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ABSTRACT 

This research aimed to develop a technique to rapidly repair reinforced concrete 

(RC) bridge columns for emergency service restoration after severe earthquake damage 

has occurred. Experimental and analytical studies were conducted to study the 

performance and effectiveness of the proposed repair method. The experimental study 

included a series of 1/2-scale RC square bridge columns originally tested to failure under 

constant axial and increasing cyclic lateral loadings resulting in combined flexure, shear, 

and torsion with different torsional-to-flexural moment ratios. Using externally bonded 

carbon fiber reinforced polymer (CFRP) sheets, each column was repaired over a 3-day 

period and then retested under the same combined loading as the corresponding original 

column. Ruptured and/or buckled longitudinal reinforcing bars were not treated during 

the repair. A strength-based methodology was used to design the CFRP strengthening 

system to compensate for the strength loss due to the damage observed after the original 

test. Results indicated that the severely damaged columns were successfully repaired 

using the developed technique, with the exception of one column with fractured 

longitudinal reinforcing bars near the joint, which was only partially restored. The 

response of a prototype bridge structure was analyzed under earthquake loadings using 

OpenSees software considering different numbers and locations of repaired columns in 

the model. A technique was developed to model the response of the repaired column that 

accounted for the different damage and repair conditions along the column. The bridge 

models with one or more of the repaired columns were found to be capable of resisting 

the base shear and drift demand by the 40 ground motion records selected according to 

the target design spectrum, which confirmed the effectiveness of the repair. 
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1. INTRODUCTION 

1.1. BACKGROUND 

Damage to bridge structures during an earthquake can have devastating social and 

economic consequences, particularly for bridges located along key routes that are critical 

for emergency response and other essential functions. Such bridges are defined as 

“important” by ATC-18 (1997), which stipulates that damage from an earthquake should 

be repairable within three days. Thus rapid and efficient repair techniques are required to 

restore the functionality of the bridge for emergency vehicles to provide timely service 

and mitigate the impact on the affected community. As such, rapid repair may also be 

referred as “emergency” repair due to the fact that long term effects are not considered in 

the repair. 

Extensive research has been conducted on seismic retrofit of reinforced concrete 

(RC) structures (e.g., Chai et al. 1991, Priestley et al. 1994, Saadatmanesh et al. 1996, 

Seible et al. 1997, Saiidi et al. 2001, Laplace et al. 2005). Few studies, however, have 

focused on seismic repair of RC structures (Priestley et al. 1993, Saadatmanesh et al. 

1997, Lehman et al. 2001, Cheng et al. 2003, Li and Sung 2003, Saiidi et al. 2004, 

Belarbi et al. 2008, and Shin et al. 2011). The term repair in this study refers to the work 

to restore a damaged structure to its original capacity in terms of strength and 

displacement, which is different from retrofit, which refers to the work to upgrade the 

capacity of a structure with inadequate design. The main difference lies in how to 

consider the contributions of the reinforcing steel and concrete of the host member. The 

analysis for RC column retrofit is based on full contribution of reinforcing steel and 

concrete, while the damage to the reinforcement and concrete should be considered in RC 

column repair. 

In most repair studies, rapid repair has not been emphasized, and the timely 

reopening of the structure to traffic has not been a primary consideration. Although 

various techniques have been shown to be effective in restoring the capacity of damaged 

RC columns, they generally require considerable time, expert workers, and/or specialized 

equipment during construction. Therefore, most methods in the literature are difficult to 

accomplish as part of an emergency rapid repair. Recently, some work has been 
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conducted on rapid repair of RC columns using externally bonded carbon fiber reinforced 

polymer (CFRP) composites (Vosooghi et al. 2008, 2009, 2010) and other advanced 

materials such as shape memory alloys (Shin et al. 2011). These studies were focused on 

columns with circular cross section that were damaged under cyclic bending moment and 

shear, without the inclusion of torsion. Though some studies have focused on torsional 

strengthening of RC members (e.g., Matthys and Triantafillou 2011, Ghobarah et al 2002, 

Panchacharam and Belarbi 2002, and Chalioris 2008), no work has been done on rapid 

repair of RC columns severely damaged under combined axial, shear, flexural, and 

torsional loading. 

The use of externally bonded strengthening systems can significantly shorten the 

time required to complete a repair. FRP composites are particularly attractive for this 

purpose due to their high strength- and stiffness- to-weight ratios and ease of installation 

compared with other materials. In addition, decades of study have undeniably 

demonstrated the effectiveness of FRP in repairing and strengthening RC columns. 

Local modifications (interventions) from the retrofit or repair of an individual RC 

column member can change the performance of the member, which in turn can influence 

the performance of the bridge structure in which the column is included, especially under 

seismic loading. In general, the seismic performance of a bridge structure will be 

improved when the retrofit or repair is carried out uniformly for all the members. 

Modifications to a single member or only some of the members of a bridge structure, on 

the other hand, may result in a stiffness irregularity, which can result in an unbalanced 

seismic demand on the members of the structure. To date, most research on seismic repair 

or retrofit of RC bridges has focused on assessing the response of individual columns 

(member level), not the bridge structure (system level), considering that columns are the 

primary source of energy dissipation for a bridge structure during an earthquake and due 

to limitations in modeling and especially testing of full bridge structures. Thus, the need 

exists to develop techniques to reflect the effects of the intervention on the entire bridge 

structure. With the availability of increasingly powerful computers, researchers and 

engineers are provided an opportunity to implement numerically intensive modeling 

strategies. In particular, analytical tools based on the fiber element have shown the 
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effectiveness in simulating the response of RC members under earthquake loadings (e.g. 

Xiao and Ma 1997, Shao et al. 2005, and Zhu et al. 2006). 

 

1.2. OBJECTIVES AND SCOPE OF WORK 

The major objective of this study is to develop a technique to rapidly repair 

severely damaged RC columns under combined loading effects including torsion. The 

technique used to repair the columns included externally bonded CFRP composites. In 

order to evaluate the effectiveness of the developed repair method, both experimental and 

analytical studies have been conducted in this research. The experimental study included 

five 1/2-scale RC column specimens subjected to different combined loading conditions. 

The five columns are designated as Columns 1 to 5 throughout this dissertation and are 

summarized in Table 1.1. Column 1 was subjected to cyclic uniaxial cantilever bending 

and shear (T/M=0) in addition to constant axial load. Columns 2, 3, and 4 were subjected 

to constant axial load and a combined cyclic loading effect of uniaxial cantilever bending, 

shear, and torsion, with torsional moment-to-flexural moment ratios (T/M) of 0.2, 0.4, 

and 0.6, respectively. Column 5 was tested under pure torsion (T/M=∞) in addition to 

constant axial load. 

To achieve the objective of this study, the scope of work included the following: 

 Evaluate the damage conditions of columns prior to repair; 

 Propose repair design methods for columns damaged under different 

combined loading with different damage conditions, based on a 

comprehensive literature review of previous studies on retrofit and repair 

techniques; 

 Conduct the rapid repair procedure in a three-day period along with the 

arrangement of instrumentation, and retest the repaired columns under the 

same combined loading as the corresponding original columns following the 

repair; 

 Analyze the data collected during the test and compare it to the original 

response to evaluate the repair performance; 

 Develop nonlinear fiber element models to simulate the response of the 

original (undamaged) and repaired columns; 
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 Conduct a seismic assessment of the post-repair response of an RC bridge 

with buckled and fractured column bars to evaluate how the repair would 

influence the response of the entire bridge system, in which the developed 

models for the original and repaired columns were employed after validation 

with the experimental results. 

 

1.3. SIGNIFICANCE 

This research fills in critical gaps in the literature on repair of RC bridge columns 

with respect to the severe damage level and the inclusion of torsion. The large scale 

nature of the test specimens in this study allowed for evaluation of the constructability of 

the proposed repair technique in practice. 

 

1.4. DISSERTATION OUTLINE 

This dissertation includes three sections and five appendices. Section 1 provides a 

brief introduction to the subject area and explains the need for the current research study. 

The first section also presents the objectives and scope of work of the investigation.  

Section 2 presents three published journal papers and two journal papers under 

review or in process. The first paper is a detailed literature review to establish the state-

of-the-art on the studied topic, which presents a comprehensive summary and review of 

techniques to repair earthquake-damaged RC bridge columns, as well as numerical 

analysis methods for repaired columns. The second paper presents the experimental study 

on rapid repair of the five severely damaged RC columns with different damage 

conditions included in this study. The third paper focuses on the repair of flexure 

dominant columns, and the fourth paper focuses on torsional repair. The fifth paper 

presents a seismic assessment of the post-repair response of an RC bridge with buckled 

and fractured column bars. 

Section 3 summarizes the findings and conclusions of this study and proposes 

future research. 

There are five appendices at the end of this dissertation, which include a detailed 

discussion of the experimental study in Appendix A; detailed information of the materials 

used in the rapid repair in Appendix B, in which both the measured results and the data 
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sheets provided by the manufacturers are provided, in addition to the testing results of 

bond strength between CFRP and the host concrete; repair design methodology in 

Appendix C; CFRP surface strain time history results with the locations of the strain 

gauges applied on the five repaired columns in Appendix D; and the 40 scaled ground 

motion records in Appendix E. 

 

Table 1.1 Column Number Designation 

COLUMN 
DESIGNATION 

LOADING TYPE T/M
TRANSVERSE  

REINFORCEMENT
RATIO 

LONGITUDINAL 
REINFORCEMENT 

RATIO 

1 
Flexure/Shear 
(no torsion) 

0 1.32% 2.13% 

2 Flexure/Shear/Torsion 0.2 1.32% 2.13% 

3 Flexure/Shear/Torsion 0.4 1.32% 2.13% 

4 Flexure/Shear/Torsion 0.6 1.32% 2.13% 

5 Torsion ∞ 1.32% 2.13% 
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PAPER 

I. SEISMIC REPAIR OF REINFORCED CONCRETE BRIDGE COLUMNS:       
A REVIEW OF RESEARCH FINDINGS 

Ruili He1; Yang Yang2; and Lesley H. Sneed3 

 

Abstract 

Repair has become a viable option for restoring the use of earthquake-damaged 

reinforced concrete (RC) elements, even those that have been severely damaged. To 

select and design an appropriate repair system for damaged RC bridge columns, it is 

important that results from previous research studies are known. This paper presents a 

comprehensive summary and review of techniques to repair earthquake-damaged RC 

bridge columns, as well as numerical methods for analyzing the response of repaired 

columns. Repair of columns without and with fractured longitudinal reinforcing bars are 

discussed. Studies are reviewed in terms of the apparent damage, repair technique, and 

performance of the repair. Advantages and disadvantages associated with each repair 

technique are discussed, and areas in need of future research are explored. 

 

Keywords: Columns, buckled bars, fiber-reinforced polymer composites, fractured 

bars, jacketing, numerical analysis, reinforced concrete, repair. 
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Introduction 

Seismic repair and retrofit of reinforced concrete (RC) structures has been the 

subject of much recent investigation. The term repair in this paper refers to the work to 

restore a damaged structure to some extent of its original, or as-built, capacity in terms of 

strength, stiffness, and/or ductility; while the term retrofit refers to the work to upgrade 

the capacity of a structure that was inadequately designed or detailed to meet the current 

seismic requirements. The major challenge related to repair, which also differentiates 

between repair and retrofit, is the need to estimate the residual capacity of the damaged 

structure, which usually involves many simple and/or conservative assumptions. For 

seismic design of bridge structures, columns are typically chosen as the location for 

inelastic deformation, and bridge columns are designed as the primary source of energy 

dissipation during an earthquake. Accordingly, an extensive number of research studies 

have been conducted on seismic repair and retrofit of RC bridge columns. 

RC bridge columns constructed in the U.S. prior to the 1970s are considered to be 

sub-standard because they were not adequately detailed to resist seismic loads. They have 

severely inadequate transverse reinforcement and longitudinal reinforcing bars that are 

typically lap spliced at the base; thus the common failure modes of these columns are 

characterized as shear, bond degradation in the lap-splice zone, premature concrete 

failure due to lack of confinement, or a combination of these. Accordingly, a significant 

number of research studies have focused on seismic retrofit of existing sub-standard RC 

columns. Preventing brittle shear failure, preventing splice failure, and providing a target 

flexural ductility are the three major objectives of seismic retrofit as explained by Seible 

et al. (1997). The most common seismic retrofit techniques for RC bridge columns 

involve the application of RC jackets (e.g., Rodriguez and Park 1994; Bett et al. 1988), 

steel jackets (e.g., Chai et al. 1991; Priestley et al. 1994a, 1994b; Saiidi et al. 2001; 

Laplace et al. 2005), or fiber reinforced polymer (FRP) composite jackets (e.g., 

Saadatmanesh et al. 1996; Seible et al. 1997). 

