinforcement at the base of the column.  Once the 

anchors ruptured on the South side of the column, the inelastic deformations focus at the 

column base, decreasing the deformations along the height of the column.  The lower 

curvature values above 700 mm on the South side of the column can be attributed to lower 

vertical strains in the longitudinal reinforcement.  These smaller strains may be due to 

slipping of the longitudinal bars with respect to the core concrete due to lack of longitudinal 

steel reinforcement continuation into the footing. 
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Figure 4-48 Test One Curvature Profile 

 

 
Figure 4-49 Test Two Curvature Profile 
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Figure 4-50 Test Three Curvature Profile 

 

 
Figure 4-51 Test Four Curvature Profile 
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4.2.6. Hoop Strain Profiles 

For each test specimen, the hoop strains were found using the LEDs in the transverse 

direction around the circumference of the column.  The hoop strains around the columns 

were found by subtracting the initial gage length between the LEDs from the gage length and 

dividing by the original gage length at certain points of interest, such as the end of ductility 

levels.  The hoop strains presented in this section are plotted in the form of contour plots 

across the face of the column in the instrumented region.  Table 4-2 presents the maximum 

hoop strains for tests one and two, while the maximum hoop strains for tests three and four 

can be seen in Table 4-3. 

 

Table 4-2 Maximum Hoop Strains – Tests One & Two 

Test 1 Test 2 

  Push Pull   Push Pull 

North 0.0184 0.0145 North 0.0025 0.0029 

South 0.0103 0.0111 South 0.0032 0.0021 

 

Table 4-3 Maximum Hoop Strains – Tests Three & Four 

Test 3 Test 4 

  Push Pull   Push Pull 

North 0.0092 0.0068 North 0.0014 0.0035 

South 0.0029 0.0017 South 0.0058 0.0019 

 

4.2.6.1. Test One 

The peak tensile strains for test one can be seen in Table 4-2.  The peak strains on the North 

side of the column occurred at 10 for both the push and pull directions, while in the push 
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direction the South side experienced the peak tensile strain at 6, and in the pull direction the 

peak tensile and strains were reached at 10.  Note that the peak tensile strain on the North 

face in the push direction exceeds the coupon rupture strain of 0.017 for the CFRP.  It is 

important to note that the straight coupon rupture strain is an average value; therefore, from a 

statistical standpoint, the measured strain of any given fiber may exceed this average rupture 

value. 

 During the 10 set, the row of LED targets closest to the footing was no longer able to 

collect data due to loosening of the targets.  However, it can be seen in Figure 4-52 that the 

peak strains on the North face of the column occurred at the column-footing interface.  As 

the column was subjected to higher ductility levels, the peak strains at this location on the 

column continue to increase.  The peak tensile strain to the right of the centerline and at the 

bottom of column in Figure 4-52 can be attributed to the buckling of longitudinal 

reinforcement at this location.  The buckled reinforcement pushed outward against the CFRP 

system inducing high local tensile strains in this location.  The CFRP system did not 

experience rupture during this test. 
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Figure 4-52 Test One Hoop Strain 8 Pull – North 

4.2.6.2. Test Two 

The peak compressive and tensile strains on the North side of the test two specimen in the 

push direction occurred at 10 and 4, respectively.  In the pull direction, the peak 

compressive and tensile strains on the North side of the column occurred at 10 and 8, 

respectively.  Figure 4-53 shows the hoop strains in the CFRP at the completion of the pull to 

8.  It can be seen that the peak tensile strain occurred at a location approximately 600 mm 

above the footing.  The intent of test two was to relocate the plastic hinge to a location 

approximately 380 mm above the footing, however, due to the heavy confinement provided 

by the carbon fiber anchors as well as the CFRP in the hoop direction, the plastic hinge 

initially wanted to form at a location 600 mm above the footing.  Due to the plastic hinge 

partially forming at this location, it is expected that the hoop strains at this location be greater 

than other locations within the column. 
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Figure 4-53 Test Two Hoop Strain 8 Pull – North 

 On the South side of the column, in the push direction, the peak compressive and 

tensile strains occurred during 8 and 6, respectively.  In the pull direction, the peak tensile 

strain occurred during 6 and the peak compressive strain occurred at 1.5.  Similar to the 

North side of the column, the peak tensile strains occurred at a location 600 mm from the 

footing, and the peak compression strains occurred at a location approximately 900 mm 

above the footing, as seen in Figure 4-54.  Again, it is expected that the peak tensile strains 

occur at a location 600 mm above the footing due to the plastic hinge beginning to form here, 

there is more dilation in this region.  Similar to test one, no rupture of the CFRP in the hoop 

direction was observed. 
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Figure 4-54 Test Two Hoop Strain 8 Push - South 

4.2.6.3. Test Three 

On the North side of the test three specimen, the peak compressive and tensile strains 

occurred at 8 in the pull direction, and in the push direction the peak strains occurred during 

12.  On the South side of the column, in the push direction the peak compressive strain 

occurred during 10, while the peak tensile strain occurred during 6.  In the pull direction 

both the peak compressive and tensile strains occurred during 10. 

