
ABSTRACT 

SHUROW, ZACHARY ALEXANDER. Impact of Confinement for Anchorage of Reinforcing Steel in 
Relocated Plastic Hinges. (Under the direction of Dr. Mervyn Kowalsky and Dr. Rudolf Seracino). 
 

Through the implementation of performance-ōŀǎŜŘ ŘŜǎƛƎƴŜŘΣ ǘƻŘŀȅΩǎ ōǊƛŘƎŜǎ ŀǊŜ 

expected to withstand very powerful earthquakes; even ones that may only occur every 1000 

years. But designing these bridges to not be damaged in those earthquakes would require 

extremely large members with impractical costs, so instead they are designed to concentrate 

the damage at pre-determined locations, called plastic hinges. When using performance-based 

design, the designer can determine how much damage to the plastic hinge is acceptable for any 

given earthquake. So for seismic hazards based on a 50-year return period earthquake, a bridge 

will typically be designed to suffer minimal or no damage, but for the 1000-year return period 

earthquakes, extreme damage (like fracturing of reinforcing bars) can be acceptable as long as 

the bridge does not collapse.  

While there have been many studies on the repair of these plastic hinges with minor 

damage, extreme damage has usually been considered unrepairable and requiring complete 

replacement of the bridge. However, recent studies have shown that a repair technique, called 

plastic hinge relocation, may be capable of repairing extreme damage levels. In this repair, the 

original plastic hinge is strengthened so that should another large earthquake occur, new 

damage will form above the repair in a previously undamaged section. This helps to ensure a 

predictable and ductile response, and experimental tests have shown its capabilities of 

restoring force and displacement capacities to that of the original column.   

This thesis focuses on two objectives to improve the constructability and performance 

of the plastic hinge relocation repair. Firstly, prior studies have used a CFRP wrap or welded 

steel sleeve to form the jacket of the repair. While these have been effective, the availability of 

skilled workers to install the jackets, as well as weather conditions and site accessibility, could 

prohibit rapid deployment of this repair, so an alternative jacket is desirable. The second 

objective of this thesis was to completely anchor fractured bars inside the repair. Previous 

research has shown that bars which fracture in the original plastic hinge tend to debond from 

the repair when the new plastic hinge forms, which ǿŜŀƪŜƴǎ ǘƘŜ ǊŜǇŀƛǊΩǎ ǊŜǎǇƻƴǎŜΦ  



To accomplish these objectives, three columns that were constructed with high-strength 

steel (Grade 80) and tested as a part of a separate project were repaired using the plastic hinge 

relocation method and re-tested. To provide an alternative jacket, a steel sleeve with bolted 

connections were used. Testing showed that using this with pre-tensioned bolts to prevent slip 

at the connection is an acceptable alternative for the repair jacket. To improve the anchorage 

of the fractured bars, confining pressures were increased by using a larger jacket thickness and 

bond conditions were improved by replacing the cracked concrete around the fractured bars. 

The combination of these two methods was shown to be capable of fully anchoring fractured 

bars inside the repair. This improved the seismic resilience of the repaired column, evident by 

an increase in dissipation of energy and reduction in strength degradation.  

Using the three experimental repair tests, designs for the required jacket thickness and 

bolted connection were proposed which are expected to provide enough passive confinement 

to the repair to prevent large cracks from forming that cause bar debonding. It is believed that 

if these designs can ensure complete anchorage of fractured bars inside the repair that the 

plastic hinge relocation design could be revised and simplified, but further testing is needed to 

justify this.   
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Chapter 1: LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Background 

In recent decades, the seismic resistance of reinforced concrete bridges has been 

notably improved through the development of performance-based design (Paulay & Priestley, 

1992; Priestley et al., 1996). In this concept, instead of designing a structure to simply be strong 

enough to withstand a certain load, it is designed to behave a specific way under that load. To 

understand this difference, an example of a traditional design approach would be to design a 

beam to be strong enough to carry 100 lbs. In performance-based design, the designer will 

instead determine how damaged the beam will be when the 100 lb. load is applied. They could 

design it so that there will be no damage, only minor cracking, or simply not to collapse. Of 

course, this example is an idealization to understand the concept of performance-based design, 

and in actual designs beams are expected to remain essentially undamaged when subjected to 

gravity loads.  

While it may seem difficult at first to predict the behavior of entire bridge structures 

given that they can be very large and complex, capacity design principles ensure that a majority 

ƻŦ ŀ ǎǘǊǳŎǘǳǊŜΩǎ ŘŜŦƻǊƳŀǘƛƻƴ and damage will occur in what are called plastic hinges (Paulay & 

Priestley, 1992; Priestley et al., 1996). Plastic hinges occur when the moment demand exceeds 

the yield moment at a section in a structural member, and in the case of bridges, are specifically 

chosen to occur at the top and/or bottom of the column where it connects to the cap beam or 

footing. In accordance with capacity design principles, the overstrength moment capacity of the 

column plastic hinge is calculated, and the design of all other actions and members are based 

upon that capacity to ensure that undesirable modes of failure are avoided (i.e., column shear, 

joint shear, cap beam flexure and shear, and footing flexure and shear).  

While remaining damage free under a seismic event would certainly be preferred for a 

bridge system, under very large earthquakes such criteria are impractical. The sizing of the 

members would need to be extremely large, which would not only make construction costs 

unrealistic, but also increase inertia forces that the entire system would be designed for. Even if 
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structures were built in that manner, there is no assurance of elastic response as a larger event 

than imagined is always possible. As a consequence, ductile design is important, and the 

concept of performance-based design provides engineers with the tools needed to achieve such 

outcomes while prescribing the damage level.  

In performance-based design, structures are designed by prescribing multiple limit 

states and the corresponding hazard under which those limit states should be achieved. An 

example of this, would be to specify that a structure will suffer minimal damage for an 

earthquake with a 50 year return period, while in the case of a 1000 year return period, 

extensive damage is accepted as long as the structure does not collapse. While there has been 

extensive research in the repair of structures with mild damage, more extreme damage, such as 

buckling or rupture of reinforcing bars, was considered unrepairable and requiring complete 

replacement of the bridge (Rutledge et al., 2014). Depending on the bridge, constructing a 

replacement could take years. This would not only be costly in terms of material and labor 

costs, but also the economic losses associated with the interruption of service.  However, since 

seismic damage will be concentrated in the plastic hinges, recent research has shown that 

requiring complete replacement of the bridge may not be necessary.  

While replacing the entire column could be an option, this too would take a long time, 

be costly, and again, the damage is concentrated in plastic hinges. Although these plastic hinges 

have suffered permanent damage and restoring them to their original condition is difficult, the 

section of the column just above the plastic hinge remains largely unharmed. This has led 

researchers to investigate a repair technique, called plastic hinge relocation, where a repair is 

ǇƭŀŎŜŘ ŀǊƻǳƴŘ ǘƘŜ ŘŀƳŀƎŜŘ ŎƻƭǳƳƴΩǎ ǇƭŀǎǘƛŎ ƘƛƴƎŜ ƛƴ ǎǳŎƘ ŀ ǿŀȅ ǘƘŀǘ ǎƘƻǳƭŘ ŀƴƻǘƘŜǊ 

earthquake happen, new damage will occur above the repair in a previously undamaged 

section (Krish, 2018; Lehman et al., 2001; Pantelides et al., 2014; Parks et al., 2016; Rutledge et 

al., 2014; Wu & Pantelides, 2017). Figure 1.1 illustrates this plastic hinge relocation from the 

original column to the repaired column, and experimental tests have shown it can effectively 

restore the columns load and displacement capacities.  
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Figure 1.1: Plastic Hinge Relocation Repair - Courtesy of Dr. Krish. 

A major advantage of this repair technique is that it can be rapidly deployed, and 

construction completed in only a couple of days (Krish, 2018; Pantelides et al., 2014; Parks et 

al., 2016; Rutledge et al., 2014; Wu & Pantelides, 2017). The typical construction process 

involves embedding reinforcing bars into the connecting member, then placing a concrete filled 

jacket around the bars. In most studies, the jacket is formed from a CFRP wrap; however, a 

welded steel sleeve has also been used. While both methods have been successful, actual 

installation in the field could be difficult depending on weather and accessibility of the column 

and each requires specialized workers that may not be readily available should an extreme 

earthquake occur and cause this damage. For these reasons, an alternative repair solution that 

does not have these limitations is desirable. The research in this thesis aims to provide this by 

investigating the use of a steel sleeve with a mechanically bolted connection.   

Aside from providing this alternative, much of this thesis is focused on understanding 

and improving the behavior of fractured reinforcing bars inside the repair. While this repair 

technique is intended for extreme damage levels where longitudinal bars will have fractured, 

experimental tests using the repair have shown that these bars often debond in the repair tests 

ǿƘƛŎƘ ǿŜŀƪŜƴǎ ǘƘŜ ǊŜǇŀƛǊΩǎ ǇŜǊŦƻǊƳŀƴŎŜΦ To understand this behavior, the left side of Figure 

1.2 presents a typical configuration for a column-footing connection showing only two 
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longitudinal bars. To ensure that the bar is anchored into the footing, there is a requirement on 

how long the bars must be embedded inside of the footing, called the development length. This 

length is often larger than the height of the footing, so 90° bends are used to meet this 

requirement and the bar can extend as far as needed.  

If a large earthquake occurs that fractures these bars and this repair technique is used, 

that length of the bar inside the footing no longer anchors the bar; instead, anchorage of these 

fractured bars comes from their embedment length into the repair, shown on the right of 

Figure 1.2. In past research studies (Krish, 2018; Parks et al., 2016; Wu & Pantelides, 2017), this 

embedment length alone has often not been enough to anchor the bars inside the repair, so at 

large displacements these bars debond and can no longer carry load. Since not all the 

longitudinal bars will be fractured, this does not cause failure of the repaired column because 

the load can be transferred to the other bars; however, tƘƛǎ ǿŜŀƪŜƴǎ ǘƘŜ ǊŜǇŀƛǊŜŘ ŎƻƭǳƳƴΩǎ 

performance, so prevention of this behavior is preferred.  

 

 

Figure 1.2: Anchorage of Longitudinal Bars Before (left) and After (right) Repair. 

 

1.2 Research Objectives 

The previous section presented a few research needs which will be addressed in this 

thesis. Firstly, while repairing extreme damage states through plastic hinge relocation has 

potential, research using this technique has been limited and more studies are needed. In this 

project three damaged reinforced concrete columns were repaired with this technique, then re-



  5 

 

tested to compare their behavior with undamaged columns. Aside from increasing the number 

of studies with this repair configuration, there were two primary objectives presented in the 

following sections.  