According to US seismic design practice after 1971, RC bridge columns are 

detailed to preclude the brittle failure modes occurring in sub-standard columns 

mentioned above. Such seismically detailed columns are also expected to experience 

damage during moderate or strong earthquakes, and they are required to avoid collapse 
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under the maximum credible earthquake. The level of damage is a function of different 

factors related to the earthquake loading and the affected bridge structure itself such as 

ground shaking intensity, earthquake type, and force/deformation demand on individual 

members. It is cumbersome, time consuming, and expensive to replace damaged RC 

bridge columns. Therefore, appropriate repair methods are needed to restore the damaged 

columns. Typical repair techniques for RC bridge columns involve epoxy injection into 

cracks (French et al. 1990), repair of spalled concrete, and/or application of jackets as 

external reinforcement. Reinforced concrete (Bett et al. 1988, Fukuyama et al. 2000, 

Lehman et al. 2001), steel (Chai et al. 1991 et al., Fukuyama et al. 2000, Elsouri and 

Harajli 2011), and FRP (Priestly et al. 1993, Saadatmanesh et al. 1997, Sheikh and Yau 

2002, Li and Sung 2003, Cheng et al. 2003, Saiidi and Cheng 2004, Chang et al. 2004, 

Nesheli and Meguro 2006, Belarbi et al. 2008, Vosooghi et al. 2008, Vosooghi and Saiidi 

2009, He et al. 2013a,b and 2014, Rutledge et al. 2013) are commonly used as jacketing 

materials for seismic repair of RC columns with different damage levels, similar to 

retrofit of RC columns.  

Repair objectives vary with the design details of as-built columns. For damaged 

sub-standard bridge columns, the repair aims not only to restore the structure to its as-

built state but also to improve the performance in terms of strength and ductility in a 

future earthquake; however, for seismically detailed RC bridge columns, the goal of the 

repair is to restore the structure to its as-built state. In some cases as for bridges located 

along key routes that are critical for emergency response and other essential functions, 

defined as “important” by ATC-18 (1997), rapid repair methods are needed to 

temporarily restore some level of function and prevent damage from extending to other 

regions. In such a repair, sometimes referred to as an “emergency repair,” a lower limit 

state (or service level) may be allowed for the structure than the as-built condition.  

In all cases, the “initial” condition of the column is different for the case of repair 

than for the case of retrofit because the repair must compensate for loading and damage 

that have occurred prior to repair. Several additional challenges that differentiate seismic 

repair from seismic retrofit include the need for estimation of damage and/or inelastic 

response that has occurred, estimation of the mechanical properties of the base materials 

(both before and after the seismic event), compatibility of the repair materials with the 
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base materials, and constructability of the repair. The first two factors must be considered 

in order to determine the initial state of the column, and all of these factors can 

complicate the design and/or analysis of repaired RC columns. 

This paper summarizes experimental works on seismic repair of RC bridge 

columns with different damage levels and numerical methods for analyzing the response 

of repaired RC columns, which make up the two major sections of this paper. In 

accordance with the different emphases in the repair considerations and unique 

challenges in repairing damaged RC columns with fractured longitudinal bars, 

experimental works are organized into separate sections on repair of damaged columns 

without and with fractured longitudinal reinforcing bars. Each study is reviewed with 

emphasis on the repair technique and effectiveness. Advantages and disadvantages 

associated with the repair techniques are also summarized. 

 

Research Significance 

The objective of this paper is to collect up-to-date information on repair of both 

sub-standard and seismically detailed RC bridge columns to facilitate development and 

improvement of seismic repair methods. This paper also includes a discussion on the 

recent progress and current challenges with numerical analysis of repaired RC bridge 

columns. This paper focuses on repair of earthquake-damaged RC bridge columns; the 

repair of RC building columns or RC bridge columns damaged by other means is outside 

the scope of this paper. 

 

Background - Earthquake Damage to RC Bridge Columns 

RC bridge columns may experience complex combined axial, shear, bending, and 

torsional loadings during an earthquake. The resulting apparent damage may include 

cracking or spalling of concrete cover, crushing of the concrete core, and buckling 

and/or fracture of reinforcement. Recent studies have focused on post-earthquake 

evaluation of RC bridge columns to correlate the apparent damage and internal and 

external seismic response parameters, which ultimately can be utilized in the repair 

design for restoration of service to the bridge. Damage was classified in terms of three 

damage levels in ATC-32 (1996): minimal; repairable; and significant. Damage is 
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classified as significant if a permanent offset is apparent, if the reinforcement has 

yielded, or if major concrete spalling has occurred; repairable damage is not 

quantitatively defined in ATC-32.  

Five distinct damage states were proposed in a study by Vosooghi and Saiidi (2010) 

based on a review of shake table test data of thirty RC bridge columns: DS-1: flexural 

cracks; DS-2: first spalling and shear cracks; DS-3: extensive cracks and spalling: DS-4: 

visible transverse and longitudinal bars; DS-5: imminent failure. The standard columns 

reviewed were controlled by flexure or flexure/shear, while the sub-standard columns 

reviewed were mostly controlled by shear. 

A study by Belarbi et al. (2010) illustrated that the responses and failure modes of 

RC columns under combined axial, shear, bending, and torsional loading are highly 

complex and are affected by the member geometry and sectional details (column aspect 

ratio, thickness of concrete cover, longitudinal and transverse reinforcement ratios, etc.), 

material properties (unconfined and confined concrete, longitudinal and transverse 

reinforcement, etc.), and loading combinations (axial load index, torsional moment-to-

bending moment ratio, loading history, etc.). Possible failure sequences under combined 

loading were identified as: (1) flexural and shear cracking; (2) longitudinal 

reinforcement yielding; (3) cover spalling; (4) crushing of the diagonal compression 

strut; (5) yielding of the transverse reinforcement; (6) longitudinal bar buckling, spiral 

fracture, and longitudinal bar fracture. 

The most severe damage is associated with column failure or imminent failure, 

which has been defined in different ways. Based on the definition given by Lehman et al. 

(2001), visible evidence of core concrete crushing, longitudinal bar buckling, or 

longitudinal/transverse reinforcement fracture is classified as severe damage. For the 

purpose of the PEER Structural Performance Database (Berry et. al 2004), failure is 

defined as the first occurrence of one of the following: buckling or fracture of a 

longitudinal bar, fracture of a transverse bar, or loss of axial-load capacity. If 

experimental test data are available, researchers often consider that failure is reached 

when a significant reduction in strength is achieved and the stiffness starts degrading 

(Belarbi et al. 2010). When bar fracture occurs, the reduction in member resistance 

caused by bar fracture makes itself evident in the force-deformation response of the 
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member as an abrupt and significant drop in the force. Thus, unless bar fracture occurs 

in the post-peak response of the member, failure is often considered to be associated 

with the cycle when fracture occurs. 

 

Repair of RC Bridge Columns 

From the discussion in the previous section, it is clear that the existence of 

fractured longitudinal bars constitutes a severe level of damage to RC columns, and 

furthermore poses additional challenges associated with treatment of those bars to restore 

the capacity. Repair techniques for RC bridge columns without or with fractured 

longitudinal bars are discussed separately in the following sections. 

 

Repair of RC Bridge Columns without Fractured Longitudinal Bars 

For damaged RC bridge columns without fractured longitudinal bars, the repair can 

usually be accomplished by injecting cracks, replacing damaged concrete, and 

sometimes strengthening the column with supplementary reinforcement to compensate 

for the strength loss due to softened concrete and/or yielded internal reinforcement and 

to provide confinement to improve ductility. In cases of repairing RC columns with 

slight to moderate concrete damage, concrete repair alone may be adequate without 

application of an external strengthening system, although a lower initial stiffness can be 

anticipated (French et al. 1990, Lehman et al. 2001). Reinforced concrete (Bett et al. 

1988, Fukuyama et al. 2000), steel (Chai et al. 1991., Fukuyama et al. 2000, Elsouri and 

Harajli 2011), FRP (Priestly et al. 1993, Saadatmanesh et al. 1997, Sheikh and Yau 

2002, Li and Sung 2003, Chang et al. 2004, Nesheli and Meguro 2006, Belarbi et al. 

2008, Vosooghi et al. 2008, Vosooghi and Saiidi 2009, He et al. 2013a, 2014, Rutledge 

et al. 2013), and other materials (Shin and Andrawes 2011) have been used as external 

strengthening systems in repair applications. This section summarizes experimental 

works attempting to repair RC columns without fractured longitudinal bars. The studies 

are presented in terms of type of strengthening system. Aspects including scale of test 

specimen, damage state of the column prior to repair, repair technique, and effectiveness 

of repair are discussed for each study and are summarized in Table 1. 
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Reinforced concrete (RC) jackets  

RC jackets have been used to repair earthquake-damaged columns for several 

decades. RC jackets usually involve enlarging the column cross-section with reinforced 

concrete along part of or the entire length of the column, and in some cases, connecting 

the reinforcement in the jacket to the encased damaged column.  

Bett et al. (1988) reported the repair of a 2/3-scale square RC column with a RC 

jacket. The column was subjected to a constant axial load and reversed cycles of lateral 

displacement. The as-built column was designed as sub-standard and experienced a 

brittle, shear-dominated failure due to the shear span-to-depth (aspect) ratio and 

inadequate reinforcement details. The severely damaged column was repaired by 

encasing the core in a concrete jacket reinforced with closely spaced ties and cross-ties 

connected to the mid-face longitudinal bars. Test results showed that the repaired 

column was stiffer and stronger than the original column and performed nearly as well 

as columns retrofitted using the same technique as the repair. 

Fukuyama et al. (2000) reported the repair of a 1/2-scale square RC column. Cyclic 

lateral load was applied to the column while the axial compressive load was held 

constant (30% of the axial capacity), which resulted in heavy damage including crushed 

core concrete. The column was repaired by enlarging the cross-section with a RC jacket 

with welded wire shear reinforcement and high-fluidity concrete. The crushed concrete 

within the concrete core was left untreated. Test results showed that the repaired column 

had a higher shear strength and ductility than the as-built column. Also, the stiffness of 

the repaired column was increased compared to the original column as determined from 

the shear force-hysteresis loops. 

 

Steel jackets 

Repair of RC columns using steel jackets usually involves casting new concrete to 

restore the cross-section, installing the steel jacket by in-field welding parts along the 

length of the jacket, and filling the gap between the jacket and column with cement 

based grout (Weyers et al. 1993, Ghasemi et al. 1996, and Itani 2003). In some cases, 

the original cross-section may also be enlarged. 
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Chai et al. (1991) proposed a repair technique that involved encasing the column 

plastic hinge region in a bonded steel jacket. A 2/5-scale circular sub-standard RC 

bridge column with inadequate lap splice lengths of the longitudinal bars had previously 

been tested to high drift ratio under constant axial load (17% of the axial capacity) and 

reversed cyclic lateral load. Testing resulted in bond failure of the spliced reinforcement 

in the plastic hinge region. Tests of the repaired column showed that the repair was able 

to enhance the strength and ductility compared to the as-built column. 

Fukuyama et al. (2000) reported the repair of a 1/2-scale square RC column with a 

steel jacket. The column was tested under constant axial load (30% of the axial capacity) 

and cyclic lateral load resulting in crushed core concrete and buckled longitudinal bars. 

The repair involved arranging additional longitudinal reinforcing bars outside the 

buckled bars, leaving the crushed concrete in the column untreated, enlarging the cross-

section by placing steel plates along the perimeter of the column, and grouting high-

fluidity concrete in the gap between the steel plates and crushed concrete. Test results 

showed that the repaired column had a higher shear strength and ductility than the as-

built column. Also, the stiffness of the repaired column was increased as a result of 

increasing the column cross-section. 

Elsouri and Harajli (2011) reported a study on repair of lap splices in RC columns 

using steel ties and/or FRP wraps for confinement. They tested 3 full-scale rectangular 

columns with different longitudinal reinforcement ratios. The columns were subjected to 

cyclic lateral load without axial load. Prior to repair, the columns had experienced bond 

failure of the starter bars and extensive concrete damage within the splice region. The 

thickness of confining material was estimated by the method proposed by Darwin et al. 

(2005). The results showed that the repaired columns achieved considerably larger 

lateral loads and energy dissipation capacities than the as-built columns. The 

effectiveness of the method was also confirmed by analytical results assuming perfect 

bond between lap spliced bars, which were similar to the experimental results. 

 

Fiber-reinforced polymer (FRP) jackets 

In recent decades, FRP composites have become increasingly popular in repairing 

and strengthening RC members. Fibers may be oriented in different directions to 
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achieve different objectives. FRP with fibers oriented in the hoop direction (transverse 

to the axis of the column) functions similarly to stirrups and help confine the core 

concrete so that the shear strength and ductility of the column can be improved. FRP 

with fibers oriented along the longitudinal axis of the column functions mainly to 

increase the flexural strength of the repaired column.  

In a study by Priestley et al. (1993), a glass FRP (GFRP) jacket and epoxy injection 

was used to repair a 2/5-scale sub-standard circular RC bridge column without lap 

splices. The column had been tested to failure under reversed cyclic loading and 

constant axial load (axial load index of 18%). The damage included open diagonal 

cracks and spalled concrete. The repair procedure included removing the loose concrete, 

patching with cement and sand mortar, injecting epoxy in all cracks, and applying a full-

height GFRP jacket. The test results indicated that the initial stiffness of the column was 

fully restored by the repair, and the repaired column reached a higher displacement 

ductility than that of the as-built column. 