 Recall during test three that the plastic hinge was fully relocated to a location 

approximately 600 mm above the footing.  Therefore, it is expected that the peak tensile 

strains occur at this location, due to large amounts of dilation by the column, which is the 

case and can be seen in Figure 4-55.  Similar to test two, the peak tensile strains occurred at a 

location 600 mm above the footing, while the peak compressive strains occurred at a location 

closer to the column-footing interface. 
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Figure 4-55 Test Three Hoop Strains 3 Pull - North 

4.2.6.4. Test Four 

During test four on the North side of the column, the peak tensile strain occurred at 6 and 

the peak compressive strain occurred at 1.5 in the push direction.  In the pull direction, the 

peak compressive and tensile strains occurred at 3 and 6, respectively.  On the South side 

of the column in the push direction the peak compressive strain occurred during 8, while the 

peak tensile strain occurred during 6.  In the pull direction the peak compressive and tensile 

strains occurred at 1 and 8, respectively. 

 The hoop strain profiles for the North and South side of the column are very similar 

for test four.  During the early ductility levels the peak tensile strains occurred at the top of 

the CFRP system, as seen in Figure 4-56.  Recall during the early ductility levels of test four 

the plastic hinge began to form about the new location 600 mm above the column footing.  

Therefore, it is expected that the peak tensile strains occur at this location due to the 
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increased inelastic deformation and dilation of the column.  As testing continued, the peak 

tensile strains continued to grow larger within the higher region of the CFRP system. 

 

 
Figure 4-56 Test Four Hoop Strains 1 Pull – South 

 It is evident from the hoop strain profiles that the peak tensile strains occur where the 

most dilation of the column cross-section occurs.  Dilation occurs where plastic hinges are 

formed as can be seen by crushing and spalling of cover concrete.  Therefore, the peak hoop 

tensile strains occur nearest to the plastic hinge.  It can also be concluded that the hoop 

strains within the CFRP did not reach the rupture strain because there was no rupture of 

fibers during testing.  Hoop strains in test one were greater than the hoop strains in tests two 

through four.  This can be attributed to the increase in layers of CFRP in the hoop direction 

as well as the additional confinement provided by the carbon fiber anchors, which are 

splayed onto the column surface up to a height of 360 mm.  It is also observed that peak 



 

112 

tensile strains do not occur in this region of increased confinement, and the peak tensile 

strains occur at the top of the CFRP system at the CFRP-column interface. 

4.2.7. Force-Displacement Responses of Test Specimens 

The force-displacement responses for all four tests can be seen in Figure 4-57 through Figure 

4-60.  The displacements for these plots were measured from the point of loading, the middle 

of the cap beam, and the load was measured by a load cell within the hydraulic actuator 

applying the lateral load.  The force-displacement envelopes for each of the four tests can be 

seen in Figure 4-61, along with the force-displacement envelopes of an “Aftershock” test and 

a three cycle set that was performed on a virgin column.  The aftershock response is from a 

column which was subjected to the Chile 2010 earthquake and then immediately subjected to 

a three cycle set load history, which was done to obtain the aftershock response of a column 

that was not repaired.  The aftershock test is used as a benchmark to compare the other 

repaired specimens to.  Although the damage sustained by each specimen prior to repair was 

different, they were similar enough in the specimens containing buckled bars that this is a 

reasonable assumption.  It should also be noted that this response does not begin at the origin 

of the plot, which is due to immediate testing after the initial load history from a residual 

displacement. 
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Figure 4-57 Test One Force-Displacement Response 

 

 
Figure 4-58 Test Two Force-Displacement Response 
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Figure 4-59 Test Three Force-Displacement Response 

 

 
Figure 4-60 Test Four Force-Displacement Response 
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Figure 4-61 Force-Displacement Envelopes Tests One through Four 

 It is apparent from Figure 4-61 that the test one specimen had a much weaker 

response as compared to the other three tested specimens.  Recall test one was repaired using 

only fibers wrapped in the circumferential direction, with three layers in the plastic hinge 

region and one layer for the remainder of the column above the plastic hinge region.  The 

weaker response of this test is attributed to the lack of reinforcement and confinement in the 

plastic hinge region.  The lack of tensile reinforcement into the footing allowed large 

rotations at the column-footing interface and crushing of the core concrete.  It can also be 

seen in Figure 4-61 that the test one and aftershock responses are very similar, especially in 

the pull direction.  In the push direction the repaired column has a slightly larger initial 

stiffness, which is attributed to the confinement provided by the CFRP and the repair of the 

damaged concrete. 
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 Tests two and three have very similar force-displacement envelopes in the push 

direction, but begin to differ at higher displacement levels in the pull direction.  This can be 

attributed to softening of the footing due to increased shear demand from the strengthened 

column.  This allowed for larger rotations at the base of the column, leading to eventual 

rupture of the anchors and loss in strength.  Recall that test three was able to fully relocate 

the plastic hinge to just above the CFRP repair system, and the sudden drop in strength in the 

push direction is attributed to buckling and rupture of the longitudinal reinforcement at this 

location.  When compared to the aftershock and virgin column responses, tests two and three 

have a much higher strength.  This increase in strength can be directly attributed to the 

anchors as additional longitudinal reinforcement.  When forming a new plastic hinge higher 

in the column, the column essentially becomes shorter.  With this shorter distance, a higher 

force is necessary to reach the moment capacity of the column, which was the case for test 

three.  This was the case during the beginning of test two when the column began to form a 

new hinge, however, the footing then softened and the plastic hinge formed at the column-

footing interface, leading to a reduction in force in the pull direction. 