 

1.2.1 Develop an Alternative Repair Jacket 

To provide an alternative repair solution with an easier construction, a mechanically 

bolted steel sleeve was used for each of the repairs in this project. Given that both CFRP wraps 

and welded steel sleeves require specialized workers for construction, a more constructible 

option could be useful. With this repair configuration, rapid construction is still possible and 

would no longer be limited to the availability of those specialized workers.  

 

1.2.2 Completely Anchor Fractured Bars Inside the Repair 

While research using this plastic hinge relocation repair method has been capable of 

restoring the load and displacement capacities of the column, bars that were fractured in the 

original plastic hinge have been shown to lose their bond inside the repair which weakens the 

ǊŜǇŀƛǊΩǎ ǊŜǎǇƻƴǎŜ. It is hypothesized that if this behavior can be prevented, by improving the 

ŀƴŎƘƻǊŀƎŜ ƻŦ ǘƘŜǎŜ ōŀǊǎΣ ǘƘŜ ǊŜǇŀƛǊΩǎ ǎǘǊŜƴƎǘƘ ǿill not degrade. Although labor intensive 

methods exist that could accomplish this (e.g. splicing and headed studs), these will not be used 

as they would lead to longer repair times.   

 

1.3 Thesis Contents 

Chapter 1: Introduction ς This chapter began by presenting a brief background on plastic 

hinge relocation repair and how modern design principles have led to its effectiveness. With 

this understanding, the research objectives for this thesis are defined. Mainly, this project seeks 

to develop a more constructible repair solution and improve its performance through better 

anchorage of fractured bars. Lastly this chapter provides a brief description of each of the 

chapters in this thesis.  
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Chapter 2: Background and Motivation ς In this chapter, previous experimental repair 

tests using plastic hinge relocation are presented. Each column repaired was severely damaged, 

and it is shown that if a bar is fractured during the initial test it tended to debond during the 

repair test which led to a weakened repair performance. Later in this chapter, the various 

factors that influence the anchorage of these bars is discussed, and it will be seen that 

improving bond and confinement will improve the anchorage of the bars. A method of 

improving the bond is discussed, followed by a thorough description of a steel jacket retrofit 

designed which was mimicked for the repair configuration used in this thesis and aims to 

provide enough confinement to fully anchor the fractured bars inside the repair.  

 

Chapter 3: Experimental Setup ς This chapter will briefly describe the laboratory setup 

used for the column tests, as well as the methods of loading and loading protocol. Next, each of 

the materials used in the repair are described, along with material properties when relevant. 

This leads into a detailed step-by-step explanation of the repair construction process, followed 

by information about the various instruments used for the experimental tests.  

 

Chapter 4: Test Summaries ς Here, the three experimental repair tests will each be 

thoroughly discussed. Since each repair aimed to improve the performance compared to the 

last test, this chapter is presented in a fairly chronological order. It begins by describing the 

objective for Repair #1, followed by a description of the test and the results of data analysis. 

Using this, conclusions are then drawn that lead into a new objective for Repair #2 and the 

process is repeated. After the three tests have been described, the final section of the chapter 

compares their results to further demonstrate the improvements and effectiveness of each 

repair.  

 

Chapter 5: Repair and Steel Sleeve Designs ς In this chapter, the design processes for 

the implementation of the repair presented in this research will be discussed. The first section 

will outline the results when ŦƻƭƭƻǿƛƴƎ YǊƛǎƘΩǎ ǇƭŀǎǘƛŎ ƘƛƴƎŜ ǊŜƭƻŎŀǘƛƻƴ ŘŜǎƛƎƴ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ 

repairs in this project. The next section will propose additional requirements to the required 
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sleeve thickness based off the experimental tests in Chapter 4. The proposed design requires a 

much thicker sleeve thickness which aims to provide enough confinement to prevent fractured 

bars from debonding inside the repair. The final two sections of this chapter then present the 

design assumptions used for the bolts and their pre-tensioning for the experimental tests in this 

project. 

 

Chapter 6: Conclusion and Future Work ς This chapter presents the key findings and 

conclusions of the work in this thesis relating to the two objectives presented in Section 1.2. 

Through experimental tests, the use of a steel jacket with a pre-tensioned bolted connection 

was shown to be an effective alternative to a welded connection or CFRP wrap. It was also 

shown that improving the bond and confinement for fractured bars inside the repair can fully 

anchor ǘƘŜƳΣ ǿƘƛŎƘ ƛƳǇǊƻǾŜǎ ǘƘŜ ǊŜǇŀƛǊŜŘ ŎƻƭǳƳƴΩǎ ǇŜǊŦƻǊƳŀƴŎŜ. Lastly, future research needs 

were defined, such as the need to verify the designs presented in Chapter 5 and to analytically 

determine the necessity of fully anchoring the bars.  

 

Appendix A: Repair Bar Strain vs. Force Histories ς In the experimental repair tests, 

strain gauges were applied to the newly embedded repair bars. This data was not presented 

elsewhere in the thesis but is essential in ensuring that the repair remains elastic and capacity 

protected.   
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Chapter 2: .ŀŎƪƎǊƻǳƴŘ ŀƴŘ aƻǘƛǾŀǘƛƻƴ 

While much research has been done on the repair of reinforced concrete bridge 

columns, extreme damage states such as fractured longitudinal bars have received little 

attention. Such damage levels have long been considered un-repairable and requiring 

replacement; however, recently multiple studies have shown that plastic hinge relocation can 

be used to effectively restore the load and displacement capacity of the damaged column to 

that of the original column. In addition, many repair techniques have a very short deployment 

time, making it ideal for rapid repairs.  

This chapter aims to provide background, context, and motivation for the work 

presented in this thesis. Presented are three examples of plastic hinge relocation repair of 

extremely damaged columns containing fractured bars. It will be shown that these fractured 

bars often do not have sufficient anchorage inside the repair, which leads to the bar debonding 

and consequently a loss of load carrying capability. This is followed by a softened and pinched 

behavior in the global response, which likely indicates reduced seismic resistance. To improve 

this repair, this project aims to fully anchor the fractured bars inside of the repair, which is 

expected to eliminate the pinching and softening of the global response.  

This debonding behavior is akin to a reinforcing bar having a shorter embedment length 

than its development length, which leads to a pullout or splitting failure instead of bar fracture. 

Unfortunately, increasing the embedment length of the fractured bars in this repair requires an 

increase in the repair height, which is undesirable as this also increases the shear demand to 

other components of the bridge that may not be capable of sustaining the increased load. 

Because of this, it is advantageous to improve the anchorage of these bars through other 

avenues besides increasing embedment length. To understand how this could be done, the 

second section of this literature review discusses the various factors that affect the anchorage 

of embedded bars. It will be shown that confinement and bond conditions both play an 

important role in the anchorage of the fractured bars and increasing these may completely 

anchor these bars. 
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This leads to the third section, where a retrofit design with a similar geometric 

configuration as the repairs in this project is presented. This design aims to ensure ample 

confinement is provided by a steel jacket so that a lap-spliced column can sustain large inelastic 

deformations without failure. This methodology was adapted for the repair technique in this 

project and is the foundation of the sleeve thickness design of Section 5.2.  

 

2.1 Plastic Hinge Relocation Repair 

This research is the third in a series of studies on plastic hinge relocation (Krish, 2018; 

Rutledge et al., 2014). Given its relevance to the study at hand, a thorough review of the study 

by Krish (2018) is recounted first in this section followed by two other similar repair projects. Of 

the four tests by Krish with fractured bars, every bar that was fractured during the original 

column test debonded during the repair test except for one where a headed stud was attached. 

The headed stud was not pursued further in this project because it is labor intensive to install. 

In the next study by Parks et al. (2016) all four columns were connected to the support through 

a GSS connection and contained either one fractured bar or had multiple GSS pullouts. In one 

test, a fractured bar was completely anchored and re-fractured above the plastic hinge. The 

debonding behavior discussed earlier was explicitly stated as the failure mechanism for one of 

the repair tests, however the other two tests each had one fractured bar that did not re-

fracture in the repair test and could have debonded, though this was not stated. In the final 

paper by Wu & Pantelides (2017), two additional repair tests were conducted with a CFRP shell 

designed using FEM. While this shell performed well and was not damaged during the repair 

test, the fractured longitudinal bars still debonded during the repair tests. This indicates that 

confinement alone may not be enough to ensure anchorage of the fractured bars, and that 

bond between the repair and damaged column must be considered.  

 

2.1.1 Krish (2018) 

In the study by Krish (2018), six reinforced concrete columns were repaired using plastic 

hinge relocation on columns with varying levels of damage, from all longitudinal bars being 
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buckled to having 6 of 16 bars fractured. The emphasis of this study was to develop a rapid 

repair for modern, well-designed bridge columns with severe seismic damage. Prior to this, 

little research had been done on the repair of columns containing fractured bars, and a rapid 

repair for them was considered impractical. This consideration was challenged by Krish where a 

repair with an estimated 48-hour instillation time was developed that only used conventional 

materials that are typically readily available. The construction process of this repair was similar 

to what was done in this thesis, with a complete description given in Section 3.3.2. Since YǊƛǎƘΩǎ 

research is the foundation for the research in this thesis, a description of each of the six tests is 

provided below. An emphasis is placed on Repair #1, 2, and 5 as they are the most relevant to 

the research described in this thesis.  

 

Repair #1 

The first column contained only buckled bars and was considered the lower bound of 

damage where this repair would be logical. For this repair, holes were drilled into the footing 

where steel reinforcing bars were later placed and bonded using a two-part epoxy. Next a steel 

sleeve was placed around the bars and welded together which acted as a stay in place form 

while also providing shear strength and confinement. Lastly the steel sleeve was backfilled with 

grout to bond with the dowels.  

The repair successfully relocated the plastic hinge and restored the strength and 

displacement capacities of the column. The global force-displacement response of the column 

in both the X and Y direction are shown below in Figure 2.1 where Load Path Test 4 refers to an 

original column test with the same steel detailing and loading (Goodnight et al., 2017). Of 

particular interest, is that Repair #1 showed no sign of strength degradation or pinching which 

was observed in every other test by Krish that contained fractured bars.   
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Figure 2.1: Repair #1 Global Response in the X (left) and Y (right) Directions (Krish, 2018). 

 

Repair #2 

With Repair #1 as a baseline for this repair technique, Repair #2 sought to see the 

effects of repairing a column with fractured bars. This was done by repairing a similar column 

exactly the same as Repair #1, but with 6 of the 16 longitudinal bars fractured from the initial 

testing. While most other studies on column repairs with fractured bars used patching or 

splicing, this is not practical for a rapid repair and the fractured bars were left unchanged, aside 

from removal of loose concrete. 