Saadatmanesh et al. (1997) conducted a study on repairing earthquake-damaged 

RC columns with prefabricated GFRP composite straps. The specimens included four 

1/5-scale RC columns with seismic deficiencies. Two of the columns had a circular 

cross-section, and two had a rectangular cross-section. The columns were tested to 

failure under reversed cyclic lateral loading and constant axial load. At the end of the 

initial tests, the columns experienced severe damage including debonding of starter bars, 

spalling and crushing of concrete, buckling of longitudinal reinforcement, and 

separation of the longitudinal bars from the core concrete. The repair procedure 

consisted of casting fresh concrete after removing spalled and damaged concrete in the 

failure regions, and applying active confinement with FRP. To apply active confinement, 

spacers were bonded to the finished surface of the columns to create a gap. The column 

was then wrapped with FRP sheets. Epoxy grout was pressurized in the gap between the 

column and the sheets to apply active confining pressure on the column. Test results 

indicated that the repair technique was effective in restoring both the flexural strength 

and displacement ductility, which were higher than those of the as-built columns. In all 

repaired specimens, the initial stiffness was lower, however, the stiffness deterioration 

under large loading cycles was lower than that of the corresponding as-built columns. 
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Sheikh and Yau (2002) repaired two circular RC columns with different damage 

levels. The columns were tested under cyclic loading and a constant axial load (54% of 

the axial capacity). The first column was tested until flexural cracks, cover concrete 

spalling, and longitudinal reinforcement yielding occurred, while the second column 

was tested until both longitudinal and spiral reinforcement yielding occurred. The repair 

was conducted while the columns maintained 2/3 of the original applied axial load. 

After loose concrete was removed and the surface was patched, carbon FRP (CFRP) 

was wrapped around the first column, and GFRP was wrapped around the second 

column. Results indicated that the performance of the repaired columns was comparable 

to undamaged specimens that were strengthened. 

Li and Sung (2003) conducted an experimental study on an earthquake-damaged 

sub-standard bridge column repaired with epoxy and non-shrink mortar and 

strengthened with CFRP wrap. The circular column was a 2/5-scale model constructed 

with lap-spliced shear reinforcement. The column was tested under cyclic loading and 

constant axial load (axial load index of 15%) resulting in shear failure at low 

displacement ductility. Cracks were observed inside the column core, and concrete 

spalling was observed outside of the core. Test results showed that the repair 

significantly improved the seismic performance of the column in terms of strength and 

ductility. The failure mode of the repaired column was altered from shear failure to 

flexural failure. 

In a study by Chang et al. (2004), the seismic performance of two damaged 2/5-

scale rectangular bridge columns was effectively restored with a CFRP jacket. The 

columns were seismically-detailed with no specific structural deficiency. The columns 

were tested to failure under pseudo dynamic loading. Flexural failure occurred in the 

plastic hinge zone without fractured longitudinal reinforcement. The repair included 

replacing the damaged concrete in the plastic hinge zone with non-shrink mortar, 

followed by application of the CFRP wrap. Additionally, a single layer of CFRP was 

wrapped around the remainder of the column to provide external confinement. Test 

results showed that the strength and ductility of the columns were successfully restored. 

However, the initial stiffness of repaired columns was less than that of the as-built 

columns, which was attributed to the fact that the CFRP did not bridge the cracks near 
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the column-footing joint, and the yielding of longitudinal bars may have penetrated into 

the footing. 

In a study by Nesheli and Meguro (2006), two 1/2-scale damaged square RC 

columns were repaired with pretensioned carbon or aramid FRP belts, which provided 

both active and passive confinement. One of the columns had been partially retrofitted 

with pretensioned FRP belts prior to the initial test. The original columns were tested to 

brittle shear failure with large diagonal cracks under constant axial load and reversed 

cyclic lateral load. The repair was performed rapidly without removal of damaged 

concrete or crack injection. As a result of pretensioning the FRP belts, the initial cracks 

of the damaged column were closed. Test results indicated that the lateral strength of the 

damaged columns was partially restored. 

Belarbi et al. (2008) repaired a 1/2-scale circular RC bridge column that was 

severely damaged under constant axial load (axial load index of 7%) and cyclic lateral 

and torsional loading using externally bonded CFRP. Damage to the column included 

spalled cover concrete, crushed core concrete, and buckled longitudinal reinforcing bars. 

The damaged column was repaired using externally bonded CFRP with fibers oriented 

both in the column longitudinal and transverse directions. A mechanical anchorage 

system was used in an attempt to anchor the longitudinal CFRP sheets to the footing. It 

was concluded from the test results that the repair method could restore and enhance the 

flexural, torsional, and axial capacity of the column. It was also concluded that the 

longitudinal CFRP sheets may not have been required in the repair since they pulled out 

from the footing at low load levels. 

Vosooghi et al. (2008) used CFRP wrap to repair the middle bent of a 1/4-scale 

two-span bridge model, which was tested to the condition including visible bars, initial 

buckling in some longitudinal bars, and initial concrete core damage. The columns had a 

circular cross-section. The bridge specimen was tested under near-field motions 

increasing gradually with simulating the fault rupture, followed by static loading to 

increase the damage level. The damaged columns were repaired by CFRP wrapping 

after repair of the damaged concrete with a fast-set grout and epoxy injection of the 

adjacent cracks. Retesting of the repaired columns showed that the lateral load capacity  
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and the ductility of the bent were fully restored, and the service level stiffness was 

nearly restored to that of the undamaged bent stiffness. 

Vosooghi and Saiidi (2009) reported repairing two high shear, standard RC bridge 

columns using CFRP jackets. The 1/3-scale seismically detailed circular RC bridge 

columns with spiral reinforcement were tested to near failure on a shake table. The 

apparent damage included visible spirals and longitudinal bars, buckled longitudinal 

bars, and damage of core concrete. For both columns, the damaged concrete was 

replaced by a fast-set non-shrink mortar, and the cracks were epoxy injected. The two 

damaged columns were repaired with a different number of CFRP layers and different 

repair mortar and application methods. Test results indicated that the repair design 

method fully restored the lateral load and drift capacity of the columns, although the 

service stiffness was not fully restored. Results also suggested that the spirals were able 

to contribute to the shear capacity, even though they yielded in the initial tests. 

He et al. (2013a) rapidly repaired five 1/2-scale square standard bridge columns 

with different damage conditions using externally bonded CFRP with fibers orientated 

in the column longitudinal and transverse directions. The columns had been tested to 

failure under constant axial load (7% of the axial capacity) and combined cyclic lateral 

and torsional loading with different bending moment-to-torsional moment ratios (T/M). 

With increasing T/M, the damage region increased along the column height, and the 

plastic hinge location shifted away from the base. Damage included concrete cracking, 

cover concrete spalling, and core concrete crushing, as well as longitudinal 

reinforcement yielding. Damaged ties failed by yielding and, in some cases, subsequent 

opening of end hooks. Additionally, longitudinal bars buckled in most of the columns, 

and longitudinal reinforcing bars fractured in one of the columns tested under lateral 

loading without torsion (discussed in the next section of this paper). Externally bonded 

CFRP was used to repair each of the damaged columns, and fractured and buckled bars 

were left untreated. Retesting of the repaired columns under the same combined loading 

as the corresponding original columns revealed that the repair method was effective in 

rapidly restoring the bending and/or torsional strength and ductility if there are no 

fractured longitudinal bars. The stiffness of the columns was not completely restored, 

which was attributed to the damage accumulated and the fact that only a portion of the 
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damaged columns was repaired. Further discussion on torsional repair was discussed in 

detail in a related paper by He et al. (2014). 

Two damaged RC bridge columns containing buckled longitudinal bars were 

repaired by plastic hinge relocation using CFRP with carbon fiber anchors in a study by 

Rutledge et al. (2013). The circular columns were tested under a load history 

corresponding to that of two specific earthquakes by controlling the lateral displacement 

applied to the top of the column in a static manner. A constant axial load was also 

applied (axial load ratio of 6%). The first column was damaged with buckled 

longitudinal bars. Following the initial test, the second column was also subjected to 

additional cyclic “aftershock” loading in a static manner, which resulted in buckled 

longitudinal bars. The performance of the second column under the aftershock loading 

was used to compare the performance of the damaged columns subjected to cyclic 

loading with and without repair. To repair the first column, the original plastic hinge 

was strengthened with transverse and longitudinal CFRP anchored to the footing with 

carbon fiber anchors. Additionally, transverse fibers were wrapped around the expected 

new plastic hinge region to achieve higher curvature at the new plastic hinge location so 

that the displacement capacity at the top of the column could be restored. Testing of the 

first repaired column under constant axial load and reversed cyclic lateral displacements 

indicated an increase in lateral force capacity compared to that of the original column. 

However, the plastic hinge region did not form in the intended location, which was 

attributed to underestimation of the confinement provided by the hoop reinforcement. 

The repair of the second column was similar to that of the first column, except that no 

hoop fibers were provided for confinement of the expected new plastic hinge region. 

Testing of the repaired second column indicated a similar increase in strength with 

respect to the original column, and the plastic hinge was successfully relocated to the 

location intended. It was concluded that the repair was able to restore the initial stiffness, 

as well as increase the strength and displacement capacities. 

 

Shape memory alloys (SMA) 

SMA was used in a study by Shin and Andrawes (2011) to rapidly repair a 1/3-

scale severely damaged circular RC column. The column was tested under constant 
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axial load (5% of the axial load capacity) and cyclic lateral loading until problems 

during testing resulted in an accidental increase in one direction from 1.5% to 7% drift 

ratio. The resulting damage was localized in the plastic hinge region with complete 

concrete crushing one side of the cross-section and cracks at the other side. The 

longitudinal bars buckled but did not fracture. The repair technique included replacing 

damaged concrete with quick-setting mortar, straightening, cutting and reconnecting the 

severely buckled longitudinal bars with mechanical couplers, injecting cracks with 

epoxy, and wrapping the damaged region with prestrained SMA wires. Retesting of the 

repaired column showed that lateral strength, stiffness, and flexural ductility were 

restored or improved, which was attributed to the ability of the SMA spirals to apply 

and maintain active confinement on the damaged region of the column and delay the 

progression of damage. 

 

Repair of RC Bridge Columns with Fractured Longitudinal Bars 

Longitudinal bar fracture is often experienced at high ductility levels in flexure-

dominant RC columns that are seismically detailed. It appears to be quite challenging to 

restore the ductility of RC columns containing fractured bars to that of the as-built 

condition without treatment of the damaged bars, while the objective of restoring the 

strength is relatively easier. Fewer studies have been conducted on repair of RC 

columns with fractured longitudinal bars that those without. Techniques that have been 

investigated include connecting the fractured bars with couplers (Shin and Andrawes 

2011), placing new longitudinal bars anchored in the footing as reinforcement of 

enlarged cross-sections (Lehman et al. 2001), splicing steel plates to existing bars 

(Cheng et al. 2003), and applying externally bonded longitudinal reinforcement (such as 

FRP) to the repaired concrete surface (Saiidi and Cheng 2004, He et al. 2013, and 

Rutledge et al. 2013). Studies on repair of RC columns with fractured longitudinal bars 

are summarized below and in Table 2. 

Lehman et al. (2001) reported repair methods for three severely damaged circular 

RC columns using mechanical couplers, headed bars, or a RC jacket. The columns were 

1/3-scale and had different longitudinal reinforcement ratios of 0.75% (407S), 1.5% 

(415S), and 3% (430S). The as-built columns were tested under a constant axial load 
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(7% of the axial capacity) and cyclic lateral load with increasing levels of displacement 

until failure. The columns sustained damage to the concrete, the longitudinal 

reinforcement, and the spiral reinforcement. Three different repair schemes were used 

considering the nature of damage and details of the as-built columns. Column 407S was 

repaired by removing and replacing the damaged region, which involved mechanically 

severing the damaged region, splicing new longitudinal reinforcing bars to the existing 

bars in both the column and footing with mechanical couplers, placing new spiral 

reinforcement, and casting new concrete. The repaired column developed comparable 

stiffness and exhibited higher strength and deformation capacities than the as-built 

column. Column 415S was repaired by casting a concrete jacket reinforced with headed 

longitudinal bars along the damage region, so that the flexural plastic hinge was 

relocated from the base of the column to the region immediately above the jacketed 

region. The stiffness and strength of the repaired column were comparable to those of 

the as-built column; however the deformation capacity was reduced, which was 

attributed to the shorter effective column length. For Column 430S, the repair scheme 

also included a RC jacket but with the plastic hinge remaining within the jacket at the 

base of the column. All existing bars were severed at the base of the column, and new 

reinforcement was provided in the jacket. Tests showed that flexural hinging occurred at 

the column base, as intended. The deformation capacity of the column, however, was 

less than that of the as-built column, which may have been due to the reduced 

longitudinal reinforcement ratio at the base after the jacket was installed.  

Cheng et al. (2003) reported a method to repair RC columns with fractured 

longitudinal bars using dog-bone shaped steel plates and a FRP jacket. Their study 

included two full-size hollow columns with a circular cross-section. The columns were 

tested to failure under cyclic lateral load with increasing levels of displacement and a 

constant axial load (10% of the axial capacity). One of the columns failed in flexural 

with concentrated damage including fractured outer layer longitudinal bars, buckled 

inner layer bars, and crushed concrete through the thickness of the column wall. The 

other column was damaged with the outer layer bars fractured at the column hinge and 

diagonal shear cracks across the mid-height of the column wall, which indicated a 

flexural-shear failure mode. Dog-bone shaped bars were used to replace the fractured 
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and buckled longitudinal bars in outer layer of cross-sections within the plastic hinge, 

and FRP wrap was used to enhance the deformation capacity of columns. The repair 

upgraded the failure mode of flexural-shear to flexure-dominant failure mode. The 

strength of the repaired columns was lower than that of the as-built columns since the 

inner layer of buckled longitudinal reinforcing bars was not repaired. The ductility of 

the repaired columns was also lower than that of the as-built columns, although the 

displacement capacity was increased.  