 Test four responded in a similar manner to tests two and three; however the strength 

suddenly drops in the pull direction.  This specimen contained three ruptured longitudinal 

bars prior to repair, and this lack of reinforcement within the column placed a higher demand 

on the anchors.  This drop in strength is directly related to the rupture of the carbon fiber 

anchors, which could not sustain the additional demand.  Due to the previously ruptured bars, 

once the anchors ruptured the column saw rapid strength degradation.  Much like test two, 

the hinge began to form at a higher location in the push direction, however, in the pull 
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direction the anchors rupturing moved the hinge to the column-footing interface resulting in a 

drop in applied lateral load. 

 The average initial stiffness as a percentage of the undamaged column for each test 

specimen can be seen in Table 4-4.  The average initial stiffness for each specimen was 

calculated by averaging the stiffness values calculated at each extreme push and pull from the 

beginning of the test to the first yield displacement.  Although test one only incorporated 

fibers in the hoop direction, it is apparent from the force-displacement responses as well as 

Table 4-4 that the initial stiffness of test one was greater than that of the aftershock specimen.  

For specimens two through four, which utilized carbon fiber anchors in the repair system, it 

can be seen that the average initial stiffness’s are very similar to one another and almost 

double the stiffness of test one.  The average initial stiffness’s of the aftershock and 

undamaged specimens are also present in Table 4-4.  It can be seen that all repaired 

specimens exhibited higher average initial stiffness when compared to the aftershock 

specimen; however none of the repaired specimens reached the average initial stiffness of the 

undamaged column. 

 

Table 4-4 Average Initial Stiffness for each Specimen 

Test - 1 2 3 4 Aftershock Undamaged 

Average 
Initial 

Stiffness 

(% of 
Original) 

35 62 65 65 17 100 
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4.2.8. Force-Displacement Predictions 

This section presents the method used to predict the force-displacement response of the 

repaired columns as well as those predictions. 

A reliable method for predicting the force-displacement response in a RC member 

subjected to single bending is the plastic hinge method, as presented by Priestley, Calvi and 

Kowalsky (2007).  This method replaces the actual curvature distribution with an equivalent 

distribution of curvature that provides the same displacement as integrating the actual 

curvature distribution.  This method is based on a “plastic hinge” length, Lp, over which the 

maximum strain and curvature from the base section of the column is considered to be 

constant.  The plastic hinge length incorporates the strain penetration length, Lsp, which is a 

function of the yield stress and diameter of the longitudinal reinforcement.  Above the plastic 

hinge region the curvature is considered to be linear, which is extrapolated from the yield 

curvature at the column base.  This equivalent curvature distribution can be seen along with 

the actual distribution of curvature in Figure 4-62. 
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Figure 4-62 Curvature Distribution for Plastic Hinge Method 

Equations 9 and 10 are used to calculate the strain penetration length and the plastic 

hinge length, respectively. 

                4.1.  

              4.2.  

      (
  
  

  )        4.3.  

where fu = longitudinal bars ultimate stress; fye = longitudinal bars yield stress; dbl = 

longitudinal bars diameter; and LC = cantilever length of member. 

 Equation 11 expresses the ratio of the ultimate tensile stress of the longitudinal 

reinforcement to the yield stress.  This is an important factor in the calculation of the plastic 

hinge length because if this value is lower, or close to one, the plastic hinge length is shorter 

and plasticity is focused on the critical section whereas if this value is high the plastic hinge 
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length is greater in length due to strain hardening at the critical section and plastic 

deformations are spread away from the critical section. 

 The curvature distribution of a column is linear up to yield, and at yield the curvature 

and displacement may be defined as 

     
      

 
 4.4.  

     
      

 

 
 4.5.  

where y = yield strain of the longitudinal reinforcement; D = the column diameter; and 

             . 

 The yield curvature of the column section is a fundamental section property, which is 

effected by the yield strain and section depth as seen above.  The yield displacement is found 

using the moment-area method, by integrating the curvature distribution and multiplying that 

value by the distance from the centroid of the distribution to the point of interest.  Beyond 

yield, the conditions change and the total displacement is defined by 

      

 

  
     4.6.  

The H/Hy term is the extrapolation to the lateral force greater than the yield force, and 

p is the plastic displacement component, where plastic displacement and curvature are 

defined as 

            4.7.  

          

 

  
 4.8.  
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 Therefore the ultimate displacement is defined by 

    (     

 

  
)       

  

  
 4.9.  

 This method of calculating displacement is very effective for RC columns in single 

bending; however, in the case of the repaired column there are many variables which are 

different from the initial assumptions of the plastic hinge method.  For example, in the case 

of the repaired column, the longitudinal rebar has previously been yielded and in some cases 

extreme inelastic deformation has occurred, such as buckling and rupture.  To complicate 

matters further, the damaged rebar is located in the region where the repair system is to be 

applied, therefore equivalent section properties, such as yield curvature, must be found to 

appropriately calculate the displacement contribution from this section of the column.  In 

addition to the repaired region and rotation of the column joint contribution to displacement 

is the contribution to displacement from the new plastic hinge.  Since the new plastic hinge 

region is a reasonable distance from the original plastic hinge location, for the purposes of 

this research, it is assumed that the plastic hinge method can be directly used for this cross-

section due to the low strains experienced by the longitudinal rebar during initial testing. 