The repair performed similarly to the first column, and successfully relocated the plastic 

hinge and restored the strength and displacement capacities. The global response is shown 

below in Figure 2.2, again with Load Path Test 4 for comparison. The biggest difference 

between this repair and Repair #1 can be seen in the Y-direction, which had the 3 extreme bars 

in each loading direction fracture during the initial test. The softening and pinching behaviors 

are both indicative of a weakened repair response due to the fractured bars. Post-processing 

ǎƘƻǿŜŘ ǘƘŀǘ ŀƭƭ с ŦǊŀŎǘǳǊŜŘ ōŀǊǎ ŘŜōƻƴŘŜŘ ŀƴŘ ƴƻ ƭƻƴƎŜǊ ŎƻƴǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ŎƻƭǳƳƴΩǎ ǊŜǎǇƻƴǎŜΣ 

which is evident from the strain history of the bar in Figure 2.3. Where tensile strains in the bars 

typically increase with larger displacements, after a peak strain around 0.01 the bars debonded 

and its anchorage inside the repair rapidly degraded, leading to the bar being incapable of 
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sustaining load. This debonding behavior is the primary topic of study for the research in this 

thesis and is hypothesized to result in the softened and pinched response of the column.  

    

Figure 2.2: Repair #2 Global Response in the X (left) and Y (right) Directions (Krish, 2018). 

 

 

Figure 2.3: Repair #2 Strain vs. Displacement of the extreme south (left) and north (right) bars 

(Krish, 2018). 

 

Repair #3 

The Repair #3 aimed to address capacity design concerns from the previous tests. 

Especially in the first repair, the repaired column had a larger strength capacity due to the 

ǎƘƻǊǘŜǊ ŜŦŦŜŎǘƛǾŜ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ǊŜǇŀƛǊŜŘ ŎƻƭǳƳƴΦ  LŦ ǘƘŜ ŎƻƭǳƳƴΩǎ ŦƻƻǘƛƴƎ ŘƻŜǎƴΩǘ ƘŀǾŜ ǎǳŦŦƛŎƛŜƴǘ 

strength, it would be possible for the increased demand from the column plastic hinge to lead 
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to failure in the footing which is clearly undesirable.  A potential solution, was to cut 4 of the 

longitudinal bars above the repair to purposely weaken the relocated plastic hinge to match the 

ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ ŎƻƭǳƳƴΦ ²ƘƛƭŜ ǘƘƛǎ ǿŀǎ ǎǳŎŎŜǎǎŦǳƭΣ ƛǘ ǊŜŘǳŎŜŘ ǘƘŜ ŎƻƭǳƳƴΩǎ 

displacement capacity and should not be done unless the footing is incapable of supporting the 

increased demand.  

 

Repair #4 

The fourth repair test used a traditional reinforced concrete repair to provide an 

alternative solution. Instead of the welded steel sleeve, rebar hoops were tied around the 

repair bars, and instead of grout a flowable concrete pump mix was used. The column also only 

contained one fractured bar to determine if reducing the number of fractured bars effects their 

anchorage. While this repair successfully relocated the plastic hinge along with restoring the 

strength and displacement capacities, the only fractured bar still debonded around the same 

peak strain of 0.01.  

 

Repair #5 

For the fifth repair, two methods of anchoring the fractured bars inside the repair were 

investigated. On one fractured bar, the concrete surrounding it was completely chipped out so 

that when the repair concrete was poured it surrounded the fractured bars throughout the 

entire height of the repair. This was based on the recommendation in the ACI Guide to 

Concrete Repair (ACI Committee 546, 2014) and was expected to improve the bond conditions 

of the bar. On a separate fractured bar, a mechanically fastened headed stud was applied to the 

base. The purpose of the stud was to provide a bearing surface which provides additional 

anchorage for the bar, however attaching it required a significant amount of work to clear out 

the concrete and cut both the buckled section of the bar and transverse steel. These two 

additions to the repair are shown in Figure 2.4.  
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Figure 2.4: New Anchorage Mechanisms in Repair #5 (Krish, 2018). 

 

While this test started off well, the repair suffered an early failure due to rupture of the 

weld in the steel sleeve, which is shown in Figure 2.5. This failure led to conclusions that the use 

of a welded connection requires careful cutting and surface preparations for the thin sleeve. 

This was one reason that a mechanically bolted connection was investigated in this thesis. 

Despite the weld rupture, which was initiated during ductility 3, an analysis of the repair was 

conducted up to that point. For the two new anchorage mechanisms, the bar with the headed 

stud showed no signs of debonding. Although it was believed that this would have continued if 

the weld had not ruptured, the headed stud required so much labor for installation it was 

recommended only if complete bar anchorage was absolutely necessary. As for the bars that 

had the surrounding concrete removed, the strain histories were similar to the other fractured 

bars that debonded with only a slight improvement in peak strain and it was concluded that this 

alone had little improvement on anchorage of the bar.  
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Figure 2.5: Weld Failure during Repair #5 (Krish, 2018). 

 

Repair #6 

The final repair also aimed to fully anchor fractured bars inside the repair, this time by 

placing a corrugated pipe inside the repair to act as a shear key and improve the bond 

conditions inside the repair. It was believed that this would lead to a flexural response of the 

repair instead of the column-socket like action that had been observed so far. This only slightly 

improved the anchorage of the bar, and ultimately the fractured bars still debonded inside the 

repair.  

 

2.1.2 Parks et al. (2016)  

In this paper, four hexagonal columns with grouted splice sleeve connections (GSS) were 

repaired using plastic hinge relocation. Three of the damaged columns had 1 of 6 longitudinal 

bar fractured, and the final column suffered GSS pullout of multiple bars. The repair was similar 

ǘƻ YǊƛǎƘΩǎ ŜȄŎŜǇǘ ǘƘŀǘ ŀ /Cwt ǎƘŜƭƭ ǿŀǎ ǳǎŜŘ ƛƴǎǘŜŀŘ ƻŦ ǘƘŜ ǎǘŜŜƭ ǎƭŜŜǾŜΣ ŀƴŘ ǘƘŜ ǊŜǇŀƛǊ ōŀǊǎ ǿŜǊŜ 

headed to ensure sufficient development. Additionally, 2 of the repairs used expansive 

concrete to provide active confinement to the repair. It was not mentioned if this was done to 

better anchor the fractured bars or not.  

Both repairs with normal concrete performed well, completely or closely restoring force 

and displacement capacities to the original column test and ending with longitudinal bar 
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fracture in the relocated plastic hinge. In one case, a bar which fractured during the original 

column test fractured again above the repair indicating that the bar was fully anchored inside 

the repair and did not debond.  

Neither repair tests that used the expansive concrete ended with failure in the relocated 

plastic hinge. One column suffering an early fracture of the extreme west longitudinal bar due 

to embrittlement from a welded instrument; however, it still performed well in the other 

direction of loading throughout the remainder of the test. It is not mentioned if the extreme 

east bar, which was fractured during the original test, showed any evidence of debonding. 

Failure of the other column was due to the longitudinal bars that pulled out of the GSS 

connection in the original test debonding in the repair test, followed by rupture of the CFRP 

shell. This failure was attributed to a shorter plastic hinge in the GSS pullout and stronger 

material properties of this column causing more demand on the repair.  

The authors conclude that the repair can restore displacement and load capacities to 

the original column, along with their energy dissipation and stiffness. They also indicated that 

the expansive concrete provides active confinement to the repair, which increased the tensile 

capacity of the concrete and reduced the demand to the repair bars, but the too much 

expansion will reduce the capacity of the CFRP shell.  

 

2.1.3 Wu & Pantelides (2017) 

More recently, Wu built on the research by Parks, performing two additional repair 

tests, this time with a more typical connection to the footing and cap beam and only using 

normal concrete. Additionally, a finite element analysis was used to design the CFRP shell to 

prevent any cracking. Both original column tests led to 2 of the 6 longitudinal bar fractures, one 

on each side. While both repairs succeeded in restoring the load and displacement capacities, 

they exhibited softening and pinching in the global response and ended with concrete crushing 

and no additional bar fractures. During the tests, a gap was noticed between the column and 

repair which was attributed to the weak bond due to the previously fractured bars. It was 

concluded that bond between the repair and the damaged column is essential and that 

methods of doing this need to be studied, however no suggestions of how to do this were 
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given. This separation of repair and column was also observed in the tests by Krish and is 

believed to be evidence that the fractured bars have debonded. A method of improving the 

bond between the repair and column is investigated in Repair #3 of the research described in 

this thesis.  

Of interest for the research in this thesisΣ ǿŀǎ ǘƘŀǘ ƴŜƛǘƘŜǊ ǊŜǇŀƛǊǎΩ /Cwt ǎƘŜƭƭǎ ŜȄƘƛōƛǘŜŘ 

any signs of damage or excessive loading. This would imply that the shell provided continuous 

and large confining pressures inside the repair and it is unlikely that additional confinement 

would have sufficiently anchored the fractured longitudinal bars.  

 

2.2 Factors that Influence Rebar Anchorage 

One of the goals of this thesis was to provide enough anchorage for any fractured 

longitudinal bars so that that they will re-fractured during the repair test. For new designs, this 

could be done by increasing the anchorage length of the bar or by adding bends or hooks to 

meet the required development length. Most development length equations take similar forms 

with bar size, concrete strength, and rebar strength being the primary variables. As an example, 

ACI 318-08 defines the development length using Equation 2.1 (ACI Committee 318, 2007), 

ǿƘŜǊŜ ǘƘŜ ˕ ŦŀŎǘƻǊǎ ŀŎŎƻǳƴǘ ŦƻǊ ŘƛŦŦŜǊŜƴǘ bond conditions based off location, coating, and size 

of the reinforcement, and (cb+ Ktr)/db accounts for the amount of confinement provided and is 

limited to 2.5. This limit of 2.5 illustrates that when enough confinement is provided, the bar 

will suffer a pullout failure instead of a splitting failure. At this point, additional confining 

pressures will not increase the bond strength of concrete to reinforcing bars. This development 

length is often required to be increased for lap splices, which the repair bars and fractured 

longitudinal bars form; however, lap splices are typically not permitted in or near a plastic 

hinge, which is unavoidable in this repair.  

 ὰ
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The limitation of no lap splices in the plastic hinge is precisely because of the debonding 

behavior that has been observed in the repair tests. Despite this, the development length 

equation still serves to show how anchorage can be improved for the fractured bars. Given that 

the bar size and yield strength of the fractured bars cannot be controlled in this repair, and that 

concrete strength may be limited in rapid deployments, bond and confinement are the 

remaining variable that will affect anchorage.  