Saiidi and Cheng (2004) proposed a rapid repair method for RC columns 

containing fractured longitudinal bars using externally bonded FRP with fibers oriented 

in both the longitudinal and transverse directions of the column. In their study, two 0.4-

scale flared columns with different reinforcement ratios were repaired. The cross-

sectional dimensions varied along the height of the columns. The columns had been 

retrofitted with steel jackets and tested to failure under cyclic loading in a previous 

study. The two columns were tested under cyclic lateral load with increasing levels of 

displacement and a constant axial load corresponding to 16% of the axial capacity of the 

columns. Because of the flared shape of the columns, the longitudinal bars fractured a 

distance away from the base of the column. To repair the columns, damaged concrete 

within and near the plastic hinge was removed and replaced with high-strength, low-

shrinkage grout. The fractured longitudinal reinforcing bars were left untreated, and 

unidirectional GFRP and CFRP sheets with fibers orientated along the longitudinal axis 

of the column were applied to compensate for the flexural strength loss of the fractured 

bars. The longitudinal FRP was designed to provide the same tensile strength as the 

yield force of the fractured bars and divided equally between GFRP and CFRP 

laminates. Because the critical section was located a distance away from the base of the 

column, adequate length was available to develop the FRP. GFRP sheets were also 

wrapped around the column to provide shear strength and confinement. Test results 

showed that the repaired columns developed strength comparable to that of similar 

undamaged RC columns retrofitted with steel jackets; however, the ductility of the 

repaired columns was lower than that of similar retrofitted columns. 

Shin and Andrawes (2011) reported a repair method for RC columns with fractured 

longitudinal bars using couplers to connect the fractured bars followed by application of 
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shape memory alloys (SMA) spirals at the repaired region. The test specimen was a 1/3-

scale circular RC column that was tested under constant axial load (5% of the axial load 

capacity) and cyclic lateral load. The damage after the original test included crushed 

concrete, fractured longitudinal bars, and excessive opening of transverse reinforcement. 

The repair was accomplished by replacing the damaged concrete with quick-setting 

mortar, injecting epoxy in the cracks, connecting the fractured bars using rebar couplers, 

and wrapping the SMA spirals at the repaired region. Retesting the repaired column 

revealed that the lateral strength was fully restored, and the stiffness was higher than 

that of the original column. The overall displacement ductility was increased, though the 

displacement capacity was lower than that of the as-built column. 

He et al. (2013a & b) rapidly repaired a 1/2-scale square RC bridge column with 

buckled and fractured longitudinal bars using externally bonded CFRP without any 

treatment to the damaged reinforcement. The column was subjected to reversed cyclic 

loading resulting and a constant axial load (7% of the axial load capacity), which 

resulted in buckled and fractured bars within the plastic hinge region at the base of the 

column, and crushed concrete. The repair procedure involved removing loose concrete, 

applying quick-setting non-shrink mortar, and installing unidirectional CFRP sheets in 

both the column longitudinal and transverse directions. Because the critical section was 

located at the base of the column, an anchorage system was developed in an attempt to 

anchor the longitudinal CFRP to the footing. The flexural strength was not completely 

restored, which was attributed to limitations in anchoring the longitudinal CFRP and 

developing the design force required at the critical section. This study highlighted some 

of the challenges in using this system when the fractured bars are located at the column 

base. 

In addition to repairing two damaged large-scale circular RC columns with buckled 

bars as discussed in the previous section, Rutledge et al. (2013) also repaired a severely 

damaged column with fractured bars by plastic hinge relocation using externally bonded 

CFRP anchored to the footing with carbon fiber anchors. The circular column was tested 

under a specific earthquake load history by controlling the lateral displacement applied 

to the top of the column in a static manner. A constant axial load was also applied (axial 

load ratio of 6%). Damage included buckled and fractured bars on one side of the 
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column and crushed concrete. Test results showed that the repaired column had an 

increased force and displacement capacity compared to the original column, and the 

initial stiffness was restored. However, rupture of the carbon fiber anchors was observed 

during testing. Therefore, the researchers recommended that application of this 

technique should be limited to columns without fractured bars. 

 

Summary 

For damaged RC columns without fractured longitudinal bars, the reviewed studies 

indicate that concrete repair and application of jackets are able to restore and even 

enhance the strength and ductility compared to the as-built columns, even for columns 

with severe damage. Generally, the RC, steel, and FRP jackets described previously 

provide passive confinement to the concrete encased within. New materials, such as 

SMA, have been used to provide active confinement. Steel and FRP jackets can also 

provide active confinement to the concrete by pressurizing grout or epoxy in the gap 

between the columns and jacket as was shown by the study by Saadatmanesh et al. 

(1997). Comparing the different systems for repairing the damaged RC bridge columns 

without fractured longitudinal bars, it should be noted that RC jackets require a 

relatively long time to cure as well as considerable labor. Furthermore, RC jackets 

increase the member size and stiffness, as was shown in the studies by Bett et al. (1988),  

and Fukuyama et al (2000), which can change the dynamic characteristics of the 

member and cause increased demands at other locations of the structure. Steel jackets 

may also increase the initial stiffness due to increased cross-section, as indicated in the 

study by Fukuyama et al. (2000). The use of steel jackets can also reduce the 

construction time compared to RC jackets, although specialized equipment is needed to 

install the jacket. Additional treatment may also be needed to protect the steel from 

corrosion. The use of FRP jackets is becoming increasingly popular because of their 

light weight, high strength- and stiffness-to-weight ratios, corrosion resistance, and ease 

of installation. Repair with FRP jackets can maintain the original cross-section, although 

as was shown in the studies by Saadatmanesh et al. (1997) et al., Vosooghi and Saiidi 

(2009), and He et al. (2013a), decreased stiffness may be expected due to untreated 

damage in the column. 
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For damaged RC bridge columns with fractured longitudinal bars, replacing 

damaged longitudinal bars with new bars spliced by mechanical couplers has been 

shown successful in restoring both the strength and ductility of damaged RC columns 

with fractured bars (Lehman et al. 2001, Cheng et al. 2003). Jacketing the damaged 

region with reinforced concrete and well-anchored longitudinal bars has also been 

successful, although this method may potentially change the behavior of the column by 

increasing the cross-section, relocating the plastic hinge, changing the failure mode, 

and/or lowering the deformation capacity (Lehman et al., 2001). Plastic hinge relocation 

has been used as shown in the study by Rutledge et al. (2013), however, the 

displacement capacity cannot be restored unless the new plastic hinge region is also 

strengthened to provide more rotational capacity compared to the as-built condition. 

Since most of the methods to repair damaged RC columns with fractured longitudinal 

bars require a significant amount of time and labor, it should be noted that many of them 

are generally not suitable for rapid repair. Although the use of externally bonded FRP 

has been attempted for rapid repair of damaged columns with fractured longitudinal bars 

(He et al. 2013a&b, Saiidi and Cheng 2004), this technique may be limited to RC 

columns with bar fracture occurring away from the ends of the column due to the large 

force demands on the FRP anchorage system. Otherwise, a lower limit state (or service 

level) may be expected. Other methods, such as the use of SMA spirals at the repaired 

region (Shin and Andrawes 2011) are currently being explored. 

It should be noted that repair may increase the capacity of a damaged RC column 

beyond its original as-built capacity and/or cause the plastic hinge region to form at a 

different location (e.g., Rutledge et al. 2013). Therefore, repair of damaged columns 

may cause damage to other capacity-protected components of a bridge such as piles, 

column-cap beam connections, etc. These issues can be addressed without any special 

modification to the structure if overstrength factors were used in design of the original 

structure. For structures designed without using overstrength factors, or if higher 

strength or displacement is required after considering the overstrength factors, the 

capacity-protected components must also be repaired as discussed by Saiidi et al. (2013). 
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Numerical Analysis of Repaired RC Bridge Columns 

Studies reviewed in the previous section demonstrate that the seismic behavior of 

repaired RC columns may be altered from the original as-built condition in terms of 

initial stiffness, strength, and/or ductility. Accordingly, it is of interest of researchers 

and engineers to determine how such changes will influence the seismic performance of 

the individual repaired column, as well as the entire bridge structure. 

Tools for analyzing the response of RC columns have been developed and widely 

used in seismic analysis during recent decades, especially with the advances made in the 

application of the finite element method. Some of these methods can be modified to 

enable the analysis of retrofitted and/or repaired RC columns jacketed with different 

materials. 

Quantitative evaluation of repaired RC columns presents several challenges. As 

discussed in the study by Vecchio and Bucci (1999), the following issues must be 

considered: change in column configuration due to the repair; superposition of loaded 

and damaged unrepaired segments of the column with newly-placed unloaded repaired 

segments; appropriate constitutive modeling of loaded and repair materials; proper 

consideration of residual stresses and strain differentials at the interface of existing and 

newly-placed materials; and proper consideration of the chronology of the loading, 

damage, and repair sequences.  

 

Modeling of Repaired RC Columns 

Two different general procedures have been reported in the literature to model 

repaired RC columns, which are referred to in this paper as the two-phase method and 

the damage-index method. In the two-phase method (see Figure 1a), the elements for 

both the original column and the repairing portions are built at the beginning of the 

modeling procedure. The first phase of the analysis is conducted without activation of 

the elements representing the repair materials (e.g., repair concrete, external 

strengthening system) to simulate the loading of the original column (Region O-A in 

Figure 1a). In the second phase, the damaged and/or removed portions of the column are 

deleted in the model and are replaced by different material properties representing the 

repair concrete (Region A-B in Figure 1a). The repairing elements are then activated to 
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simulate the repair sequence before reloading of the repaired columns (Region B-C in 

Figure 1a). 

This two-phase procedure was first reported by Vecchio and Bucci (1999) for 

analysis of repaired RC structures. In their study, a procedure was developed by 

modifying nonlinear fiber-element algorithms to consider the effects of chronology of 

the loading, damage, and repair, which makes it possible to analyze retrofitted, repaired, 

and sequentially constructed concrete structures. Using this technique, elements can be 

engaged and disengaged at various stages of loading, and strain measures representing 

previous loading and damage conditions can be carried forward by using the concept of 

plastic strain offsets in the context of the smeared rotating crack model. In this 

procedure, nonlinear material models were used for the concrete, reinforcement, and 

repair materials. Different RC structures were modeled as 2D models and analyzed 

using this method, and results were found to be accurate for both flexure- and shear-

dominated structures in terms of strength, stiffness, and failure mode. The method was 

also proved to be numerically stable and efficient at all stages of loading. 

Lee et al. (2011) developed a beam-column repair element with death and birth 

features to model repaired RC columns. The finite element of the repaired column 

included elements to represent both original and repaired portions. The simulation of the 

repaired column involved two phases. First, the original column was analyzed with 

deactivating the repair element (death), and then the repaired column was analyzed with 

activating the repair element (birth). The death and birth time of the repair element can 

be arbitrarily set, which allows the unrepaired damage to columns to be conveniently 

reflected in the analysis. The developed repair element was then incorporated into the 

general fiber element program ZeusNL. The method was used to simulate the cyclic 

response of two RC columns repaired with steel or FRP jackets, and the results were in 

reasonable agreement with the experimental results in terms of strength and the 

softening branch of strength. However, the method overestimated the energy dissipation. 

The damage-index method, illustrated in Figure 1b, is based on assumptions to 

account for the damage condition prior to repair. The damaged/repaired condition of the 

column is defined as the initial condition in the model (Point B in Figure 1b). For 

example, in a study by Duarte et al. (2014), material parameters of repaired RC 
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members were modified to consider the effect of damage and repair. The experimental 

study included two RC members damaged with cracked concrete that were repaired by 

epoxy injection followed by applying an external CFRP strengthening system. The 

repaired members were analyzed using the program ATENA. In order to consider the 

effect of the epoxy injection in the model, the equivalent material parameters (e.g. 

fracture energy) were modified, and the values of the parameters were determined by 

parametric study. Though the numerical and experimental ultimate strengths were 

slightly different, the global structural response obtained with the numerical model was 

similar to the experimental behavior. 

Vosooghi and Saiidi (2013) proposed a method to analyze rapidly repaired RC 

columns that were severely damaged with yielded reinforcement by reducing the steel 

stiffness corresponding to different damage states to represent the influence of yielded 

bars from previous tests. Each repaired column was modeled as a beam-column element, 

and a shear deformation spring and bond slip spring were used to incorporate the 

deformation due to shear and bond slip near the column-footing joint, respectively. To 

model the influence of yielded bars that were not replaced in the repair, a constitutive 

model was proposed for existing degraded steel reinforcement with reduced stiffness 

corresponding to different damage levels. They also reported a confined concrete model 

including the confinement from FRP jacket and excluding the contribution from yielded 

spirals. Their model successfully predicted a decreased initial stiffness of repaired RC 

columns compared to the original columns, which was consistent with experimental 

results. 

 

Other Considerations 

As discussed previously, unique challenges exist for the case of repaired columns 

relative to as-built or retrofitted columns, and very few studies have reported numerical 

analysis of repaired RC columns. Considering the seismic repair methods discussed in 

the first part of this paper, this section summarizes some studies focusing on related 

issues that may be important in simulating the response of repaired RC columns, such as 

modeling of bond slip of lap splices (Xiao and Ma 1997), modeling of the distributed 

bond interface between external strengthening system and concrete column (Shao et al. 
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2005, Zhu et al. 2006), modeling bond slip in mechanical couplers (Billah and Alam 

2012). The studies presented in this section are not intended to be inclusive, but rather to 

provide guidance on how such issues can be incorporated into the model of a repaired 

RC column.  