4.2.8.1. Test One 

The force-displacement prediction for test one was found utilizing the plastic hinge method 

with a single critical section at the base of the column, since the intent of this test was not to 

relocate the plastic hinge, but rather observe the response of a column that has been repaired 

using a typical repair system.  The predicted response can be seen with the experimental 

response in Figure 4-63. 
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Figure 4-63 Test One Force-Displacement Prediction 

 Note that the predicted response does not match the experimental response very well.  

The initial stiffness of the predicted response is much higher than the experimental response.  

This is due to the role the longitudinal reinforcement plays in the moment-curvature response 

of the damaged section, which is used to predict the force-displacement response.  In order to 

achieve a more accurate prediction, appropriate stress-strain models for the longitudinal 

reinforcement must be used in the moment-curvature analysis.  Determining the appropriate 

stress-strain response for individual longitudinal rebar that are buckled or contain residual 

strain is very difficult; therefore a generalized stress-strain response containing residual strain 

was used for this prediction.  Note that the end condition for the prediction is the onset of 

buckling as proposed by Berry and Eberhard (2005), in the new plastic hinge region. 
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4.2.8.2. Test Two 

The test two specimen was the first specimen to contain CFRP fibers in the vertical direction, 

utilized as additional longitudinal reinforcement.  In order to predict the force-displacement 

response of the specimen, the first yield curvature and first yield moment were calculated, 

incorporating the CFRP in the vertical direction.  Once these values were obtained, the 

plastic hinge method was used to calculate the top-column displacement; however, instead of 

using only one critical section, two critical sections were used.  The section at the intended 

plastic hinge region was used as well as the strengthened section at the base of the column in 

order to find the force-displacement response. 

 A modified curvature distribution was used, as seen in Figure 4-64.  It can be seen 

that there are two plastic hinge locations within this curvature distribution coincident with the 

critical sections, one at the intended plastic hinge region and one at the base of the column.  

As mentioned earlier, the plastic hinge method is directly applied to the higher plastic hinge 

region due to the lack of damage of the longitudinal rebar at this location.  Using the moment 

distribution for compatibility, the moment at the base section of the column is extrapolated 

from the moment at the new hinge location.  Using the moment-curvature response of the 

strengthened section, the corresponding curvature can be found and is then used in the plastic 

hinge method to predict the displacement. 
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Figure 4-64 Modified Plastic Hinge Curvature Distribution 

The force-displacement prediction for test two can be seen along with the 

experimental results in Figure 4-65.  It can be seen that the predicted response is very similar 

to the experimental response, deviating slightly in the pull direction where the prediction 

slightly under predicts the strength from ductility two to four.  This deviation is attributed to 

the rupture and faulty installation of the carbon fiber anchors leading to failure of the column 

instead of rupture of the vertical fibers leading to the column failure.  Due to the cyclic nature 

of the experimental test, the column saw strength degradation after ductility level six in the 

push direction and ductility level four in the pull direction, which is not captured by the 

monotonic predicted response.  The predicted response ends at the onset of buckling as 

predicted by the Berry and Eberhard (2005) model from the moment-curvature response of 

the new hinge location using CUMBIA (Montejo & Kowalsky, 2007).  Given the accuracy of 

the prediction, it is believed that the modified plastic hinge method does a good job of 

capturing the different components that contribute to displacement at the top of the column. 
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Figure 4-65 Test Two Force-Displacement Prediction 

 The moment-curvature response for the strengthened base section of the test two 

specimen can be seen in Figure 4-66, along with the moment-curvature response of the 

confined section at the intended plastic hinge region.  It is important to note that when 

finding the curvature of the strengthened section from the extrapolated base moment, the 

peak moment is never exceeded.  This peak moment is the point at which CFRP rupture 

initiates; therefore, the vertical CFRP dominates the response of the strengthened section and 

the longitudinal rebar does not play as vital a role as in test one.  The effect of the damaged 

longitudinal rebar does not have an impact until after the peak moment is reached, as seen in 

Figure 4-66 at a curvature of 0.05 1/m when the moment capacity of the strengthened section 

falls below the moment capacity of the confined section.  Since there is a residual strain in 

the steel constitutive model, the longitudinal steel just overcomes this residual strain at the 
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0.05 1/m location on the response to carry force and increase the response appropriately.  

Given the fairly well-known properties of the CFRP, the response is very similar to the 

experimental response, which shows the accuracy of the modified plastic hinge method. 

 
Figure 4-66 Test Two Moment-Curvature Response 

4.2.8.3. Test Three 

The force-displacement prediction for test three was found using the same method that was 

presented previously in regards to test two.  The predicted response can be seen with the 

experimental response in Figure 4-67.  Again, the predicted force-displacement response 

ends at the onset of buckling at the new plastic hinge region.  Note that the test two 

prediction has a larger displacement capacity than the test three prediction.  The increase in 

displacement capacity is due to the additional confinement that was added to the test two 

specimen within the new hinge location. 
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The force-displacement prediction for test three slightly under predicts the strength of 

the column in the pull direction, but is otherwise very accurate.  Note that the plastic hinge 

was successfully relocated to the new intended location in test three.  This shows that the two 

critical sections utilized in the modified plastic hinge method yield very reasonable results by 

capturing the displacement contributing components. 