A method of improving the bond of the fractured bars was investigated in Repair #3 of 

the research described in thesis which involved removing the concrete surrounding the bar 

within the height of the repair. This concrete was then replaced by the repair grout when the 

repair was cast. This was done because even though a majority of the damage in the original 

column was concentrated in the plastic hinge, small flexural cracks still form throughout the 

entire height of the column. In a study by Desnerck et al. (2015), the bond behavior of 

reinforcing bars in cracked concrete was investigated, and from experimental tests the authors 

showed that the bond strength can be reduced by more than 50% in cracked concrete, even 

when the cracks are less than 0.04 mm. By replacing the cracked column concrete with a fresh, 

uncracked repair grout the bond strength is therefore expected to be improved. If enough 

confinement is provided, there should only be minimal new cracks forming during the repair 

test, which will maintain the high bond strength to anchor the bars. This is precisely what 

Priestley et al. (1996) aimed to accomplish using the design process discussed in the following 

section.  

 

2.3 Sleeve Thickness Requirements 

Since Priestley et al. (1996) retrofit design process became the foundation for the sleeve 

thickness design in this repair (presented in Section 5.2) the philosophy will be thoroughly 

described here. Much of the work in by Priestley et al. (1996) stems from the fact that most 

columns built before the 1970s were inadequately designed in terms of flexural ductility, shear 

capacity, and confinement. This led Priestley et al. (1996) to include the retrofit design process 

developed by Chai et al. (1991) for these columns using steel jackets. An example of when this 

retrofit was needed due to a lap splice in the plastic hinge is shown in Figure 2.6. Priestley 
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stated that lap splices should not be placed in plastic hinge regions because insufficiently 

confined lap splices were shown to be progressively damaged by cyclic loading which led to a 

rapid loss in load capacity. It is believed that this is the mechanism that caused debonding of 

the fractured bars in the repair tests, though it does not cause failure of the column since other 

longitudinal bars are still intact.  

  

Figure 2.6: Deficient Column Construction Requiring Retrofit (Priestley et al., 1996). 

The configuration in the above figure will be used to illustrate the retrofit design. In this 

example, the footing would have been cast with starter bars extending out of the footing, 

which would have then been tied to the column cage and the column cast. With the maximum 

moment occurring at the base of a cantilever column, this could be the location of the plastic 

hinge, and would likely require retrofit due to insufficient confinement. In this retrofit, instead 

of relocating the plastic hinge above the lap splice, a steel jacket that is slightly bigger than the 

column would be placed around the column along the splice. To ensure proper behavior of the 

retrofitted column, three potential failure mechanisms need addressing which are discussed in 

the following sections.  

 

2.3.1 Confinement to Prevent Lap-Splice Failure 

The first check described here aims to prevent the lap-splice failure by providing enough 

confinement to prohibit large splitting cracks from forming. To perform this design, the crack 

shape is estimated, and the tensile capacity of the concrete along that crack is compared with 

the load applied to the bar. If the load on the bar is greater than the capacity of the concrete, 
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then lap splice failure is expected to occur. For the above configuration, Priestley presents two 

potential crack shapes, shown in Figure 2.7, which lead to perimeter lengths of Equation 2.2. 

With this assumed crack shape extending along the height of the splice, the confining stress 

expected to prevent lap splice failure, fl is found assuming a simple static friction relationship, 

shown in Equation 2.3.  

   

Figure 2.7: Assumed Crack Shape in Circular Columns (Priestley et al., 1996). 
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For a circular jacket, the confining pressure can be found using Equation 2.4 where fsj 

cannot be larger than the stress at a strain of 0.0015. This dilation strain limitation is used to 

ensure that cracking within the concrete is kept to a minimum which ensures high bond 

stresses where the coefficient of friction, ˃, can be assumed to be 1.4. By combining Equation 

2.3 with Equation 2.4 and assuming that fs = 1.7 * fyl ŀƴŘ ˃ Ґ мΦпΣ tǊƛŜǎǘƭŜȅ ŦƻǊƳǳƭŀǘŜŘ Equation 

2.5 to determine the required volumetric ratio of confining steel, which relates to the required 

jacket thickness through Equation 2.6.  
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2.3.2 Confinement for Ductility 

Since inadequately confined columns are incapable of sustaining large flexural 

deformations, the next design consideration in this retrofit aims to increase the ductility 

capacity of the column. To do this, the strain-energy capacity relationship shown in Equation 

2.7 is used to ensure that the confining steel can withstand the large compressive strains 

required to reach higher ductilities. When insufficient confinement is provided, the ultimate 

compressive strain will be limited by yielding of the transverse steel, which also limits the 

deformation capacity of the column. By substituting Equation 2.6 into Equation 2.7, Priestley 

formulated Equation 2.8 to determine the required jacket thickness to reach the desired 

ŘǳŎǘƛƭƛǘȅΦ ²ƘƛƭŜ tǊƛŜǎǘƭŜȅ ŘŜǾŜƭƻǇŜŘ ŎƘŀǊǘǎ ǘƘŀǘ ŎƻǳƭŘ ōŜ ǳǎŜŘ ǘƻ ŀǾƻƛŘ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ ŦΩcc given 

that it is dependent on the confining steel, the approach suggested for the designs in this repair 

use conservative values to eliminate this (as will be shown later), so that process is not 

discussed here.  

 
‐ πȢππτ

ρȢτ”Ὢ ‐

Ὢᴂ
 Equation 2.7 

 
ὸ
πȢρψ‐ πȢππτὈὪᴂ

Ὢ‐
 Equation 2.8 

 

2.3.3 Shear Capacity 

The final design consideration in this retrofit is regarding the shear capacity. The 

columns requiring this retrofit had very little transverse steel, which may lead to shear failures. 

The steel jacket retrofit was useful to increase the shear strength of the column and ensure a 

flexural failure. In the retrofit, the shear force of the concrete and existing transverse steel was 

calculated and subtracted from the overstrength shear demand to determine the additional 

required shear resistance. With this, Equation 2.9 would be used to determine an acceptable 

jacket geometry. By assuming ̒ ƛǎ ор° and solving for the jacket thickness, Equation 2.10 can 

then be used to determine the required jacket thickness for a given shear force. This equation 

shows that even a thin steel jacket can resist very large shear forces.  
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Chapter 3: 9ȄǇŜǊƛƳŜƴǘŀƭ {ŜǘǳǇ 

For the large-scale laboratory tests in this research, three circular reinforced concrete 

columns were repaired using the plastic hinge relocation method developed by (Krish, 2018).  

The damaged columns were obtained from a separate ongoing research study at the NC State 

Constructed Facilities Laboratory that is investigating the use of high-strength (Grade 80) steel 

in seismic design (Manhard, 2019). This project was a continuation of the work by Barcley & 

Kowalsky (2020) and aims to evaluate if Grade 80 reinforcing steel can be reliably used in the 

plastic hinge region of reinforced concrete columns. The test matrix of the column detailing for 

these two projects are included in Table 3.1. Each circular column was constructed with a 

diameter of 24 inches, a height of 8 feet and longitudinal steel consisting of 16 #6 bars (ˊƭ = 

1.6%). 

Table 3.1: Test Matrix of Grade 80 Column Tests. 

 
Column 

Number 

Transverse Steel 

(Spirals) 

Axial Load 

Ratio 

B
a

rc
le

y 1 Іо Ϫ нέ όмΦл҈ύ 5% 
2 Іо Ϫ нέ όмΦл҈ύ 10% 

3 Іо Ϫ нΦтрέ όлΦт҈ύ 5% 
4 Іо Ϫ мΦрέ όмΦо҈ύ 5% 

M
a

n
h
a

rd
 1 #3 @ мΦрέ όмΦо҈ύ 5% 

2 Іо Ϫ мΦрέ όмΦо҈ύ 5% 

3 Іо Ϫ нέ όмΦл҈ύ 10% 
4 Іо Ϫ нέ όмΦл҈ύ 10% 

 

3.1 Laboratory Setup 

The experimental tests were conducted using the exact same laboratory setup as 

(Manhard, 2019). Figure 3.1 and Figure 3.2 below show the conceptual and actual laboratory 

set-up that was used for the original and repaired column tests. This section summarizes the 

application of the lateral and axial loading along with the loading protocol; however, a 

complete description of the set-up is given by Manhard (2019). 
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Figure 3.1: Laboratory Set-up (Manhard, 2019). 
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Figure 3.2: Actual Laboratory Set-up. 

 

3.1.1 Loading Application 

On the left-hand side of Figure 3.1 and Figure 3.2, the 110-kip actuator that applied the 

lateral loading can be seen. This displacement-controlled actuator has a 20-inch stroke and was 

connected to the column from the strong wall. While the lateral force applied to the column 

was measured by the actuator, the lateral displacement of the column was directly measured 

by two string pots on the opposite side.  

The axial force was applied by two hydraulic jacks connected with a spreader beam 

across the cap of the column. Because these jacks are not capable of maintaining a constant 
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load on the column as it is displaced, the two jacks were connected to a third jack that was 

placed in an MTS machine. With all three jacks connected in a closed loop, it was possible to 

apply a specific force on the jack in the MTS machine which would in-turn apply the same load 

to each of the jacks. The MTS machine was then capable of maintaining a constant axial force 

on the column even as it was subjected to lateral displacements. 

 

3.1.2 Lateral Loading Protocol 

Each of the columns were originally subjected to the loading history shown in Figure 3.3. 

For the early stages of the tests, the loading was based upon the analytical first yield force όCȅΩύ. 

CƻǊ ǘƘƛǎΣ ǘƘŜ ŎƻƭǳƳƴ ǿŀǎ ǎǳōƧŜŎǘŜŘ ǘƻ ƻƴŜ ŎȅŎƭŜ ƻŦ ǇƻǎƛǘƛǾŜ ŀƴŘ ƴŜƎŀǘƛǾŜ ŦƻǊŎŜǎ ŀǘ ѻ CȅΩΣ ѹ CȅΩΣ ҁ 

CȅΩΣ ŀƴŘ CȅΩΦ ¢ƘŜ ŀǾŜǊŀƎŜ ƻŦ ǘƘŜ ŀōǎƻƭǳǘŜ ŘƛǎǇƭŀŎŜƳŜƴǘǎ ŀǘ CȅΩ ǿŀǎ ǘƘŜƴ ŘŜŜƳŜŘ ǘƘŜ ŦƛǊǎǘ ȅƛŜƭŘ 

displacement (ɲȅΩύΦ ¢ƘŜ ŜǉǳƛǾŀƭŜƴǘ ȅƛŜƭŘ ǿŀǎ ǘƘŜƴ obtained by: ɲώ=ὓn×ɲώ / ὓώ  Σ where Mn is 

the analytical nominal moment capacity. Following first yield, the three-cycle set loading began 

ŀǘ ŘƛǎǇƭŀŎŜƳŜƴǘ ŘǳŎǘƛƭƛǘȅ ό˃ɲ) levels 1, 1.5, 2, 3, 4, and 5.  