In the study by Xiao and Ma (1997), link elements were developed to model the lap 

splice in a sub-standard RC column with deficient lap splices that was retrofitted with a 

prefabricated GFRP jacketing system in the plastic hinge region. The distribution length 

of the link elements was related to the lap splice length and a proposed bond-slip 

relationship that was a function of the material properties and measured strains of the 

concrete, steel, and FRP. The link elements connected the plastic hinge region of the 

column with the starter bars and the upper portion of the column with the spliced 

longitudinal reinforcement, both of which were modeled as beam-column elements. The 

model was successful in simulating the behavior of the columns under static pushover 

loading. The strength and ductility indicated by the model were in good agreement with 

the experimental results. 

Bond between concrete and an external strengthening system has been simulated in 

different ways. In the study by Shao et al. (2005), a distributed bond interface element 

was used to represent the slip between the concrete core and an FRP tube, which were 

both modeled as beam-column elements using the fiber element method. In another 

study by Zhu et al. (2006), perfect bond between the concrete core and FRP was 

modeled by sharing the same nodes. The concrete core was modeled as a solid RC 

beam-column element, and the FRP was modeled as a beam-column element with a 

hollow section. Though these studies were focused on concrete filled FRP tubes, the 

findings may be extrapolated to model repaired RC columns with an externally bonded 

FRP system.  

In repairing severely damaged RC columns with fractured longitudinal bars, 

mechanical bar couplers have been used to splice new bars to existing bars (Lehman et 

al. 2001, Cheng et al. 2003). Though there are no reported studies on simulating such 

repaired RC columns, studies focused on as-built RC bridge columns reinforced with 

hybrid bars spliced with bar couplers may be extrapolated to model repaired columns 

with replacement bars spliced with bar couplers. For example, Billah and Alam (2012) 
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reported an analytical study on RC columns reinforced with stainless steel (SS) or shape 

memory alloy (SMA) bars within the plastic hinge region and stainless steel or FRP bars 

in regions outside the plastic hinge region, which were spliced with mechanical bar 

couplers. Their study is significant in incorporating the influence of bar couplers on the 

seismic behavior of RC columns. Stress-slip relationships within the couplers measured 

from coupon tests were used to determine the parameters in the rotational spring in the 

model, which were used to simulate the bond slip at the column-footing joint.  

 

Summary 

In summary, two different methods have been reported for numerical analysis of 

repaired RC bridge columns: a two-phase method, and a damage-index method. The two-

phase method can consider the chronology of the loading, damage, and repair, although 

the initial state of the repaired column (Point B in Figure 1a) is dependent upon the 

accuracy of modeling the as-built column, including its post-peak response. The damage-

index, on the other hand, can be used to define the initial state of the repaired column 

(Point B in Figure 1b). Considering the repair methods described in the first part of this 

paper, treatment of related issues such as bond-slip of lap splices, slip within mechanical 

couplers, and the bond interface between the external strengthening system and concrete 

column that have been reported in the literature for simulation of as-built or retrofitted 

RC columns can be extrapolated to model repaired RC columns.  

 

Concluding Remarks 

This paper summarizes studies on repair of earthquake-damaged RC bridge 

columns including damage description, repair procedures, repair effectiveness, and 

analysis of repaired RC columns. Based on the information summarized from the 

previous studies, the following concluding remarks are made: 

1. For earthquake-damaged RC columns without fractured longitudinal bars, 

jacketing with reinforced concrete, steel, FRP, SMA, or other materials has been shown 

to work well to restore both strength and ductility; however, a change in initial stiffness 

can be expected for each of the jacketing techniques, and the influence on the global 

seismic response of the bridge needs further study. 
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2. For earthquake-damaged RC columns with fractured longitudinal bars, repair 

techniques including replacement of damaged bars or application of supplementary 

reinforcement have been developed. Among these techniques, replacing damaged bars 

and connecting them with mechanical couplers and jacketing with reinforced concrete 

has been shown to be successful in restoring strength, ductility, and initial stiffness. 

Application of FRP with fibers oriented along the longitudinal axis of the column may 

be limited to columns in which the bar fracture has occurred away from the column end 

or to cases where a lower limit state (or service level) is accepted. Further research is 

needed to investigate methods to restore the ductility and initial stiffness using FRP 

jackets. 

3. Unique challenges exist for the case of repaired columns relative to as-built or 

retrofitted columns, and very few studies have reported numerical analysis of repaired 

RC columns. Two general methods have been reported in the literature for numerical 

analysis of repaired RC columns: a two-phase method, and a damage-index method. The 

two-phase method can consider the chronology of the loading, damage, and repair, 

although the initial state of the repaired column is dependent upon the accuracy of 

modeling the as-built column, including its post-peak response. The damage-index 

method, on the other hand, can be used to define the initial state of the repaired column. 

Treatment of specific issues related to some of the repair methods discussed in this paper, 

such as bond-slip of lap splices or mechanical couplers, and modeling of the bond 

interface between the external strengthening system and concrete column, have been 

reported in the literature for simulation of as-built or retrofitted RC columns and can be 

extrapolated to repaired RC columns. 
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Table 2. Summary of Studies on Repair of Reinforced Concrete Bridge Columns with Fractured Longitudinal Bars 

Reference Scale 
Cross-
Section 
Shape 

Axial 
Load 
Index 

Lateral Load 
Type 

Brief Description of Apparent 
Damage/Failure 

Repair Method Strength 
Displacement

Ductility 
Stiffness

Lehman et 
al. (2001) 

1/3 Circular 7% 
Cyclic lateral 

loading 
Buckled longitudinal bars; fractured 

longitudinal and spiral bars 

Severed damaged region; spliced new 
longitudinal bars connected to the footing 

and column with mechanical couplers; 
placed new spirals; cast new concrete 

Enhanced
 

Enhanced 
 

Restored
 

Installed RC jacket reinforced with 
headed longitudinal bars (relocation of 

the plastic hinge) 
Restored Lower Restored

Severed all existing bars in the plastic 
hinge to maintain plastic hinge location; 

provided RC jacket with replacement 
bars 

Lower Lower 
Not 

reported 

Cheng et al. 
(2003) 

Full 
Hollow  
circular 

10% 
Cyclic lateral 

loading 
Buckled and fractured longitudinal 

bars; crushed concrete 

Repaired concrete; repaired fractured 
longitudinal bars with dog-bone welded 

steel plate; replaced transverse bar; 
installed EB transverse FRP 

Lower Lower 
Not 

reported 

Saiidi & 
Cheng 
(2004) 

2/5 Flared 16% 
Cyclic lateral 

loading 
Fractured longitudinal bars; crushed 

concrete 

Repaired concrete; installed EB 
longitudinal CFRP and GFRP; installed 

EB transverse GFRP 

Restored 
or 

enhanced
Lower 

Not 
reported 

Shin and 
Andrawes 

(2011) 
1/3 circular 5% 

Cyclic lateral 
loading 

Buckled and fractured longitudinal 
bars; crushed concrete 

Repaired concrete; reconnected 
longitudinal bars with mechanical 

couplers; installed SMA wrap 

Restored 
or 

enhanced
Enhanced 

Enhanced
 

He et al. 
(2013a&b) 

1/2 Square 7% 
Cyclic lateral 

loading 
Buckled and fractured longitudinal 

bars; crushed concrete 

Repaired concrete; installed EB 
longitudinal CFRP with anchorage 

system; installed EB transverse CFRP 
Lower Lower Lower 

Rutledge et 
al. (2013) 

- Circular 6% 
*Cyclic lateral 

loading 
Buckled and fractured longitudinal 

bars; crushed concrete 

Repaired concrete; relocated the plastic 
hinge using EB longitudinal CFRP with 
CFRP anchors, installed EB transverse 

CFRP 

Enhanced Restored Restored

Note: * The loading history used in the original study corresponded to specific earthquake load history, applied by controlling the lateral displacement applied to the top of the column in a static manner. 
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Figure 1. Numerical Analysis of Repaired RC Columns 
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II. RAPID REPAIR OF SEVERELY DAMAGED RC COLUMNS WITH 
DIFFERENT DAMAGE CONDITIONS: AN EXPERIMENTAL STUDY 

Ruili He1, Lesley H. Sneed2, Abdeldjelil Belarbi3 

 

Abstract 

Rapid and effective repair methods are desired to enable quick reopening of 

damaged bridges after an earthquake occurs, especially for those bridges that are critical 

for emergency response and other essential functions. This paper presents results of tests 

conducted as a proof-of-concept in the effectiveness of a proposed method using 

externally bonded carbon fiber reinforced polymer (CFRP) composites to rapidly repair 

severely damaged RC columns with different damage conditions. The experimental work 

included five large-scale severely damaged square RC columns with the same geometry 

and material properties but with different damage conditions due to different loading 

combinations of bending, shear, and torsion in the previous tests. Over a three-day period, 

each column was repaired and retested under the same loading combination as the 

corresponding original column. Quickset repair mortar was used to replace the removed 

loose concrete. Without any treatment to damaged reinforcing bars, longitudinal and 

transverse CFRP sheets were externally bonded to the prepared surface to restore the 

column strength. Measured data were analyzed to investigate the performance of the 

repaired columns compared to the corresponding original column responses. It was 

concluded that the technique can be successful for severely damaged columns with 

damage to the concrete and transverse reinforcement. For severely damaged columns 

with damaged longitudinal reinforcement, the technique was found to be successful if the 

damaged longitudinal reinforcement is able to provide tensile resistance, or if the damage 

is located at a section where longitudinal CFRP strength can be developed. 

 

Keywords: CFRP composite; Cyclic loading; Rapid repair; RC columns; 

Severely damaged. 
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1. Introduction 

Damage to bridge structures during an earthquake can have devastating social and 

economic consequences, particularly for bridges located along key routes that are critical 

for emergency response and other essential functions. Such bridges are defined as 

“important” by ATC-18 [1], which stipulates that full access to “important” bridges 

should be possible within three days after an earthquake. In order to restore access to 

essential traffic in affected areas, rapid and effective repair methods are desired for 

varying levels of damage to minimize the impact on the community.  

Decades of study have demonstrated the effectiveness of externally bonded fiber 

reinforced polymer (FRP) in strengthening and repairing reinforced concrete (RC) 

columns. Most studies have focused on flexural or shear strengthening or repair 

application of various types of members or providing confinement in case of columns. 

Among the studies on repair, most have focused on columns with slight or moderate 

damage in which concrete, steel, or FRP jacketing was used to restore the strength and 

displacement capacity [2-6]. Few studies, however, have focused on repairing severely 

damaged ductile RC bridge columns, especially those with buckled or fractured 

longitudinal reinforcing bars [2,6]. Although these techniques have been shown to be 

effective in restoring the strength and displacement capacity, rapid repair was not 

emphasized, and timely reopening of the bridge was not a consideration. To address this 

issue, Vosooghi and Saiidi [7] recently developed guidelines for rapid repair of damaged 

bridge columns with carbon FRP (CFRP). Their studies focused on circular RC bridge 

columns under flexural and shear loading conditions without ruptured longitudinal 

reinforcing bars. 

Bridge columns may experience complex axial, shear, bending, and torsional 

loading during an earthquake. As shown by Prakash et al. [8], interaction between 

loading actions influences the location and type of damage. Therefore, it is of interest to 

develop a repair technique for damaged columns with different damage conditions 

resulting from combined loading effects. 

The present study was conducted as a proof-of-concept with the objective of 

determining the feasibility and effectiveness of a proposed technique to rapidly repair 

severely damaged RC bridge columns with different damage conditions using externally-
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bonded CFRP for emergency service use after an earthquake. The term “rapid” in the 

context of this study refers to a three-day time period as defined by ATC-18 [1] and other 

researchers [9]. This research will fill in critical gaps in the literature with respect to the 

severe damage level and inclusion of torsional loading effects and will help guide future 

research efforts in this area. This experimental study included five half-scale square 

bridge columns that were tested to complete failure under different combined loading 

effects of axial, shear, bending, and torsion in a previous study [8]. After the previous 

tests, the columns were severely damaged with different damage conditions. Each 

column was repaired within a three-day period and retested on the fourth day under the 

same combined loading as the corresponding original column. The performance of the 

repaired columns was evaluated by comparing the response with that of the 

corresponding original columns. The large scale nature of the test specimens in this study 

allowed for evaluation of the constructability of the developed repair technique in 

practice. 

 

2. Original Columns 

Five square RC columns were tested in a previous study, each with the same 

nominal geometry and material properties. The columns were 1/2 scale bridge columns 

designed based on CALTRANS [10] and ACI 318 [11] seismic provisions. The column 

specimen was simulated as a cantilever, and the aspect ratio (H/B) was 6, where H and B 

are the height of the column and the cross-section dimension, respectively. Figure 1 

shows the column geometry and reinforcement details. The column was 22 in. (560 mm) 

square reinforced with four No. 9 (29 mm dia.) deformed bars in the corners and eight No. 

8 (25 mm dia.) intermediate bars, with a longitudinal reinforcement ratio of 2.13%. Tie 

reinforcement consisted of square and octagonal No. 3 (10 mm dia.) deformed bars 

spaced at 3.25 in. (82 mm), with a transverse reinforcement ratio of 1.32%. The measured 

yield strength of the longitudinal bars was 76 ksi (524 MPa) for No. 8 (25 mm dia.) bars 

and 67 ksi (462 MPa) for No. 9 (29 mm dia.) bars. For the ties, the measured yield 

strength was 74 ksi (510 MPa). Yield strength of the reinforcing bars was determined in 

accordance with ASTM A 370 [12]. The target 28-day cylinder compressive strength of 
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the concrete was 5,000 psi (34 MPa). Additional information including measured 

concrete properties is provided in Prakash et al. [8]. 