 
Figure 4-67 Test Three Force-Displacement Prediction 

4.2.8.4. Test Four 

Similar to tests two and three, the force-displacement prediction was found in the same 

manner, and can be seen with the experimental response in Figure 4-68.  It is apparent that 

the predicted response is not as accurate as the test two and test three responses.  This is 

attributed to the failure mode of the test four specimen.  Recall that the carbon fiber anchors 

ruptured on the South side of the column, which contained three ruptured bar prior to testing.  
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The predicted responses for the specimens containing vertical fibers in the repair system are 

highly dependent on the stress-strain model of the CFRP, which dominates the moment-

curvature response.  Given the predictions for test two and test three fit the experimental 

response very well, it is apparent that the carbon fiber anchors could not meet the demand 

and could have been damaged during compression cycles. 

 
Figure 4-68 Test Four Force-Displacement Prediction 

 It can be concluded from the predicted force-displacement responses that with 

columns with repair systems containing vertical CFRP reinforcement, the response is 

dominated by the CFRP, whereas for columns with only fibers in the hoop direction the 

response is more dependent on the stress-strain characteristics of the longitudinal steel.  It 

can also be concluded that the modified plastic hinge method, utilizing two critical sections 

of the column with one at the intended hinge location and one at the strengthened base of the 
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column, does a very good job of predicting the force-displacement response of columns 

strengthened with vertical CFRP.  Depending upon the design of the repair system, the 

accuracy of the constitutive models, and the failure mode of the repaired column, the force-

displacement response can be accurately obtained using this method. 
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5. Repair Design Examples 

This chapter presents two repair design examples of circular RC bridge columns that have 

sustained different levels of damage due to seismic loading.  The steps carried out in this 

section are representative of the design steps performed to design the repair systems in this 

research. 

5.1. Example One 

The first example is a circular column in single uniaxial bending with an axial load in 

compression, as seen in Figure 5-1.  The column contains six buckled longitudinal rebar, 

which are located on the extreme tension and compression faces. 

610 mm

Buckled

Bars

16 #6 Bars

3.6 m

#3 Spirals

@ 76 mm

800 kN

 
Figure 5-1 Example One Column 

 The first step in the design is to run a moment-curvature analysis of the original 

column.  This can be done using CUMBIA – Set of Codes for the Analysis of Reinforced 

Concrete members (Montejo & Kowalsky, 2007).  The following are the material properties 

of the column and necessary inputs for CUMBIA: 

Section diameter:  610 mm 
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Cover to longitudinal bars:  22 mm 

Member clear length:  3600 mm 

Single bending 

Uniaxial bending 

# of longitudinal bars:  16 

Longitudinal bar diameter:  19.1 mm 

Transverse reinforcement:  Spirals 

Transverse steel spacing:  76.2 mm 

Axial load:  800 kN compression 

Concrete compressive strength:  45 MPa 

Longitudinal steel yield stress:  400 MPa 

Transverse steel yield stress:  500 MPa 

Steel modulus of elasticity:  200000 MPa 

 Using the King et al. (1986) steel model and the Mander confined concrete model, the 

following material properties are also needed: 

Ultimate steel stress:  600 MPa 

Steel strain for strain hardening:  0.0146 

Longitudinal steel ultimate strain:  0.133 

Unconfined concrete strain:  0.00214 

Transverse steel ultimate strain:  0.12 

Ultimate unconfined concrete strain:  0.0064 

 The analysis can then be run and the potential ultimate moment, maximum lateral 

displacement at the top of the column, and plastic hinge length can be found.  For this 

example, the ultimate moment capacity is 725 kN-m, the peak lateral displacement is 0.27 m, 

and the plastic hinge length is 0.45 m.  The failure mode of this column is crushing of the 
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core concrete.  The plastic hinge length is important to note because the new plastic hinge 

location will be located at this distance above the base of the column. 

 The next step in the design process is to run the analysis again with the length of the 

column being the original length minus the plastic hinge length and instead of using the 

Mander et al. (1988) confinement model, the Hu (2011) confinement model will be used 

which accounts for confinement by both internal steel reinforcement as well as external FRP 

wrapping.  In order to run the confinement analysis, the material properties of the FRP are 

needed, and are given as follows: 

Modulus of elasticity:  95800 MPa 

Ultimate stress:  986 MPa 

Ultimate strain capacity:  0.01 

 The thickness, or number of layers of FRP is another input variable, however this will 

be varied to determine the number of layers needed to reach an appropriate curvature to reach 

the same top-column displacement as the original column at the maximum displacement.  

Increased confinement allows the section to be more ductile, so even with a shorter member 

clear length the column is still able to achieve the appropriate displacement. 