In order to evaluate the effectiveness of the repair, a comparison with original column 

data is desirable. For Repairs #1 & 2, the exact displacement loading as aŀƴƘŀǊŘΩǎ /ƻƭǳƳƴ Іп 

was used, and for Repair #3 the Column #1 loading was used. This meant that rather than using 

an analytical first yield force for the first cycles, quarter-increments of the same ɲώΩ was used, 

followed by the three-cycle set at the same ductility levels.  
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Figure 3.3: Lateral Loading Protocol. 

3.1.3 Axial Loading Protocol 

For the axial load, the initial plan was to use the same axial load as the original column 

tests, however while preparing for the first repair test there were concerns that the axial load 

bars could have yielded when using 10% axial load ratio. Since these bars could not be easily 

switched out, it was decided to use 5% axial load. Although this limits the comparison between 

the original and repaired columns, other column test data is available with the same steel 

detailing and axial load ratio (Barcley & Kowalsky, 2020).   
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Table 3.2 below clarifies the following parameters for each of the repairs: which 

damaged column was repaired, the lateral load path that was repeated, and which of the 

available column data serves as the best comparison between the original and repaired 

columns. To reiterate, the columns for Repairs #1 & 2 were originally tested at 10% ALR, 

ƘƻǿŜǾŜǊ р҈ ![w ǿŀǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ǊŜǇŀƛǊ ǘŜǎǘǎΣ ǘƘǳǎ .ŀǊŎƭŜȅΩǎ /ƻƭǳƳƴ Ім ǿƛǘƘ ǘƘŜ ǎŀƳŜ ǎǘŜŜƭ 

detailing and ALR serves as a better comparison. In contrast, the column for Repair #3 was 

tested at 5% axial load ratio for both the original and repaired tests, thus it serves as the 

optimum comparison column.  
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Table 3.2: Repair and comparison columns. 

Repair 

Number 

Column 

Repaired 

Displacement 

Path Used 

Axial Load 

Ratio 

Comparison 

Column 

1 Manhard #4 Manhard #4 5% Barcley #1 

2 Manhard #3 Manhard #4 5% Barcley #1 
3 Manhard #1 Manhard #1 5% Manhard #1 

 

Initially it may seem improper to use the same displacement path loading for the repair 

test since the applied axial load is different; however, it is well established that the yield 

curvature of a concrete section is proportional to the yield strain of the longitudinal steel and 

diameter of the section (Priestley et al., 2007). This means that a change in axial load will have 

little effect on the yield displacement (ɲȅ). Since the displacements for the three-cycle set 

loading are displacement ductilities, which are ƳǳƭǘƛǇƭŜǎ ƻŦ ɲȅ, it can be concluded that even if 

the original column test was done at 5% axial load ratio the load path would have been 

approximately the same.  

 

3.2 Materials 

The following sections describe the materials used to construct the plastic hinge 

relocation repair developed by Krish (2018).  Aside from the structural bolts in Section 3.2.4, 

each of the materials remained largely the same as what was used by Krish. To aid in keeping 

this repair suitable for rapid application, only conventional materials that are likely to be readily 

accessible are used for the repair. A complete explanation on how each of these materials were 

chosen can be found in Krish (2018). 

 

3.2.1 Longitudinal Repair Bars  

Relocating the plastic hinge above the column-footing interface increases the flexural 

demand. To account for this, additional longitudinal reinforcement is needed within the repair 

that must be connected to the footing. This was done using steel reinforcing bars as they are 

readily accessible and have well known structural properties. 
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In the research described in this thesis, #8 ASTM A706 Grade 80 steel reinforcing bars 

were used. It is worth noting that while grade 80 steel has been used for all the repair bars by 

Krish as well, any grade steel or other material could be used as long as it can be designed to 

remain elastic. This is necessary to ensure capacity protection of the repaired specimen. 

Material properties for the steel used in this project are shown in Table 3.3.  

Table 3.3: Longitudinal Repair Bar Mechanical Properties. 

Sample 
Yield Stress 

(ksi) 
Yield Strain 
ό˃ ύ 

Elastic 
Modulus (ksi) 

1 84.2 3572 23578 

2 84.1 4001 21016 

3 83.7 3006 27854 
4 83.6 3549 23556 

5 83.6 3909 21392 

6 84.5 3266 25860 

Average: 84.0 3551 23876 

 

3.2.2 Bonded Anchor 

The longitudinal bars need to be anchored into the footing in order to contribute to the 

flexural capacity of the repair. This is done by hammer drilling holes into the footing and then 

anchoring the bars with grout or epoxy. 

Krish (2018) found that grouting would require larger holes and have a longer set time, 

so epoxy was used. ITW Redhead Acrylic 7 epoxy was selected as it is compatible with rebar, 

has a quick set time, and has acceptable temperature bounds for curing in the Alaskan climate.  

 

3.2.3 Steel Sleeve 

Encasing the longitudinal bars in grout requires transverse steel to achieve the required 

ŎƻƴŦƛƴŜƳŜƴǘΦ Lƴ ŀƭƭ ƻŦ YǊƛǎƘΩǎ (2018) tests (expect for Repair #4 which used rebar hoops) this 

was achieved by cold rolling an 11-gauge A36 steel sheet into two semi-circles which were 

welded together around the column. For the repairs in this thesis, the weld has been replaced 

with a mechanically bolted connection. To do this, the steel sheet was cut to be slightly larger 
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than a semi-circle. Consequently, when the two pieces were placed around the column they 

overlapped on both ends, leaving room for the pieces to be bolted together. 

To aide in decreasing the likelihood of a bearing failure at the bolts, a slightly thicker 10-

gauge steel sheet was used for the first two repairs in this project, which is the largest thickness 

that could be cold rolled by the NC State machine shop. For the third test, the sleeve thickness 

was increased to ¼ inch. A discussion on why this was done can be found in Section 4.2.6. 

 

3.2.4 Structural Bolts 

A new technique deployed in the research described in this thesis was the use of 

structural bolts to mechanically fasten the two steel sheets together. For Repair #1, ѹέ 

diameter ASTM A325 bolts were used which is the smallest size of that standard and was felt to 

be most appropriate for the thin steel sleeve. For Repairs #2 & #3, рκуέ ŘƛŀƳŜǘŜǊ !{¢a !пфл 

bolts were used instead to allow for a greater pre-tensioning force. An explanation for why this 

was done can be found in Section 4.1.6. Additionally, recommendations for the design of this 

bolted connection can be found in Sections 5.3 and 5.4. 

 

3.2.5 Backfill Grout  

¢ƘŜ ƭŀǎǘ ǎǘŜǇ ƻŦ ǘƘŜ ǊŜǇŀƛǊ ƛǎ ǘƻ ōŀŎƪŦƛƭƭ ǘƘŜ ǎǘŜŜƭ ǎƭŜŜǾŜ ǘƻ ǊŜǎǘƻǊŜ ǘƘŜ ƻǊƛƎƛƴŀƭ ŎƻƭǳƳƴΩǎ 

cross section and allow forces to transfer from the column to the repair bars. In the previous 

research by Krish (2018), this was primarily done with a high-strength grout, although a 

flowable pea gravel concrete mix was also used to investigate a more cost-effective alternative. 

For the tests in this research, the same high strength grout (BASF Masterflow® 928) was used as 

it has worked well for various experiments at NC State for the Alaska DOT. 

The grout was poured in three lifts using five 55 lb bags for each lift. Per the grout 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ŘƛǊŜŎǘƛƻƴǎΣ ŀǇǇǊƻȄƛƳŀǘŜƭȅ фΦр ƭōǎ ƻŦ ǿŀǘŜǊ ǇŜǊ ōŀƎ ǿŜǊŜ ǇƭŀŎŜŘ ƛƴǘƻ ŀ gas-

powered drum mixer. The grout was then slowly added into the mixer and left to mix until a 

άƳƛƭƪǎƘŀƪŜ-ƭƛƪŜέ ŎƻƴǎƛǎǘŜƴŎȅ ǿŀǎ ƻōǘŀƛƴŜŘΦ 

The previous research by Krish found that testing 2x2 cubes per ASTM C109 gave 

inconsistent material strengths vs. using a 4x8 cylinder tested per ASTM C39. Because of this, 
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only cylinder samples were taken from the grout mixes in this ǘƘŜǎƛǎΩǎ ǇǊƻƧŜŎǘ. For the first 

tests, six samples were taken from each lift and two were tested 7 days after casting, on test 

day, and around 28 days. The plan for the second repair was to do the same, however, due to 

spillage only 3 samples could be taken from the final lift. To avoid this in the third test, only four 

samples were taken from each lift, all of which were tested on test day. The results of each of 

these sample tests are shown in Table 3.4 to Table 3.6.  

 

Table 3.4: Grout Material Properties for Repair #1. 

 

 

Table 3.5: Grout Material Properties for Repair #2. 

 

 

  

Lift Sample 7 Day 15/Test Day 36 Day

1 8194 8028 9452

2 7819 8068 9344

1 7526 7776 8941

2 7227 7987 9434

1 7558 7812 8964

2 7585 N/A 9405

7651 7934 9257

fc (psi)

1

2

3

Average:

Lift Sample 7 Day 12/Test Day 28 Day

1 7591 8419 9142

2 7693 7794 9047

1 8080 9058 10017

2 8404 9182 9976

1 9092 9850

2 N/A 8642

8172 8824 9546

3

Average:

N/A

fc (psi)

1

2
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Table 3.6: Grout Material Properties for Repair #3. 

 

 

3.3 Construction 

3.3.1 Original Column Construction 

As mentioned at the beginning of this chapter, the damaged columns were obtained 

from a separate research study on the use of high-strength (Grade 80) steel in seismic design 

(Manhard, 2019). These columns were constructed at the Constructed Facilities Lab at NC State, 

and a complete description of this process can be found in Manhard (2019). To aide in 

instrumentation, the bottom 4 feet of the column was cast with no cover concrete so that both 

the longitudinal and transverse steel was exposed and Optotrak sensors (discussed in Section 

3.4.1) could be placed directly onto the steel.  