The previous research studied the seismic performance of square RC bridge 

columns under combined loading effects including torsion. The study was focused on the 

interaction between bending and torsion, and the primary variable was the torque-to-

moment ratio (T/M). All five columns were tested to failure under cyclic lateral loading 

and a constant axial load of approximately 150 kips (667 kN) to simulate the dead load 

from the superstructure. Column 1 was subjected to cyclic uniaxial cantilever bending 

and shear (T/M=0) in addition to the constant axial load. Columns 2, 3, and 4 were 

subjected to the constant axial load and a combined cyclic loading effect of uniaxial 

cantilever bending, shear, and torsion, with torque-to-moment ratios (T/M) of 0.2, 0.4, 

and 0.6, respectively. Column 5 was tested under pure torsion (T/M=∞) in addition to the 

constant axial load.  

 

3. Column Damage Conditions 

After the original tests, the columns were severely damaged with different 

damage conditions due to the different combined cyclic loading effects (T/M). The 

overall damage conditions were classified based on both visual observations and 

measured response data. According to previous work [13], any visible evidence of core 

concrete crushing, longitudinal bar buckling, or longitudinal/transverse reinforcement 

fracture is classified as severe damage. Damage is classified as significant according to 

ATC 32 criteria if a permanent offset is apparent, if the reinforcement has yielded, or if 

major concrete spalling has occurred [14]. The terms “significant” and “severe” are used 

interchangeably in this paper when referring to the column damage.  

The damaged columns after the original tests are shown in Figure 2, which 

illustrates the difference in the visible damage extent and the plastic hinge location. 

Generally, the damage region extended farther along the column height and the plastic 

hinge location shifted away from the base with increasing torque-to-moment ratio. For 

instance Column 1, which was tested under cyclic shear and bending, sustained cover 

concrete spalling 25 in. (635 mm) above the column base, and the plastic hinge was 

located approximately 10 in. (260 mm) above the base. Column 5, which was subject to 
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cyclic torque moment, exhibited concrete damage that extended almost the entire column 

length, and the core concrete crushed through the cross section 64 in. (1,620 mm) above 

the column base. The damage to Columns 1, 2, and 3 was concentrated near the base of 

the column at the location of maximum moment due to flexure-dominant behavior in 

columns with low T/M ratios (T/M<0.5). Columns 4 and 5 were torsion-dominant with 

high T/M ratios (T/M>0.5), which resulted in higher plastic hinge location and larger 

damage extent as illustrated in Figure 2.  

Measured data acquired during testing were used to monitor changes in load-

displacement response and determine locations at which the reinforcement yielded. At 

completion of testing, the load-displacement responses showed that the stiffness of each 

column decreased significantly, and the residual strength was less than 50% of the peak 

load. Some of the columns were completely damaged without any resistance to the 

applied loading [8]. 

A detailed description of the damage to the original columns is summarized in 

Table 1. Damage to each column included concrete cracking, cover concrete spalling, and 

core concrete crushing, as well as longitudinal reinforcement yielding. Damaged ties 

failed by yielding and, in some cases, subsequent straightening of the end hooks. 

Additionally, longitudinal bars buckled in Columns 1-4, and two longitudinal reinforcing 

bars fractured in Column 1 near the base of the column at the northwest and southeast 

corners of the cross-section (see Figure 1).  

 

4. Rapid Repair of Damaged Columns 

4.1 Repair Materials 

In view of the short time frame for the rapid repair, the repair materials used were 

selected for ease of installation, compatibility with the other materials, and capability of 

achieving their desired strengths within the timeframe. A quickset repair mortar and 

unidirectional CFRP strengthening system were used in this study. The repair mortar was 

used to replace the removed damaged concrete, while the CFRP strengthening system 

was used to compensate for the loss in strength due to material degradation during the 

previous column tests. 
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The repair mortar was a shrinkage-compensating micro concrete that had high 

bond strength, high early strength, and self-compacting properties. Material properties 

provided by the manufacturer are given in Table 2. The compressive strength was 

monitored by casting 2 in. (51 mm) cubes on the same day as replacing the removed 

concrete. The compressive strength was measured one day after casting, at test day, and 

at 28 days after casting. The compressive strength of the repair mortar measured at test 

date was nearly 5 ksi (28 MPa) for each column. 

The CFRP strengthening system consisted of unidirectional carbon fiber sheets. 

Putty was used to fill the voids on the column surface, while primer was use to facilitate 

the bond between the concrete and the CFRP system. The properties of the dry carbon 

fiber fabric provided by manufacturer were: tensile strength of 550 ksi (3,800 MPa); 

tensile modulus of 33,000 ksi (227 GPa); ultimate rupture strain of 0.0167; and nominal 

thickness of 0.0065 in. (0.165 mm) per ply. The carbon fiber was linear elastic. 

Bond between the host concrete and externally applied CFRP is critical for 

flexural, shear, and torsional strengthening, so bond strength testing of the CFRP-to-

concrete bond was performed in accordance with ASTM D7234 [15]. A representative 

sample of CFRP was bonded to the concrete surface that was prepared using the same 

techniques and at the same time as the CFRP application. The test was performed at the 

time of testing of the repaired column. For each column, the bond strength test results 

met the CFRP system manufacturer’s and ACI 440.2R [16] minimum specified bond 

strength of 200 psi (1,380 kPa). 

 

4.2 Repair Procedure 

The entire repair process took approximately 30 man-hours over three days and 

involved the following seven steps: 1) straightening the column; 2) removing loose 

concrete; 3) placing repair mortar; 4) preparing the column surface; 5) installing 

longitudinal and transverse CFRP; 6) arranging instrumentation; and 7) retesting repaired 

columns. The axial load was not applied during the repair procedure considering that 

shoring systems can be used to support the self-weight of the superstructure in practice 

during the repair. Straightening of the column was challenging and time-consuming due 

to limited equipment available in the lab; therefore the time for straightening  was not 
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included in the three-day period here. On the first day, the damaged loose concrete was 

removed and formwork erected, then quickset mortar was placed. The mortar was 

allowed to set approximately 12 hours before the formwork was removed on the second 

day. Then the column surface was prepared for installation of the CFRP system. The 

surface was smoothed and corners were rounded with a hand grinder, and then putty and 

primer were applied. The longitudinal CFRP was applied, followed by transverse CFRP. 

The transverse CFRP was applied after the longitudinal CFRP to help preventing the 

debonding of the longitudinal CFRP from the host concrete. For the longitudinal CFRP, 

fibers were aligned along the longitudinal axis of the column. For the transverse CFRP, 

fibers were oriented transverse to the longitudinal axis of the column. Detailing of the 

CFRP systems is discussed in a subsequent section. No special technique was used to 

cure the CFRP system except for Columns 1 and 2 in which a plastic sheet and a small 

heater were used to facilitate curing because the temperature in the laboratory was 

unusually low. Cracks on the concrete surface outside the region with CFRP were not 

repaired. An unexpected delay occurred during the repair of Column 1, which resulted in 

testing on the 5th day. 

 

4.3 Test Setup and Loading Protocol 

The experimental setup is shown in Figure 3. In the original tests, the columns 

were anchored to the strong floor with four DYWIDAG bars with 50 kips (222 kN) 

prestressing force in each bar (Figure 3a and b), which is discussed in Prakash et al. [8]. 

The system used to anchor the repaired columns to the strong floor was modified due to 

damage to the anchors. Two steel wide flange beams were used with two steel double 

channel beams to anchor the repaired column specimens (Figure 3c and d). Because of 

the position of the wide flange beams and resulting space limitations, some of the 

instrumentation used in the original tests was not used in the repaired column tests. 

The repaired columns were tested under the same initial combined loading effects 

as the original columns. Similar to the procedure used for testing the original columns, 

the testing procedure for repaired columns was initiated in force control and then 

continued in displacement control. In testing the original columns, testing shifted to 

displacement control when first yield of the reinforcing steel occurred [8]. For the 
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repaired columns, yielding of the steel had occurred during the previous test, and 

monitoring the strain was not always possible due to damage to the strain gages mounted 

to the reinforcement. Therefore, testing was shifted to displacement control when 

significant reduction of the stiffness was observed. In addition, different procedures were 

used to maintain the torque-to-moment ratio (T/M) during the displacement control 

testing. In the original tests, an iterative feedback system was used to control the torque-

to-moment [8], whereas in the present program, a trial-and-error method was used based 

on values recorded from the previous cycle. As a result, some differences existed in the 

loading protocol details. 

 

5. CFRP Layouts 

The CFRP layouts are summarized in this section. The CFRP design procedures 

will be described in detail elsewhere by the authors. In general, the externally bonded 

CFRP strengthening system for each damaged column was designed to restore the 

column strength in terms of shear, bending, and torsion associated with the peak load in 

the original test. It should be noted that in the case of a permanent repair, the repair 

system should also be capable of restoring the ductility, although this aspect was not 

explicitly accounted for in the design due to the inclusion of torsion. The transverse 

CFRP wrap was designed to provide confinement to the concrete and to restore the 

strength in terms of torsion and shear, in which the CALTRANS provisions for RC 

column retrofit were used [18,19]. The longitudinal CFRP was designed to compensate 

for the flexural and torsional strength loss due to the damaged reinforcement and softened 

concrete. Interaction between bending and torsion was considered in the design [20].  

The CFRP layout for each repaired column is shown in Figures 4-8. Repaired 

columns are denoted in this paper with the extension “-R”. The CFRP layout for each 

column was designed and detailed considering the nature of damage to the column, the 

damage location, and the peak applied loading. As a result, each column had a different 

repair region and CFRP layout. To maximize the time efficiency, only the regions of the 

column at and adjacent to the plastic hinge were repaired. Adjustments were made to the 

designs based on lessons learned during testing of previous repaired columns within the  
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series as discussed below. (Repaired columns were repaired and tested in sequential order 

from Column 1-R to 5-R).  

For Columns 1-R, 2-R, and 3-R, the repair regions were located in the lower half 

of the columns since the damage was concentrated near the base of the columns. This was 

the case because Columns 1, 2, and 3 were flexure dominant. The increasing number of 

transverse CFRP sheets at the bottom level of Column 3-R compared to Column 2-R, and 

Column 2-R compared to Column 1-R, is due to the fact that the damage in Columns 1-R 

and 2-R was concentrated near the base of the column, and damage did not spread to the 

adjacent region. Longitudinal CFRP was installed only on the north and south sides of 

Column 1-R because the column was subjected to uniaxial bending and no torsion, and 

because space limitations did not allow for installation of an appropriate anchorage 

system to anchor longitudinal sheets on the east and west faces. However, transverse 

CFRP splitting observed on the east and west sides at early stages of testing Column 1-R 

prompted the use of longitudinal CFRP sheets on all four sides of Columns 2-R and 3-R. 

Thus one longitudinal sheet was provided on the east and west sides that was anchored at 

the base by U-anchors, which required minimal space for installation. The longitudinal 

CFRP sheets on the north and south faces were anchored with an anchorage system 

consisting of a steel plate welded to a quarter-section of steel pipe reinforced with 

stiffeners and fastened to the concrete with threaded steel anchor rods that were 

embedded using a chemical adhesive. The anchorage system is sketched at the base of the 

columns in Figures 4-6. A photo of the anchorage system is shown in Figure 9, and 

details of the anchorage system design are described by Grelle [17]. 

For Columns 4-R and 5-R, the repair regions extended along most of the column 

length. Column 4 was repaired along most of its height except for the top 12 in. (305 mm) 

because of lack of damage in the top region as well as difficulty of applying formwork 

and placing the repair mortar along the full height of the column. However, shifting of 

the plastic hinge location of Column 4-R prompted the full height repair of Column 5-R. 
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6. Test Results 

6.1 Summary of Failure Modes 

The failure modes of the repaired columns are summarized in Table 3. Column 1-

R experienced premature failure due to the detailing of the anchorage system used to 

anchor the longitudinal CFRP sheets to the base of the column [17]. During testing, the 

top of the quarter-pipe section of the anchorage system came into contact with the CFRP 

system, which led to CFRP rupture on both the south and north sides of the column due 

to the bearing of the corner of the anchorage system. It must be noted that because 

Column 1 had fractured longitudinal bars, the repair needed to compensate for the 

strength loss of the fractured bars. This resulted in a large demand on the longitudinal 

CFRP relative the other repaired columns, and also resulted in a large force in the CFRP 

that needed to be anchored to the base at the critical section for bending moment. Column 

2-R, which had the plastic hinge at the base of column after the previous test similar to 

Column 1, failed due to CFRP rupture and crushing of concrete in plastic hinge region 

near the base of the column.  No further damage was observed in the unrepaired region of 

Column 2-R. Also, the detailing problems with the anchorage system were avoided by 

maintaining a gap between the repaired column and the anchorage system. For Column 3-

R, the test was terminated due to limitations of the actuators. No damage was observed in 

the repaired region; however the plastic hinge relocated just above the repaired region. 

The concrete cover just beyond the repaired region spalled off, and the cover spalling 

progressed upwards until testing was terminated. The plastic hinge was also relocated in 

Column 4-R from the location in Column 4, For Column 4-R, the plastic hinge shifted to 

the unrepaired region just above the repaired region. The failure mode was concrete 

crushing in the unrepaired region followed by CFRP rupture near the unrepaired region. 

The failure mode of Column 5-R was rupture of the CFRP. Rupture of the external CFRP 

on Column 5-R first occurred at the south-west corner of the column approximately 65 in. 