 It was found that five layers of CFRP were needed in the circumferential direction to 

provide enough confinement for the strengthened section to reach the same displacement as 

the original column.  The confined concrete stress-strain curve as well as the moment 

curvature response of the shorter confined column can be seen in Figure 5-2 and Figure 5-3, 

respectively. 
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Figure 5-2 Confined Concrete Stress-Strain Response 

 

 
Figure 5-3 Critical Section Moment-Curvature Response 
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 Figure 5-4shows the moment demand and moment capacity distributions for this 

column.  The moment capacity of the original section is 725 kN-m.  Now that this failure is 

occurring at the new plastic hinge location, 0.45 m above the base of the column, the base 

moment of the column must be extrapolated using similar triangles: 

      

       
 

     

  
 

where Mb, the moment at the base of the column, equals 830 kN-m.  With an over strength 

factor of twenty percent, the base moment that must be resisted becomes 1000 kN-m.  Given 

the buckled bars within the original plastic hinge region, the cross-section will need more 

than confinement to provide the necessary moment capacity, therefore vertical CFRP fibers 

are necessary and must be designed accordingly. 

 A layered section moment-curvature analysis is then performed to determine the 

number of vertical layers of CFRP necessary to reach the desired over strength moment.  

This layered sectional moment-curvature analysis uses Hu’s (2011) model for the confined 

concrete section and a stress-strain curve with a residual strain from McKenna et al. (2000) 

for the buckled bars, as seen in Figure 5-5, while the King et al. (1986) steel model is used 

for the intact longitudinal bars.  The three buckled bars as well as the bars adjacent to the 

buckled bars all use this generalized stress-strain curve.  It is found that two layers of vertical 

fibers provide a moment capacity of 850 kN-m, whereas three layers of vertical fibers 

reaches a moment capacity of 1060 kN-m.  Therefore, for this column, three layers of vertical 

fibers are needed. 



 

135 

 An anchorage system must be designed to develop the full rupture force of the 

vertical fibers.  This can be done by finding an equivalent area of fibers to distribute the force 

into the footing.  The CFRP sheets have a gross laminate thickness of 1 mm, and a rupture 

stress of 986 MPa, whereas the carbon fiber anchors have a rupture stress of 745 MPa.  The 

anchor design process begins by choosing a spacing for the anchors.  Considering the footing 

is reinforced, and to avoid interaction between anchors, a spacing of 160 mm around the 

column was chosen.  Given a width of vertical fibers of 160 mm for each anchor, the anchor 

can then be sized: 

                          (   )(      )          

                     
       

      
         

                                 
   

 
 

                                 

 Therefore, the repair system for this column consists of twelve 30 mm diameter 

carbon fiber anchors spaced at 160 mm around the column, three layers of vertical CFRP 

fibers and five layers of CFRP fibers in the circumferential direction.  This repair system will 

force the plastic hinge to a location 0.45 m above the base of the column.  The vertical CFRP 

sheets will terminate at the height of the intended hinge location, given that the development 

length of the sheet is provided, which is defined by ACI 440.2R-08 (2008) as: 

    √
     

√   
     √

 (        )    

√      
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This same development length shall also be provided for the overlap of the fibers in the hoop 

direction, which will span from the footing up to the new hinge location.  For the carbon 

fiber anchors, this development length must be provided from where the anchor comes out of 

the footing up the face of the column as a minimum.  For the anchor embedment depth, it has 

been observed from this research that an effective depth is: 

     (  )    (     )         

where dh is the drilled hole diameter. 
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Figure 5-4 Example One Moment Capacity and Demand Distribution 
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Figure 5-5 Steel Stress-Strain Model for Buckled Rebar 

5.2. Example Two 

The second example is a circular column in single uniaxial bending with an axial load in 

compression, as seen in Figure 5-6.  The column contains four buckled longitudinal rebar and 

two ruptured bars, which are located on the extreme tension and compression faces. 
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Figure 5-6 Example Two Column 
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 The first step in the design is to run a moment-curvature analysis of the original 

column.  This can be done using CUMBIA – Set of Codes for the Analysis of Reinforced 

Concrete members (Montejo & Kowalsky 2007).  The following are the material properties 

of the column and necessary inputs for CUMBIA: 

Section diameter:  610 mm 

Cover to longitudinal bars:  22 mm 

Member clear length:  3000 mm 

Single bending 

Uniaxial bending 

# of longitudinal bars:  16 

Longitudinal bar diameter:  19.1 mm 

Transverse reinforcement:  Spirals 

Transverse steel spacing:  38.1 mm 

Axial load:  1200 kN compression 

Concrete compressive strength:  50 MPa 

Longitudinal steel yield stress:  460 MPa 

Transverse steel yield stress:  500 MPa 

Steel modulus of elasticity:  200000 MPa 

 Using the King et al. (1986) steel model and the Mander confined concrete model, the 

following material properties are also needed: 

Ultimate steel stress:  600 MPa 

Steel strain for strain hardening:  0.0146 

Longitudinal steel ultimate strain:  0.133 

Unconfined concrete strain:  0.00214 

Transverse steel ultimate strain:  0.12 

Ultimate unconfined concrete strain:  0.0064 
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 The analysis can then be run and the potential ultimate moment, maximum lateral 

displacement at the top of the column, and plastic hinge length can be found.  For this 

example, the ultimate moment capacity is 789 kN-m, the peak lateral displacement is 0.15 m, 

and the plastic hinge length is 0.4 m.  The failure mode of this column is crushing of the core 

concrete.  The plastic hinge length is important to note because the new plastic hinge location 

will be located this distance from the base of the column. 