 

3.3.2 Repair Construction 

The plastic hinge relocation repair used in this project was developed by Krish (2018) 

and the construction process remains largely the same. The repair is intended to be rapid, 

capable of being done within a few days. As such, only conventional materials which are likely 

readily available are used. This section will give a complete description of the recommended 

repair construction based off the new findings from this research.  

 

Step 1: Straighten Column 

Lƴ ǘƘŜ ǿƻǊƪ ōȅ YǊƛǎƘ όнлмуύΣ ǘƘŜ ŎƻƭǳƳƴΩǎ ǊŜǎƛŘǳŀl drift was determined to be the 

best indicator of reparability of the structure. Using the fragility curves he developed, 

ǘƘŜ ŜƴƎƛƴŜŜǊ ǎƘƻǳƭŘ ŦƛǊǎǘ ŘŜǘŜǊƳƛƴŜ ƛŦ ǘƘŜ ŎƻƭǳƳƴΩǎ ǊŜǎƛŘǳŀƭ ŘǊƛŦǘ ƛǎ ǿƛǘƘƛƴ ŀŎŎŜǇǘŀōƭŜ 

limits. If not, the column should be straightened as upright as possible. Exact methods 

Sample 1 2 3 4 Average

Lift 1 9261 10667 9925 9634 9872

Lift 2 9468 8806 8894 9308 9119

Lift 3 9126 8737 9405 8752 9005

fc (psi) on test day (26 days)
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for accomplishing this have not been studied in this project and would likely be 

dependent on what heavy equipment is available to push or pull the bridge system.  

 

Step 2: Remove Damaged Concrete 

The plastic hinge region of the column will likely have substantial damage to the 

cover and core concrete, and any loose concrete should be removed through a hammer 

drill or other less destructive methods.  Additionally, if the damaged column has any 

fractured bars, the concrete around these bars within the height of the repair should be 

removed. This ensures that the fresh repair grout will completely surround the fractured 

bar and is a necessity to fully anchor the bar within the repair. An example before and 

after of this step is shown in Figure 3.4. On the left, the damaged column is shown with 

large cracks near the base being evidence of the loose concrete that needs removed. For 

this column, the three frontmost bars were fractured during the original test, so within 

the height of the repair the concrete around the bars was removed, which can be seen 

on the right. Although the exact depth for concrete removal around the fractured bars 

has not been studied in this project, it is recommended to remove at least a finger-

width around the bar (shown in Figure 3.5).   
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Figure 3.4: Before and After Removal of Damaged Concrete. 

 

 

Figure 3.5: Removal of Concrete Around the Perimeter of Fractured Bars. 
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Step 3: Drill Holes into Footing 

The repair design will determine the number, size, and approximate locations of 

the new longitudinal repair bars. The first step in placing these bars is to drill holes into 

the footing. ¢Ƙƛǎ ǎƘƻǳƭŘ ōŜ ŘƻƴŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ ƻŦ ǘƘŜ 

grout or epoxy used to anchor the bars (Step 4). For the repairs in this project, the #8 

bars required a 1-мκуέ ŘǊƛƭƭ ōƛǘΣ ŀƴŘ ǘƘŜ ŘǊƛƭƭƛƴƎ ŘŜǇǘƘ ǿŀǎ ƭƛƳƛǘŜŘ to 15 inches due to the 

footing only being 18 inches tall. This step is shown in Figure 3.6. 

As a note, finding locations where the holes can be drilled can be difficult 

depending on how congested the footing is. For this project, the exact locations of 

reinforcing bars in the footing were measured prior to casting of the footing, which 

aided in determining where bars could be placed. Even with these measurements, 

drilling into the footing did not always go smoothly and sometimes required removal of 

the cover concrete above the top mat of the footing in order to find a spot where the 

holes could be drilled.  

 

Figure 3.6: Drilling Holes into Footing for Repair Bars. 
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Step 4: Embed Longitudinal Repair Bars into Footing 

Next, the bars should be anchored to the footing through epoxy or grout. For 

this project, epoxy has been used because it has been shown to have a shorter set time 

and require a smaller hole size (Burtz, 2003). To start, the drilled holes typically need to 

be prepped for the epoxy to sufficiently bond with the footing concrete. For the 

Redhead A7+ epoxy used in this project, the holes should be sprayed twice with 

compressed air, then a wire brush is used to roughen the surface, followed by another 

two bursts of compressed air. In the lab, a vacuum was also used before the compressed 

air to limit the amount of airborne dust.  

Once the holes have been prepped, the next step is to partially fill the holes with 

the epoxy. The bar is then slowly pushed into the hole while being twisted to prevent air 

bubbles and provide the best bond for the epoxy. For this project, nothing needed to be 

done to ensure the bars stayed vertical while the epoxy set due to a small hole tolerance 

and a viscous epoxy. Injection of the epoxy into the hole, as well as a completed bar is 

shown in Figure 3.7.  

 

Figure 3.7: Anchorage of Repair Bars in Footing via Epoxy. 
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Step 5: Level Footing Surface (if needed) 

For a column plastic hinge to form the extreme level of damage this repair is 

intended for, there will possibly be some amount of surface damage to the footing 

concrete near the joint. This damage can make it difficult to create a seal at the bottom 

of the sleeve and leveling may be needed. With the bars now in place and the epoxy set, 

any rapid set grout or concrete can be poured to create a level surface of the footing. 

Figure 3.8. shows an example of before (left) and after (right) this step.  

      

Figure 3.8: Use of Grout to Provide a Level Base for the Steel Sleeve. 

 

Step 6: Place Steel Sleeve around Column 

Once the grout used to level the footing has sufficiently set, the steel sleeve can 

then be placed around the column. For a repair, this cannot be done using a complete 

circular ring as there would be no way to get it around the column (i.e. a circular pipe 

could not be placed around a column). Instead, the sleeve must be comprised of two 

pieces, which are placed around the column and connected. It has been shown that this 

could be done through a welded (Krish, 2018) or a mechanically bolted connection (this 

research). Each method is discussed below: 

 

Welded Connection: 

For this connection, the steel sleeve is comprised of two semi-circular plates. 

These plates are placed around the column, then tack welded in place with a backer bar 
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to align the connection. Once this is done, the entire height of the sleeve is butt welded, 

essentially creating a continuous ring around the column. This process was thoroughly 

studied by Krish (2018) and is shown in Figure 3.9.  

      

Figure 3.9: Use of tack welds (left) then butt weld (right) for welded connection (Krish, 2018). 

 

Mechanically Bolted Connection: 

As previously discussed, the replacement of the welded connection with a bolted 

connection was the primary objective in the early stages of this research. For this 

connection, the steel sheet is cut to be slightly larger than a semi-circle. Consequently, 

when the two pieces are placed around the column they overlap on both ends, leaving 

room for the pieces to be bolted together. From the experimental tests, using this 

connection necessitates the use of pre-stressed bolts to prevent slip at the plates. In the 

lab, this was done using a calibrated torque wrench, however any reliable method of 

bolt pre-tensioning can be used as long as slip of the plates can be prevented. The use of 

the calibrated torque wrench to tighten the bolts is shown in Figure 3.10, and the design 

for the sleeve, bolts and pre-tensioning can be found in Chapter 5:. 
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Figure 3.10: Pre-tensioning of Bolts via Calibrated Torque Wrench. 

 

Step 7: Center Sleeve around Column 

Regardless of the connection type used, the next step is to center the sleeve 

around the column. In the lab, this was done by using 2x4s cut to the same length and 

placed around the column to act as spacers. With the sleeve now centered, ѻέ ǘƘǊŜŀŘŜŘ 

rods were extended through the sleeve to the column. Using nuts and washers, the 

length of the rod could be adjusted so that the sleeve was secured to the column, then 

the 2x4s were removed. .ƻǘƘ ǘƘŜ нȄп ǎǇŀŎŜǊǎ ŀƴŘ ѻέ ǘƘǊŜŀŘŜŘ ǊƻŘǎ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ 

Figure 3.11. It should be noted that there are likely other methods of accomplishing this, 

but regardless of the process the sleeve should be uniformly spaced and secured so that 

it will not shift throughout the remainder of the construction process.  
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Figure 3.11: Centering of Steel Sleeve around the Column. 

 

Step 8: Seal the Base of the Sleeve 

Before grout can be poured into the repair, it is recommended that a water-tight 

seal be made at the base of the sleeve to prevent leakage. This is easily done in the lab 

using a silicone sealant caulk, however in the field any method that prevents severe 

leakage of the repair grout should be sufficient. The white silicone sealant caulk used for 

this project can be seen at the base of the sleeve in Figure 3.12.  
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Figure 3.12: Silicone Sealant (White) shown at the Base of the Sleeve. 

 

Step 9: Pour Grout 

The final step in this repair is to fill the annular space between the column and 

the steel sleeve with grout or concrete. This should be done using an appropriate non-

shrink grout or concrete following ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ. For the large-scale 

laboratory tests in this report, the grout was poured in three lifts using five 55 lb bags 

ŦƻǊ ŜŀŎƘ ƭƛŦǘΦ tŜǊ ǘƘŜ ƎǊƻǳǘ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ŘƛǊŜŎǘƛƻƴǎΣ ф.5 lbs of water per bag were 

initially placed into a gas-powered drum mixer (Figure 3.13). The grout was then slowly 

ŀŘŘŜŘ ƛƴǘƻ ǘƘŜ ƳƛȄŜǊ ŀƴŘ ƭŜŦǘ ǘƻ ƳƛȄ ǳƴǘƛƭ ŀ άƳƛƭƪǎƘŀƪŜ-ƭƛƪŜέ ŎƻƴǎƛǎǘŜƴŎȅ ǿŀǎ ƻōǘŀined. 

After all the grout was added to the mix, a small (less than 1 lb) amount of water was 

added, if needed, to reach the desired flowability. Once completely mixed, the grout 

was transferred into buckets then poured into the repair (Figure 3.14). Once this grout 

has set, the repair is complete and can be seen in Figure 3.15.  
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Figure 3.13: Gas-Powered Mixer used for Grout. 

 

 

Figure 3.14: Pouring Grout into Repair. 
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Figure 3.15: Completed Repair. 

 

3.4 Instrumentation 

3.4.1 Optotrak 

The Optotrak Certus HD 3D position sensor system produced by Northern Digital, Inc. 

has been reliably used to measure strains of longitudinal and transverse steel since 2007 at NC 

{ǘŀǘŜΩǎ /ƻƴǎǘǊǳŎǘŜŘ CŀŎƛƭƛǘƛŜǎ [ŀōΦ ¢Ƙƛǎ ǎȅǎǘŜƳ ǳǎŜǎ ǎƳŀƭƭ [95 ƳŀǊƪŜǊǎ ŀƴŘ ŀ calibrated camera 

to obtain precise three-dimensional positions of the markers. For column tests like this, three 

cameras are place around the column so that all sides can be seen. For each of the 

experimental tests in this project around 360 LED markers were placed directly on the steel 

sleeve, longitudinal steel and transverse steel which can be seen in Figure 3.16. 