(1,650 mm) above the column base, which coincides with the interface of the unrepaired 

concrete and the newly placed repair mortar. Rupture progressed to the upper west side of 

the column, and then to the lower south side. Finally, the ruptured CFRP peeled away 

with a thin layer of concrete bonded underneath, and crushed mortar fell out.  
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6.2 General Behavior of Repaired Columns 

The general response of each repaired column relative to the corresponding 

original column is described in this section. The measured load-displacement and torque-

twist relationships of the repaired columns compared to the corresponding original 

columns are shown in Figures 10 to 14, in which both the hysteresis and envelope 

responses are provided. As illustrated in the figures, the repaired columns behaved 

asymmetrically in the positive and negative cycles. This response can be attributed to the 

unsymmetrical damage in the original column, the unsymmetrical removal and 

replacement of loose concrete during the repair procedure, and possibly some original 

displacement at the beginning of testing the repaired columns, which was due to the fact 

that the repaired column was not perfectly straightened.  

The measured lateral load and displacement in Column 1-R did not reach that of 

Column 1, which is due to premature failure associated with longitudinal CFRP 

anchorage as discussed in the previous section. A moment-curvature analysis of the 

repaired cross-section confirms that the lateral load associated with the predicted moment 

capacity after failure of the longitudinal CFRP was close to the peak lateral load 

measured during the test. It must be noted that anchorage of externally bonded 

longitudinal CFRP sheets is a crucial issue to ensure that the tensile force can be 

developed at the critical section. When the plastic hinge is located near a joint, the 

situation is even more complicated by the interaction between the column and the 

anchorage system, which was the situation of Column 1-R. Therefore careful attention 

must be paid to detailing of both the FRP and its anchorage system. 

Figures 11 and 12 show that both the flexural strength and ducitlity of Columns 2-

R and 3-R were mainly restored to Columns 2 and 3, although the maximum torque of 

Column 2-R did not reach that of original column. Similarly for Column 4-R, Figure 13 

shows that the torsional strength was improved compared to Column 4, but the measured 

lateral load and displacement did not reach the original state. To explain the differences 

in bending and torsional strength restoration for each repaired column, the difference in 

the loading protocol details between the repaired column and corresponding original 

column must be noted. As discussed previously, it was difficult to maintain the torque-to-

moment ratio after shifting to displacement control, which resulted in the applied load 
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with different torque-to-moment ratios for the repaired and original columns. For instance 

Figure 15 shows the torque-to-moment ratios (T/M) for the applied load on Column 4-R 

and Column 4. The torque-to-moment ratio of Column 4 reduced significantly after 

shifting from load control to displacement control at a lower load level compared to 

Column 4-R. This resulted in higher bending moment in Column 4 compared to Column 

4-R, since this bending moment was reached at a lower torque compared to Column 4-R. 

Therefore, it can be concluded that the bending-torque interaction played a role in the 

level of strength restored. 

Comparison of the applied torque-twist envelopes of Column 5 and Column 5-R 

in Figure 14 indicates that the torsional strength and twist at maximum torque were 

enhanced by the repair. For Column 5, the torsional strength reduced rapidly after the 

maximum torque was achieved because the core concrete crushed and thus could not 

provide further torsional resistance. The post-peak response of Column 5-R was 

characterized by a reduction in torsional strength with increasing applied torque, but not 

as rapidly as that of Column 5. This phenomenon can be explained in part by the 

confinement provided by the transverse CFRP wrap.  

In general, Figures 10-14 also show that the rate of stiffness deterioration of the 

repaired columns under large reversed cyclic loading was lower than that of the 

corresponding original columns. However, the initial stiffness of repaired columns was 

lower than that of corresponding original columns. 

 

6.3 Evaluation of the Repair Technique 

Comparison of the repaired column performances in this study is complicated by 

the different damage conditions of the corresponding original columns and the different 

repair profiles. Thus non-dimensional response indices were developed to compare the 

repaired column to the corresponding original column in terms of strength, stiffness, and 

ductility, which were the extension of previous work by Vosooghi and Saiidi [21]. The 

indices were then used to compare the performance of the repaired columns. 
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6.3.1 Strength Index 

The strength of a column is defined as the maximum measured applied load 

during the test [22]. The ratio of the repaired column strength to the original column 

strength is defined as the strength index STRI, which was determined by Eq. (1). 

r

o

r

o

V
STRI

V

T

T



 
  

 

                                                       (1) 

Vr (Tr) and Vo (To) in Eq. (1) represent the maximum lateral load (torque moment) 

measured in the repaired and original columns, respectively.  

The strength indices for the columns are provided in Figure 16, which illustrates 

that the repair method is effective in restoring the bending and/or torsional strength. The 

flexural strength restoration ranged from 63-111%, and torsional strength restoration 

ranged from 83-118%. Although Column 1-R was restored to 75% of its original flexural 

strength, the results can be misleading since the strength restoration was limited by the 

flexural capacity of the repaired cross-section section with fractured bars, because the 

longitudinal CFRP failed prematurely. For Columns 2-R, 3-R, and 4-R, which were 

subjected to combined bending and torsion, either the flexural strength, the torsional 

strength, or both, were fully restored. Bending-torque interactions played a role in the 

level of bending and torsional strength restored as discussed in the previous sections. For 

Column 5-R subjected to pure torsion, the torsional strength was fully restored. 

 

6.3.2 Stiffness Index 

The stiffness of columns can be expressed by the initial stiffness and the general 

service stiffness, which were determined by the following methods. The initial stiffness 

was determined by the ratio of the summation of absolute values of positive and negative 

peak lateral load (torque for torsion) in the first cycle of the test to the summation of 

corresponding absolute values of positive and negative displacement (twist for torsion) 

[23], which was calculated by Eq. (2). The ratio of the repaired column initial stiffness to 

the original column initial stiffness is defined as the stiffness index STFI1, which was 

computed by Eq. (3). 
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In Eq. (2), Vp1 (Tp1) is the measured positive peak lateral load (torque moment) 

during the first cycle, and Dp1 (TWp1) is the corresponding lateral displacement (twist). 

Vn1 (Tn1) is the absolute value of measured negative peak lateral load (torque), and Dn1 

(TWn1) is the absolute value of the corresponding lateral displacement (twist).  

The initial stiffness indices for the repaired columns are illustrated in Figure 17. 

The initial bending stiffness indices ranged from 39-112%, and initial torsional stiffness 

indices ranged from 32-81%. With the exception of the bending stiffness of Column 4-

R/4, the initial stiffness of the repaired columns was lower than that of the corresponding 

original columns. This reduction in initial stiffness is due to the unrepaired cracked 

portions of the repaired columns and material degradation during the original tests. 

The general service stiffness index was determined based on an idealized 

envelope representing an elasto-plastic curve [9]. For the original columns, the envelopes 

were idealized by setting the initial slope to pass through the first yield point and 

adjusting the plastic portion so that areas under the measured curve and idealized curve 

were equal. For the repaired columns, the elastic part of the idealized curve was obtained 

by connecting the origin to the point on the measured envelope at which the applied load 

(torsional moment) was one-half of the peak measured value. The yield level was 

established by equalizing the area between the measured and idealized curves. The 

idealizations of the envelopes of the original and repaired columns are illustrated in 

Figure 18. 

The general service stiffness index STFI2 is defined as the ratio of the service 

stiffness of the repaired column Kr to that of the original column Ko as shown in Eq. (4). 

The service stiffnesses Kr and Ko are determined from the ratio of the plastic base shear 

(torque) to the effective yield displacement (twist), which were obtained from the 

idealized curves (see Figure 18). 
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As shown in Figure 19, the general service stiffness indices for bending ranged 

from 85-189%, and general service stiffness indices for torsion ranged from 69-138%. 

It should be noted that the general service stiffness indices for the repaired 

columns are dependent on the idealization of the measured envelopes of both original and 

repaired columns. Results are sensitive to assumputions used in developing the idealized 

curves. Thus these index values are presented herein to compare the global behaviors of 

the repaired and corresponding original columns. Also, the torque-bending interaction 

should be kept in mind in evaluating these indices. In general, the general service 

stiffness was restored more effectively than the initial stiffness.  

 

6.3.3 Ductility Index 

The ductility index DI is defined as the ratio of the ductility capacity of the 

repaired column Dr to that of the original column Do (see Eq. (5)). The ductility capacity 

is defined as the ratio of the ultimate displacement (twist) to the effective yield 

displacement (twist), which can be obtained from the idealized curves in Figure 18. 

r

o

D
DI

D
                                                               (5) 

The ductility indices in terms of both bending and torsion are illustrated in Figure 

20. The ductility indices for bending ranged from 68-250%, and torsional strength 

restoration ranged from 69-170%. 

Similar to the general service stiffness indices, the ductility indices for the 

repaired columns are dependent on the idealization of the measured envelopes of both 

original and repaired columns. However, results are encouraging and suggest that the 

ductility can be restored to an extent that can meet the needs of a temporary repair and 

allow emergency service use after an earthquake. More work is needed to determine 

whether this method can be used for permanent repair, in which case the ductility should 

be considered in design and should be fully restored. 
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7. Conclusions 

This paper discusses the results of five large-scale tests conducted as a proof-of-

concept in the effectiveness of a proposed method to rapidly repair severely damaged RC 

columns with different damage conditions. While the original geometric and material 

properties were nominally the same for each column, the location of plastic hinge and 

nature of damage were different because of different loading conditions. The repair 

procedure involved removal and replacement of loose concrete, followed by installation 

of longitudinal and transverse CFRP sheets. Because of the rapid nature of the repair, 

damaged reinforcing bars were left untreated. The repair of each column was designed to 

restore the strength associated with the peak load in the original test. While further study 

needs to be conducted to completely understand the design and performance of repaired 

RC columns subjected to combined loading effects including torsion, the following 

conclusions can be made from this study: 

1. The developed repair procedure was practical and achievable as an emergency repair; 

2. The repair method is effective in restoring the bending and/or torsional strength. 

Factors such as bending-torque interaction, failure mode, and repair detailing played a 

role in the level of strength restored; 

3. Results suggest that the repair method can restore the stiffness and ductility capacity 

of the columns to levels that can meet the needs of a temporary repair and allow 

emergency use after an earthquake; 

4. In this study, for the flexural dominant columns with damage concentrated near the 

base, only the portion of the columns with severe damage, and the region 

immediately adjacent to it, were repaired. Results confirmed that the strength can be 

restored or even enhanced for columns without fractured longitudinal bars. These 

findings are significant in terms of time that can be saved in completing a temporary 

emergency repair; 

5. The rapid repair method used in this study did not include repair of fractured 

longitudinal reinforcing bars. When fractured longitudinal bars (and critical section) 

are located near the base of the column, as was the case for Column 1 in this study, a 

large force demand is required of the CFRP strengthening system, as well as a 

substantial anchorage system to develop it.  The method utilized in this study was 
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found to be only partial unsuccessful in this case, since premature failure of the 

strengthening system limited the strength restoration; and 

6. Though initial stiffnesses of the repaired columns were lower than that of original 

columns due to the unrepaired cracked portions, the general service stiffnesses were 

restored to a higher level. Also, the rate of stiffness deterioration under large reversal 

cyclic loading was lower for the repaired columns than that of the corresponding 

original columns. 
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Table 1 Summary of damage to original columns. 
 

Column T/M Concrete Damage Reinforcing Bar Damage 
Longitudinal Ties a 

Cover Spall Core Crush Yield Buckle Fracture 
Column 1 0 25 in. (635 mm) 

above column base
10 in. (260 mm) 

above column base
All bars All bars, 10 in. 

(260 mm) above 
column base 

2 bars; 10 in. (260 mm) 
above column base 

(see Fig.1) 

4 ties 

Column 2 0.2 37 in. (950 mm) 
above column base

20 in. (500 mm) 
above column base

All bars 10 bars, 20 in. 
(500 mm) above 

column base 

None 3 ties 

Column 3 0.4 58 in. (1,470 mm) 
above column base

30 in. (760 mm) 
above column base

All bars 10 bars, 30 in. 
(760 mm) above 

column base 

None 1 tie 

Column 4 0.6 94 in. (2,380 mm) 
above column base

40 in. (1,020 mm) 
above column base

All bars 10 bars, 40 in. 
(1,020 mm) 

above column 
base 

None 1 tie 

Column 5 ∞ 120 in. (3,050 mm) 
above column base

64 in. (1,620 mm) 
above column base

2 bars None None 0 tie 

a Values in this column refer to the number of ties removed during repairing. 
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Table 2 Repair mortar properties (provided by the manufacturer). 
 

Property  Results  Test Method  
Fresh wet density, lb/ft3 (kg/m3)  142 (2,275)  ASTM C 138  

Compressive strength, psi (MPa); 2 in. 
(51 mm) cubes 

   ASTM C 109  

1 day  2,500 (17.2)   
7 days  5,000 (34.5)   
28 days  6,000 (41.4)   

Compressive strength, psi (MPa); 3 by 6 
in. (76 by 152 mm) cylinders, at 28 days.

5,000 (34.5)  ASTM C 39  

Flexural strength, psi (MPa), at 28 days 1,150 (7.9)  ASTM C 348  
Slant shear bond strength, psi (MPa), at 

28 days 
3,000 (20.7)  ASTM C 882 (modified)  

Splitting tensile strength, psi (MPa), at 
28 days 

500 (3.4)  ASTM C 496  
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Table 3 Summary of failure modes of repaired columns. 
 