 The properties necessary for the constitutive models are as follows: 

Modulus of elasticity:  95800 MPa 

Ultimate stress:  986 MPa 

Ultimate strain capacity:  0.01 

 It was found that four layers of CFRP were needed in the circumferential direction to 

provide enough confinement for the strengthened section to reach the same maximum 

displacement as the original column.  The confined concrete stress-strain curve as well as the 

moment curvature response of the shorter confined column can be seen in Figure 5-2 and 

Figure 5-3, respectively. 
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Figure 5-7 Confined Stress-Strain Response 

 

 
Figure 5-8 Critical Section Moment-Curvature Response 
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 Figure 5-4 shows the moment demand and moment capacity distributions for this 

column.  The moment capacity of the original section is 725 kN-m.  Now that this failure is 

occurring at the new plastic hinge location, 0.45 m above the base of the column, the base 

moment of the column must be extrapolated using similar triangles: 

     

       
 

   

  
 

where Mb, the moment at the base of the column, equals 910 kN-m.  With an over strength 

factor of twenty percent, the base moment that must be resisted becomes 1093 kN-m.  Given 

the ruptured and buckled bars within the original plastic hinge region, the cross-section will 

need more than confinement to provide the necessary moment capacity, therefore vertical 

CFRP fibers are necessary and must be designed accordingly. 

 A layered sectional moment-curvature analysis is then performed to determine the 

number of vertical layers of CFRP necessary to reach the desired over strength moment.  

This layered sectional moment-curvature analysis used the Hu (2011) model for the confined 

concrete section and a stress-strain curve with a residual strain from McKenna et al. (2000), 

as seen in Figure 5-5.  The two buckled bars as well as the bars adjacent to the buckled bars 

all use this generalized stress-strain curve.  The two ruptured bars within the cross-section do 

not contribute any force within the analysis.  It is found that two layers of vertical fibers 

provide a moment capacity of 987 kN-m, whereas three layers of vertical fibers reaches a 

moment capacity of 1211 kN-m.  Therefore, for this column, three layers of vertical fibers 

should be used for the repair system. 
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 Using the same material properties as example one, since the anchors are the same 

size, the anchor can then be sized: 

                          (   )(      )          

                     
       

      
        

                                
   

 
 

                                

 Therefore, the repair system for this column consists of twelve 30 mm diameter 

carbon fiber anchors spaced at 160 mm around the column, three layers of vertical CFRP 

fibers and five layers of CFRP fibers in the circumferential direction.  This repair system will 

force the plastic hinge to a location 0.45 m above the base of the column.  The vertical CFRP 

sheets will terminate at the height of the intended hinge location, given that the development 

length of the sheet is provided, which is defined by ACI 440.2R-08 (2008) as: 

    √
     

√   
     √

 (        )    

√      
        

This same development length shall also be provided for the overlap of the fibers in the hoop 

direction, which will span from the footing up to the new hinge location.  For the carbon 

fiber anchors, this development length must be provided from where the anchor comes out of 

the footing up the face of the column as a minimum.  For the anchor embedment depth, it has 

been observed from this research that an effective depth is: 

     (  )    (     )         

where dh is the drilled hole diameter. 
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Figure 5-9 Example Two Moment Capacity and Demand Distribution 
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6. Summary, Recommendations, and Conclusions 

6.1. Summary 

The potential for a unique CFRP repair system to be used on circular reinforced concrete 

columns was evaluated with a large-scale testing program.  The aim of the research was to 

relocate the plastic hinge in columns containing buckled and/or ruptured longitudinal 

reinforcement and verify the design procedure and capability of the repair system.  Results 

from this experimental program indicate that using appropriate constitutive models, effective 

repair systems can be designed using carbon fiber anchors and carbon fiber sheets, and these 

design systems can perform effectively. 

 Four large-scale circular reinforced concrete columns were repaired and tested to 

failure in order to evaluate the effectiveness of the proposed CFRP repair system in 

relocating the plastic hinge.  The column specimens were subjected to an axial load and 

loaded laterally to simulate the effects of seismic loading.  All specimens experienced 

flexural failures with one of the four successfully relocating the plastic hinge to a higher 

location within the column. 

 Through observing experimental strain data, it was found that in all test specimens the 

plastic hinge initially began to form at the intended location.  This information was used in 

conjunction with the plastic hinge method to formulate a modified plastic hinge method in 

order to predict the force-displacement responses of repaired columns. 
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6.2. Conclusions 

A number of conclusions can be drawn in regards to the results obtained in this experimental 

program. 

1. The repair of earthquake damaged RC columns that contain buckled longitudinal 

reinforcement is feasible by relocating the plastic hinge to a higher location within the 

column.  This can be done using carbon fiber anchors and unidirectional carbon fiber 

sheets oriented in the vertical and hoop directions. 

2. The CFRP system can be designed using a layered sectional analysis that incorporates 

appropriate constitutive models for the confined concrete, longitudinal steel, and CFRP 

material. 

3. The force-displacement response of the repaired columns may be found using the 

modified plastic hinge method, which analyzes two cross-sections of the column; one 

being the repaired section and the other the original undamaged cross-section. 