With the three-dimensional position of each marker, it is possible to calculate an initial 

length between two markers and then monitor how the length changes as the test progresses. 

This information is used to calculate the strain between any two markers throughout the 

entirety of the test. 
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Figure 3.16: Optotrak LEDs placed on specimen. 

 

3.4.2 Strain Gauges 

For steel that is not viewable from outside (i.e. within the concrete), it is impossible to 

use the Optotrak system. Instead electrical resistance strain gauges must be used to measure 

strains of the steel within the repair. Previous research (Krish, 2018) has learned that strain 

gauges applied to the original column bars within the repair rarely provided useful data. This 

was primarily due to the bar strains exceeding the capacity of the gauges because the gauges 

are typically only reliable until yielding which was exceeded early in the test. Because of this, 

strain gauges were only applied to the longitudinal repair bars and steel sleeve which have a 

much lower strain demand. Examples of the locations of these gages are shown in Figure 3.17, 

highlighted by red arrows.  
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Figure 3.17: Location of strain gauges on repair bars (left) and steel sleeve (right). 

 

3.4.3 String Pots 

String potentiometers were used to measure the column displacement at the center of 

lateral loading. One was attached to the center and served as the primary recorder of column 

displacement, and a second was attached to the corner of the cap beam to check that the 

column was not twisting due to any torsional forces, however this was not significant in any of 

the tests. 
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Chapter 4: ¢Ŝǎǘ {ǳƳƳŀǊƛŜǎ 

In this chapter the three experimental repair tests will each be thoroughly discussed. 

Since each repair aimed to improve the performance compared to the last test, this chapter is 

presented in a fairly chronological order. 9ŀŎƘ ǊŜǇŀƛǊΩǎ ǎection begins with an explanation of the 

objectives for that repair, followed by a description of the damaged column and the repair. 

Next the progression of the repair test is recounted, after which the global and local responses 

of the repair are analyzed and conclusions drawn. After the three tests are described, the final 

section compares their results to demonstrate the improvements and effectiveness of each 

repair. 

 

4.1 Repair #1 

4.1.1 Primary objective 

As already mentioned, the previous research by Krish (2018) used a welded connection 

for the steel sleeve in the repair. This was done using two semi-circular steel sheets which were 

cold rolled to the appropriate diameter, placed around the column, and then welded together. 

This method worked well for 4 of the 5 tests but resulted in an early failure of test #5 due to the 

sleeve rupturing around the weld before the column reached its desired displacement capacity. 

This led to restrictions on how the sleeve should be cut and how the edges should be prepared 

before welding can be done. A combination of this, and the recognition that welding the two 

steel sleeves together may not always be an option in practice, whether due to weather or 

accessibility, led to the realization that mechanically fastening the steel sleeve may be a more 

reliable method of connecting the two steel sheets. Because of this, the objective for this repair 

was to replace the welded connection of the sleeve with a mechanically bolted connection.  

 

4.1.2 Damaged Column and Repair 

The use of a bolted connection is in-line with the repair philosophy of only using 

conventional materials that are readily available and serves to keep this a rapid repair. While 
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designing this connection, it was realized that the force demand for the sleeve was not known, 

so a conservative design was chosen to inhibit a connection failure. To do this, it was assumed 

that the sleeve would yield up the entire height, which is easily equated to a concentric point 

load at the center of the sleeve height. This allowed for a connection design to be found where 

bolt bearing, bolt shear, and sleeve rupture would have a higher capacity than sleeve yielding. 

This design led to the use of с Ǌƻǿǎ ŀƴŘ о ŎƻƭǳƳƴǎ ƻŦ ѹέ ŘƛŀƳŜǘŜǊ !{¢a !он5 bolts which can 

be seen in Figure 4.2. The holes for these bolts were inadvertently oversized ŀƴŘ ŘǊƛƭƭŜŘ ǘƻ рκуέ 

ƛƴǎǘŜŀŘ ƻŦ фκмсέΦ As a note, the conservative design for this repair was later refined, and the 

updated design is described in Section 5.3. 

The column repaired in this test was severely damaged, having 7 longitudinal bar 

fractures along with a substantial loss in core concrete. The repair was designed following the 

steps described in Section 5.1. The damage state of the column, repair cross section, bolt 

configuration, and important properties are shown in the following figures.  

      

Figure 4.1: Damaged column for Repair #1 on the North (left) and South (right) sides. 
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Figure 4.2: Repair cross section and bolt configuration for Repair #1. 

 

Table 4.1: Column and Repair Properties for Repair #1. 

 Original Column Comparison Column Repair 

Column  Manhard Test 4 Barcley Test 1 Repair #1 
Geometry Height = 8 ft 

Diameter = 24 inches 
Height = 8 ft 
Diameter = 24 inches 

Height = 22 inches 
Diameter = 32 inches 

Longitudinal 
Steel 

мс Іс όˊl = 1.6%) 
fy = 84.8 ksi  
ʶȅ Ґ лΦот҈ 
fu = 106.0 ksi 
ʶǳ Ґ фΦс҈ 

мс Іс όˊl = 1.6%) 
fy = 83 ksi  
ʶȅ Ґ лΦнф҈ 
fu = 110 ksi 
ʶǳ Ґ млΦп҈ 

11 #8 bars 
fy = 84.0 ksi  
ʶȅ Ґ лΦор҈ 
 

Transverse 
Steel  

#3 Spirals @ 2.0" (́s = 
1%)  
fy = 79 ksi 
ʶȅ Ґ лΦпу҈ 
fu = 117 ksi 
ʶǳ Ґ тΦс҈ 

#3 Spirals @ 2.0" (́s = 
1%)  
fy = 79 ksi 
ʶȅ Ґ лΦпу҈ 
fu = 117 ksi 
ʶǳ Ґ 7.6% 

10-gauge A36 Steel 
Connected by 18 ASTM 
A325 bolts with ѹέ 
diameter  

Concrete/Grout 
Strength 

f'c = 6.51 ksi f'c = 5.77 ksi f'c = 7.85 ksi 

Axial Load ALR = 10.5% 
P = 311 kips 

ALR = 5%% 
P = 130 kips 

ALR = 5% 
P = 147 kips 

Load Path ɲώΩ = 1.025 inches 
ɲώ  = 1.34 inches 

ɲώΩ = 0.78 inches 
ɲώ  = 1.05 inches 

ɲώΩ = 1.025 inches 
ɲώ  = 1.34 inches 

Bar Fractures N2, N3, N4, N5, S3, S4, 
and S5 

N3, N4, N5, S3, S4, and 
S5 

S6 
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4.1.3 Test progression 

For this test, the column was subjected to the same displacement history as the original 

column test where ɲώΩҐ мΦлнс in and ɲώ = 1.34 in. Cracking of the grout at the top of the repair 

ǿŀǎ ƛƴƛǘƛŀǘŜŘ ŀǘ ǘƘŜ ǾŜǊȅ ŦƛǊǎǘ ŎȅŎƭŜ όмκп CȅΩύ ŀǎ ǎƘƻǿƴ ƛƴ Figure 4.3.aΦ ²ƘŜƴ ŦƛǊǎǘ ȅƛŜƭŘ όCȅΩύ ǿŀǎ 

reached, this crack had already become larger than the crack width ruler (>0.060 inches) (Figure 

4.3.b). More cracks formed and all continued to widen, with minimal to no damage visible on 

the column above the repair on both sides of the column (Figure 4.4.a). At the end of the cycles 

at ductility 2, the loose grout was removed from the top of the repair (Figure 4.4.b). Since the 

three most extreme bars on each side were fractured, and likely debonded by now, there was 

still only minimal cracking or crushing of the concrete around these bars. However, during the 

first cycles at ductility 4, concrete crushing and cracking was found at the most extreme non-

fractured bars (S2, S6, N1, and N6) which can be seen in Figure 4.5. Notably, the crushing and 

cracking primarily occurred just below the top of the repair, as opposed to above the repair as 

expected. By the final cycles at ductility 4, buckling was observed for the S2, S6, N1, and N6 

bars. In the 1st of the ductility 5 cycles, each of these bars were further buckled, and on the 2nd 

cycle, S6 fractured during the positive displacement, and N6 fractured on the negative 

displacement. At this point, the test was concluded. Figure 4.6 shows the repaired ŎƻƭǳƳƴΩǎ 

maximum displacement. 

During the test, it was observed that the plates were slipping relative to each other. This 

was most noticeable at the base where the silicone was used to seal the sleeve and by the end 

of the test a visible gap had formed which is shown in Figure 4.7.  



  51 

 

(a) (b) 

(a) (b) 

      

Figure 4.3: Cracking of the top of repair grout at (a) ¼ FyΩ ŀƴŘ όōύ CyΩ. 

 

      

Figure 4.4: Cracking of the top of repair grout (a) before removal of loose grout and (b) after. 
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(a) (b) 

       

Figure 4.5: Concrete (a) cracking and (b) crushing visible during the 1st cycles at ductility 4. 

 

Figure 4.6: Maximum displacement and final cycle of test. 
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Figure 4.7: View of silicone sealant where gap formed due to plates slipping. 
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4.1.4 Global response 

 

Figure 4.8: Force vs. Displacement Response of Repair #1. 

Although the repair test was forced to use a smaller axial load than the original column 

test (discussed in Section 3.1.3), data from a column with the same axial load and detailing was 

available for comparison. In Figure 4.8, the global response of Repair #1 is compared with the 

equivalent column. From the figure, it can be seen that the repaired column was capable of 

reaching the same displacement as the comparison column, but the repaired column exhibits a 

softening behavior after a displacement of 4 inches, which is not seen in the original column 

test. This behavior has been observed in previous research using this repair technique and is 

attributed to debonding of fractured bars within the repair.  

Aside from the softened response, another difference in the repaired response is the 

pinching behavior near zero displacement. While this too was observed in prior repair tests 

containing fractured bars, this repair appears to be significantly more pinched than what was 

seen using a welded connection for the steel sleeve. This is concerning because it implies that 

the repaired column dissipates less energy which would indicate that it has less seismic 

resistance. Since bar debonding and column-socket action are attributed to causing the pinched 



  55 

 

response, it can be implied that the anchorage of the fractured bars was weaker in this repair. 