4. When large rotations at the column-footing joint occur, possibly after rupture of 

reinforcement on one side of the column, the carbon fiber anchors appear to sustain 

damage in the compression cycles, leading to rupture upon reversal. 

5. Confinement of the repaired region allows for increased performance, in terms of force 

and displacement capacity, of the column when the plastic hinge is relocated.  This is 

attributed to the confinement efficiency of the circular section as compared to a 

rectangular footing, as well as the improved confinement from the composite material 

compared to the steel spiral. 
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6. Lastly, the successful repair of columns containing several ruptured longitudinal steel 

bars has not been accomplished, yet is thought feasible depending the increased size and 

cost of carbon fiber anchors. 

6.3. Design Considerations 

From this experimental program, the following are design recommendations that should be 

considered when designing CFRP repair systems that incorporate carbon fiber anchors and 

unidirectional carbon fiber sheets: 

1. Locate the new plastic hinge a single plastic hinge length from the column-footing joint. 

2. When modeling the buckled longitudinal steel bars and the bars directly adjacent to the 

buckled bars in a layered sectional analysis, the steel constitutive model does not have a 

significant impact on the response until after the peak moment capacity.  Prior to the peak 

moment, the response is dominated by the CFRP constitutive model. 

3. The vertical CFRP fibers should run from the column footing up to the intended hinge 

location, and at a minimum be the development length as presented by ACI 440.2R-08 

(2008). 

4. The carbon fiber anchor cross-sectional area should be designed using an equivalent area 

of vertical fibers so as to withstand the rupture of the vertical fibers. 

5. When considering reinforced footings with concrete compressive strengths between 35 

MPa and 50 MPa, the carbon fiber anchors achieved rupture when embedded ten times 

the anchor diameter. 
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6. The CFRP layers in the hoop direction should run from the column footing up to the 

intended hinge location, covering the vertical fibers completely. 

7. Provide at least a development length for the overlap of the hoop fibers, and specify that 

the overlapped regions should be staggered around the column when using more than one 

layer. 

6.4. Future Work 

Based on the work presented in this experimental study, recommended topics for future 

research include: 

1. Perform more tests with columns containing only buckled longitudinal reinforcement to 

provide more data and verify the design technique. 

2. Perform more tests with columns that contain varying levels of damage to the 

longitudinal reinforcement and footing in order to define a limit where repair is no longer 

feasible. 

3. Evaluate the effects of varying confinement in order to find the most efficient and 

economical quantity. 

4. Evaluate different curvature distributions in order to more accurately predict the force-

displacement response of repaired columns. 

5. Repair and perform tests on columns with different geometries and reinforcement details 

to increase the reliability of the proposed design method. 

6. Investigate the behavior of CFRP repaired RC columns that have a residual displacement 

after original damage in order to evaluate the influence of out-of-plane repair. 
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7. Study the effect of environmental conditions on the behavior of RC columns repaired 

with carbon fiber anchors and CFRP sheets. 
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Appendix A 
 

Vertical Strain Profiles 
 

A.1 Test One 

 
Figure A-1 Vertical Strain Profile at N1 – Pull 
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Figure A-2 Vertical Strain Profile at N1 – Push 

 
Figure A-3 Vertical Strain Profile at N3 – Pull 
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Figure A-4 Vertical Strain Profile at N3 – Push 

 
Figure A-5 Vertical Strain Profile at S1 – Pull 
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Figure A-6 Vertical Strain Profile at S1 – Push 

 
Figure A-7 Vertical Strain Profile at S3 - Pull 
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Figure A-8 Vertical Strain Profile at S3 - Push 

A.2 Test Two 

 
Figure A-9 Vertical Strain Profile at N1 – Pull 
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Figure A-10 Vertical Strain Profile at N1 – Push 

 
Figure A-11 Vertical Strain Profile at N3 – Pull 
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Figure A-12 Vertical Strain Profile at N3 – Push 

 
Figure A-13 Vertical Strain Profile at S1 - Pull 
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Figure A-14 Vertical Strain Profile at S1 – Push 

 
Figure A-15 Vertical Strain Profile at S3 – Pull 
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Figure A-16 Vertical Strain Profile at S3 - Push 

A.3 Test Three 

 
Figure A-17 Vertical Strain Profile at N1 – Pull 
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Figure A-18 Vertical Strain Profile at N1 – Push 

 
Figure A-19 Vertical Strain Profile at N3 – Pull 
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Figure A-20 Vertical Strain Profile at N3 – Push 

 
Figure A-21 Vertical Strain Profile at S1 – Pull 
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Figure A-22 Vertical Strain Profile at S1 – Push 

 
Figure A-23 Vertical Strain Profile at S3 – Pull 
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Figure A-24 Vertical Strain Profile at S3 - Push 

A.4 Test Four 

 
Figure A-25 Vertical Strain Profile at N1 – Pull 
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Figure A-26 Vertical Strain Profile at N1 – Push 

 
Figure A-27 Vertical Strain Profile at N3 – Pull 
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Figure A-28 Vertical Strain Profile at N3 – Push 

 
Figure A-29 Vertical Strain Profile at S1 – Pull 
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Figure A-30 Vertical Strain Profile at S1 – Push 

 
Figure A-31 Vertical Strain Profile at S3 – Pull 
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Figure A-32 Vertical Strain Profile at S3 - Push 
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