This can be attributed to the slipping of the plates, as there would be minimal confining forces 

to the repair while the plates are slipping.  

 

4.1.5 Local Response 

Using Optotrak data from LEDs on separate plates at the connection, plate slip can be 

monitored throughout the duration of the test. An example of two of these LEDs is shown on 

the left of Figure 4.9, and on the right is a plot of the length change between the two markers 

vs. the top displacement of the column. This data shows that for the first push of the early 

cycles would cause the plates to slip, and there was almost no rebound. Eventually (around 3 

inches of displacement), enough of the bolts began to bear on the holes and there is minimal 

increase in slip. While some amount of this change in length would be due to the strain in the 

sleeve, it is believed that this would be minimal until the bolts were bearing on the holes. With 

no strain developing in the sleeve, the confining forces from the sleeve cannot exist, which 

would diminish the anchorage of the fractured bars within the repair. While the oversized holes 

would have worsened this behavior, prevention of plate slip completely would theoretically 

lead to a behavior similar to a welded connection where there would be no slip.  

      

Figure 4.9: Slip of Plates in Repair #1. 

The longitudinal bars of the column were also instrumented with LEDs and can measure 

strains throughout the test. To better understand the use of this, the strains of the S6 bars are 

analyzed first. This bar was not fractured during the original column test and was one of the 

next most extreme bars in the repair test when ignoring bars that would have debonded. As 



  56 

 

with before, the left side of Figure 4.10 shows the two LEDs used, and this time the right side 

displays the strain in the bar vs top column displacement. As a note, the bottom LED was not 

used because it was hidden from the camera in the middle of the test and did not record any 

data. The strain vs. displacement response of S6 exhibits the behavior typical for a longitudinal 

column bar that is well anchored, with increasing displacement corresponding to an increase in 

strains until buckling occurs when the bar is in compression. As the bar continues to buckle 

further and further, eventually it ruptures in tension, highlighted by the red x.  

      

Figure 4.10: Strain in Longitudinal Bar S6. 

With an understanding of what the strain history in a longitudinal bar typically looks like, 

the strains in the N4 and S4 bars will now be analyzed. These are the most extreme bars on 

each side and were expected to debond during the repair test because they had fractured 

during the original column test. From Figure 4.11 it can be seen that the initial behavior of the 

bars is similar to the well anchored bar analyzed previously, but once the column reaches a 

displacement of around 2 inches, the strains in the begin to drop off. This indicates that the bar 

has debonded and is no longer sustaining any load or ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ǘƘŜ ǊŜǇŀƛǊŜŘ ŎƻƭǳƳƴΩǎ 

response. While this was expected, the reduction in confinement from slip of the plates is 

believed to have worsened this, causing the bars to debond earlier and at a lower strain than if 

the plates had not slipped.  
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Figure 4.11: Strain in Longitudinal Bars N4 (left) and S4 (right). 

 

4.1.6 Conclusions 

From this test, it appears that a bolted connection of the two steel sleeves is a viable 

option instead of welding. The repair successfully relocated the plastic hinge and restored the 

ŎƻƭǳƳƴΩǎ ƭƻŀŘ ŀƴŘ ŘƛǎǇƭŀŎŜƳŜƴǘ capacity; however, the pinched response of the column could 

indicate a lowered seismic resistance. With the pinching behavior being largely attributed to 

longitudinal bars debonding, better anchorage for these bars is desirable. It is believed that the 

slipping of the plates would hinder the confining forces of the sleeve from developing until the 

bolts were bearing on the bolt holes. If slip could be prevented, anchorage of the fractured bars 

ǎƘƻǳƭŘ ōŜ ƛƳǇǊƻǾŜŘΣ ǿƘƛŎƘ ǿƻǳƭŘ ƛƴ ǘǳǊƴ ƛƳǇǊƻǾŜ ǘƘŜ ǊŜǇŀƛǊŜŘ ŎƻƭǳƳƴΩǎ ǊŜǎǇƻƴǎŜΦ To further 

investigate this, the next repair test will aim to prevent slip via a pre-tensioned bolted 

connection. If successful, the repair is expected to behave more like a welded sleeve 

connection ǿƘƛŎƘ ǿƻǳƭŘ ƛƳǇǊƻǾŜ ǘƘŜ ǇƛƴŎƘƛƴƎ ōŜƘŀǾƛƻǊ ƛƴ ǘƘŜ ǊŜǇŀƛǊŜŘ ŎƻƭǳƳƴΩǎ Ǝƭƻōŀƭ 

response. 
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4.2 Repair #2 

4.2.1 Primary objective 

As mentioned, the objective of this repair was to prevent slip at the bolted connection 

through a pre-tensioned bolt connection. Through pre-tensioned bolts, the two plates will be 

clamped together which will develop a frictional force between them that serves to resist slip. If 

slip can be completely prevented, the sleeve will be capable of providing more confinement to 

the repair than the previous test and should behave as if the sleeve was welded together.  A 

comparison between this repair and Repair #1 can be done to determine the effectiveness and 

necessity of the pre-tensioned connection. 

 

4.2.2 Damaged Column and Repair 

A calibrated torque wrench was used to apply the pre-tension to the bolts. Although it is 

known that this is not the most reliable method of pre-tensioning, due to the relationship 

between torque and pre-tension being heavily dependent on friction of the bolts, it was 

deemed acceptable because any amount of pre-tensioning would be an improvement 

compared to the previous repair. The method used for determining the size and number of 

bolts to prevent slip is given in Section 5.4. Following this, it was found that keeping the same 

pattern of 6 rows and 3 columns of bolts but using larger рκуέ ŘƛŀƳŜǘŜǊ !{¢a !пфл ōƻƭǘǎ 

should prevent plate slip.  

The column repaired for this test was nominally identical to the previous column aside 

from the longitudinal bars coming from a different steel mill. The original column test resulted 

in 5 bars being fractured and a significant amount of concrete spalled off. Although Repair #1 

contained 7 fractured bars, the south sides of the columns from both tests contained 3 

fractured bars and had 5 repair bars. This gives an optimal location for comparison of local 

strains between the two tests. The damage state of the column prior to repair as well as the 

repaired cross section and important properties are shown in the following figures. 
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Figure 4.12: Damaged column for Repair #2 on the North (left) and South (right) sides. 

 

  

Figure 4.13: Repair cross section and bolt configuration for Repair #2. 
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Table 4.2: Column and Repair Properties for Repair #2. 

 Original Column Comparison Column Repair 

Column  Manhard Test 3 Barcley Test 1 Repair #2 

Geometry Height = 8 ft 
Diameter = 24 inches 

Height = 8 ft 
Diameter = 24 inches 

Height = 22 inches 
Diameter = 32 inches 

Longitudinal 
Steel 

мс Іс όˊl = 1.6%) 
fy = 85.9 ksi  
ʶȅ Ґ лΦоу҈ 
fu = 113.5 ksi 
ʶǳ Ґ млΦо҈ 

мс Іс όˊl = 1.6%) 
fy = 83 ksi  
ʶȅ Ґ лΦнф҈ 
fu = 110 ksi 
ʶǳ Ґ млΦп҈ 

10 #8 bars 
fy = 84.0 ksi  
ʶȅ Ґ лΦор҈ 
 

Transverse 
Steel  

#3 Spirals @ 2.0" (́s = 
1%)  
fy = 79 ksi 
ʶȅ Ґ лΦпу҈ 
fu = 117 ksi 
ʶǳ Ґ тΦс҈ 

#3 Spirals @ 2.0" (́s = 
1%)  
fy = 79 ksi 
ʶȅ Ґ лΦпу҈ 
fu = 117 ksi 
ʶǳ Ґ тΦс҈ 

10-gauge A36 Steel 
Connected by 18 pre-
tensioned ASTM A490 
bolts with 5/8έ 
diameter  

Concrete/Grout 
Strength 

f'c = 6.87 ksi f'c = 5.77 ksi f'c = 8.82 ksi 

Axial Load ALR = 10.0% 
P = 311 kips 

ALR = 5%% 
P = 130 kips 

ALR = 5% 
P = 147 kips 

Load Path ɲώΩ = 1.065 inches 
ɲώ  = 1.35 inches 

ɲώΩ = 0.78 inches 
ɲώ  = 1.05 inches 

ɲώΩ = 1.025 inches 
ɲώ  = 1.34 inches 

Bar Fractures N4, N5, S3, S4, and S5 N3, N4, N5, S3, S4, and 
S5 

N2, N3, N6, S2, S6 

 

4.2.3 Test progression 

This repair was subjected to the same displacement history as Repair #1. Cracking on 

the top of the repair again occurred very early in the test, with a separation of the column from 

the repair grout being noticed at half of first yield (1/2 FyΩύ ǿƘƛŎƘ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ Figure 4.14.a. 

More cracks formed and widened throughout the early ductility cycles, growing to larger than a 

tenth of an inch after the first cycle at ductility 1 (Figure 4.14.b). During the cycles at ductility 

1.5, tension cracks were clearly visible on the column (Figure 4.15.a) which was not observed 

during the first repair test. Keeping consistent with Repair #1, after the conclusion of the 

ductility 2 cycles, loose concrete was removed from the top of the repair which is shown in 

Figure 4.15.b. 

Nearing the end of the test, the north side of the column had a large amount of 

concrete crushing, while the south side had fairly little. A comparison of the concrete crushing 
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(a) (b) 

on the two sides is shown in Figure 4.16. This is likely due to the north side having less initial 

damage than the south (2 fractured bars vs 3). Buckling was first observed in N3 during the final 

cycle at ductility 4. On the first push cycle of ductility 5, N2 and N6 also buckled. When pulling 

back in the opposite direction N3 fractured and S2 and S6 buckled. In the second cycle at 

ductility 5 each of the buckled bars were further buckled but did not fracture. For the third 

cycle S2, N2, and N6 fractured. Though the column had completed all three cycles at ductility 5, 

the column was pushed one more time to fracture S6. At a displacement of 7.45 inches, S6 

fractured and the test was concluded. A progression of buckling to fracture is shown in Figure 

4.17 for N6, with other bars showing similar damage progression. Lastly, Figure 4.18 shows the 

ŎƻƭǳƳƴΩǎ ŘƛǎǇƭŀŎŜƳŜƴǘ ŘǳǊƛƴƎ ǘƘŜ Ŧƛƴŀƭ ŎȅŎƭŜ ƻŦ ŘǳŎǘƛƭƛǘȅ рΦ 

      

Figure 4.14: Cracking of the top of repair grout at (a) ½ FyΩ ŀƴŘ όōύ ŘǳŎǘƛƭƛǘȅ м. 




















































