Repaired Column Failure Mode  

Column 1-R (T/M=0) Premature failure related to the detailing of the longitudinal 
CFRP anchorage system, followed by fracture of two additional 

longitudinal reinforcing steel bars 

Flexure Dominant 

Column 2-R (T/M=0.2) Rupture of CFRP (flexure), crushing of concrete in the repaired 
region 

Column 3-R (T/M=0.4) Testing terminated due to limitations of the actuators 

Column 4-R (T/M=0.6) Crushing of concrete in the unrepaired region (torsion) followed 
by CFRP rupture next to the unrepaired region 

Torsion Dominant 

Column 5-R (T/M=∞) Rupture of CFRP, crushing of concrete (torsion) 
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Fig. 1 Geometry and reinforcement details of original columns. 
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Column 1 (T/M=0) Column 2 (T/M=0.2) Column 3 (T/M=0.4) Column 4 (T/M=0.6) Column 5 (T/M=∞) 

Fig. 2 Damage conditions of the original columns after previous tests. 
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Fig. 3 Test setup for original and repaired columns. 
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Fig. 4 CFRP layout for Column 1-R. 
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Fig. 5 CFRP layout for Column 2-R. 
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Fig. 6 CFRP layout for Column 3-R. 
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Fig. 7 CFRP layout for Column 4-R. 
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Fig. 8 CFRP layout for Column 5-R. 
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Fig. 9 Novel anchorage system. 
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Fig. 10 General behavior of Column 1-R compared to Column 1. 
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Fig. 11 General behavior of Column 2-R compared to Column 2. a Bending behavior. b 
Torsional behavior. 
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Fig. 12 General behavior of Column 3-R compared to Column 3. a Bending behavior. b 
Torsional behavior. 
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Fig. 13 General behavior of Column 4-R compared to Column 4 a Bending behavior. b 
Torsional behavior. 
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Fig. 14 General behavior of Column 5-R compared to Column 5. 
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Fig. 15 Torque-to-moment ratios for Column 4 and Column 4-R. 
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Fig. 16 Strength indices for repaired columns. 
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Fig. 17 Stiffness indices of initial state for repaired columns. 
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Fig. 18 Idealized envelopes for original and repaired columns. 
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Fig. 19 General service stiffness indices for repaired columns. 
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III. RAPID REPAIR OF A SEVERELY DAMAGED RC COLUMN HAVING 
FRACTURED BARS USING EXTERNALLY BONDED CFRP 

Ruili He1, Stephen Grelle2, Lesley H. Sneed3,* Abdeldjelil Belarbi4 

 

 

ABSTRACT 

Research on rapid repair of reinforced concrete (RC) columns has been limited to 

columns with slight or moderate damage. Moreover, few studies have been conducted on 

repair of severely damaged columns, particularly with buckled or fractured reinforcing 

bars. In those studies, however, the techniques used involve considerable time and effort 

and are not considered “rapid”. The goal of this study was to develop an effective 

technique to rapidly repair severely damaged RC columns for temporary service use with 

externally bonded carbon fiber reinforced polymers (CFRP). This paper describes the 

repair and retest of three half-scale severely damaged square RC bridge columns within 

four or five days. Damage to each column included buckled longitudinal bars, and one 

column had fractured bars near the column base. The repairs were designed to restore the 

column strength using longitudinal and transverse CFRP. A novel anchorage system was 

designed to anchor the longitudinal CFRP to the column footing. This study illustrates 

the effectiveness and limitations of this repair technique. The technique was found to be 

successful in restoring the strength of the columns without fractured bars, but only 

partially successful for the column with fractured bars located near the base because of 

CFRP anchorage limitations. 

 

Key words: Anchorage, Bridge Column, Carbon Fiber Reinforced Polymer 

(CFRP), Fractured Bars, Reinforced Concrete (RC), Rapid Repair 
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1. Introduction 

Based on current seismic design criteria, reinforced concrete (RC) bridge columns 

are designed to undergo concrete cracking, concrete cover spalling, and yielding of 

reinforcing steel and to provide a significant rotation capacity at plastic hinges without 

collapse. Damage to bridge structures during an earthquake can have devastating social 

and economic consequences, particularly for those that are located along key routes that 

are critical for emergency response and other essential functions. Such bridges are 

defined as “important” by ATC-18 [1], which stipulates that damage from an earthquake 

should be repairable within three days. Thus rapid and effective repair methods for 

varying levels of damage are needed to enable quick reopening of these bridges to 

minimize the impact on the community of affected areas. For columns with slight or 

moderate damage, extensive research has been conducted in which concrete, steel, or 

fiber reinforced polymer (FRP) jacketing was used to restore the strength and ductility of 

the column [2-5]. Few studies, however, have focused on the repair of severely damaged 

ductile RC bridge columns, especially those with buckled or fractured longitudinal 

reinforcing bars [6-8]. To compensate for the loss of strength due to fractured bars, most 

traditional repair methods have focused on the replacement or addition of internal steel 

reinforcement [6,7] Although these techniques have been shown to be effective in 

restoring the strength and ductility of severely damaged RC columns, they generally 

require considerable time to implement, making them difficult to accomplish as part of an 

emergency repair that can be achieved in a short timeframe. In a study by Saiidi and 

Cheng [8], glass and carbon FRP sheets with fibers in the axial direction of the column 

were used to compensate for the flexural strength loss due to the ruptured bars.  

FRP jacketing has been used extensively to retrofit substandard RC columns that 

were not adequately detailed to resist seismic loads due to its high strength- and stiffness-

to-weight ratios and ease of installation compared with other materials. Because 

installation and handling time is a critical factor in a rapid repair, FRP is a potential 

option in rapidly repairing severely damaged columns, although compensating for loss of 

strength due to fractured or buckled bars can be challenging. In such case, FRP with 

fibers oriented in both the column transverse (jacketing) and longitudinal directions 

might be considered. Depending on the damage location, an appropriate anchorage 
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system may be required to anchor the longitudinal FRP to the column or adjacent 

member when there is not enough bond length to develop its strength. In general, FRP 

anchorage systems are used to allow the anchored FRP to reach a higher design strength 

than would be possible without its inclusion. Moreover, in some cases anchorage systems 

provide a force transfer mechanism that is critical to the strength of the FRP system [9]. 

When the critical section is located near the end of a member, such as in the case of 

cantilever column bending, the performance of the anchorage system becomes critical to 

ensure that the tensile load in the FRP can be transferred to the supporting member. 

Otherwise, premature failure of the strengthening system can occur [5].  

This paper describes the results of three half-scale severely damaged square RC 

bridge columns that were rapidly repaired for temporary service use. Each column had 

buckled longitudinal bars, concrete cover spalling, and significant crushing of the 

concrete core. One of the columns, which is emphasized in this paper, was unique as it 

had fractured longitudinal bars located near the footing at the column base. This study is 

the first attempt to rapidly repair severely damaged columns using an externally bonded 

carbon FRP (CFRP) system without any treatment of the damaged reinforcing bars. Both 

longitudinal and transverse CFRP sheets were used to repair the columns. Especially for 

the column with fractured bars, the design of a novel anchorage system was necessary to 

develop the longitudinal CFRP strength [10]. The overall goals of this paper are to 

demonstrate proof of concept and to establish the details on the repair procedure, design 

philosophy, and FRP anchorage detailing. The experimental results of the repaired 

columns and anchorage system are also discussed, and recommendations are made for 

future use and improvements of this system. 

 

2. Background 

2.1. Design of original columns 

Fig. 1 shows the geometry and reinforcement details of the RC columns that were 

the focus of this investigation. The columns were 22 in. (560 mm) square reinforced with 

four deformed No. 9 (ϕ = 29 mm) bars in the four corners and eight No. 8 (ϕ = 25 mm) 

intermediate bars. They were 166 in. (4,220 mm) tall with 132 in. (3,350 mm) effective 

height measured from the column base to the centerline of applied loading. Square and 
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octagonal No. 3 (ϕ = 10 mm) deformed bars were used as the tie reinforcement spaced at 

3.25 in. (82 mm). The tie bars were anchored using 135 degree bent hooks with a 

development length of 2.5 in. (64 mm). The longitudinal and transverse reinforcement 

volumetric ratios were 2.13% and 1.32%, respectively. The measured yield strengths of 

the No. 8 (ϕ = 25 mm) and No. 9 (ϕ = 29 mm) longitudinal bars were 76 ksi (524 MPa) 

and 67 ksi (462 MPa), respectively. The measured yield strength of the No. 3 (ϕ = 10 mm) 

ties was 74 ksi (510 MPa). The concrete compressive strength measured at the original 

test date ranged from 5,260 psi (36.3 MPa) to 5,880 psi (40.5 MPa). 

 

2.2. Damage evaluation of original columns 

The columns were originally tested to failure under cyclic lateral loading and a 

constant axial load of approximately 150 kips as part of a separate study [11]. Column 1 

was subjected to cyclic uniaxial cantilever bending and shear in addition to the constant 

axial load. Columns 2 and 3 were subjected to the constant axial load and a combined 

cyclic loading effect of uniaxial cantilever bending, shear, and torsion, with torque-to-

moment ratios (T/M) of 0.2 and 0.4, respectively. All tests were conducted at the High 

Bay Structural Engineering Research Laboratory (SERL) at Missouri University of 

Science and Technology (Missouri S&T) in Rolla, MO.  

Figs. 2-4 show the damaged columns after the original tests. Damage to all three 

columns included concrete cracking, cover spalling, and core crushing and longitudinal 

reinforcement yielding and buckling. Additionally, two longitudinal reinforcing bars 

fractured in Column 1 near the base of the column at the northwest and southeast corners 

of the cross section (see Figure 2). The damage to all three columns was concentrated 

near the base of the column at the location of maximum moment due to flexure-dominant 

behavior in columns with low T/M ratios (T/M<0.5). The damage is summarized in Table 

1 in which measurements are included to provide insight into the damage extent and 

plastic hinge location of each column. Damaged ties failed by yielding and, in some cases, 

subsequent straightening of the end hooks. 

ATC-32 defines three general damage states for RC members: slight, moderate, 

and significant [12]. Some recent studies have also attempted to refine these damage 

states by correlating the apparent damage to seismic response parameters [13-15]. 
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Considering the damage conditions of the original columns as described previously, the 

damage observed was classified as significant according to ATC-32 criteria. The terms 

“significant” and “severe” are used interchangeably in this paper when referring to the 

column damage. 

 

3. Column repair materials 

Because this was a rapid repair, the timeframe from repair initiation to test 

initiation was critical and closely monitored to demonstrate that the repair materials used 

were compatible and capable of achieving their required strengths within the timeframe. 

The CFRP strengthening system was comprised of carbon fiber tow sheets consisting of 

unidirectional fibers with the following properties given by manufacturer: ultimate tensile 

strength of 550 ksi (3,800 MPa); tensile modulus of 33,000 ksi (227 GPa); ultimate 

rupture strain of 0.0167; and nominal thickness of 0.0065 in. (0.165 mm) per ply. The 

CFRP sheets were 20 in. (508 mm) wide. The stress-strain relationship of the fibers is 

linear-elastic until rupture.  

The material used to replace the removed damaged concrete was selected given 

the following considerations: (1) design strength can be achieved in two to three days 

after placement; (2) surface moisture is minimal a short time after placement; and (3) 

fluidity can minimize voids present after placement. A pre-extended micro concrete was 

chosen as the repair mortar. The average compressive strength of the repair mortar at test 

date based on the results of three tests measured in accordance with ASTM C109 [16] 

was 5,410 psi (37.3 MPa) for Column 1-R, 5,855 psi (40.4 MPa) for Column 2-R, and 

5,455 psi (37.6 MPa) for Column 3-R. Note the designation –R indicates the repaired 

column. 

Bond strength testing of the CFRP-to-concrete bond was performed in accordance 

with ASTM D7234 [17]. A representative sample of CFRP was bonded to the concrete 

surface that was prepared using the same techniques and at the same time as the CFRP 

application. The test was performed at the time of retesting of the repaired column. The 

average bond strength based on the results of three tests was 380 psi (2.6 MPa), 230 psi 

(1.6 MPa), and 580 psi (4.0 MPa) for Columns 1-R, 2-R, and 3-R, respectively. The bond 
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strength test results met the CFRP system manufacturer’s and ACI 440.2R [18] minimum 

specified bond strength of 200 psi (1.4 MPa). 

 

4. Repair design 

4.1. CFRP design 

The repair of each column was designed to restore the column strength associated 

with the peak load in the original test. In the case of a permanent repair, the strengthening 

system should also restore the column stiffness and ductility, although these aspects were 

not explicitly accounted for in this design. To maximize the time efficiency, only the 

regions of the columns at and adjacent to the plastic hinge were repaired. A primary 

region was defined as the region where the damage was concentrated, and a secondary 

region was the region adjacent to the primary region with the same length. Portions of the 

column outside these regions exhibited slight cracks on the concrete surface but were not 

repaired. The repair design objective was accomplished by utilizing the CFRP sheets in 

both the transverse and longitudinal directions. The following assumptions were made 

during the design process: 1) longitudinal reinforcing bars that had buckled in the original 

test would only provide tensile strength, 2) the design compressive strength of the repair 

mortar was 4,000 psi (27.6 MPa) at test date, and 3) failure of the FRP anchorage system 

would not occur. 

 

4.1.1. Column 1-R 

The preliminary designs of the longitudinal and transverse CFRP were conducted 

separately first, then a sectional analysis was used to finalize the design. The transverse 

CFRP was preliminarily designed with the objective of restoring the shear strength and 

the confinement, then the larger number of layers from each those designs was selected 

as the preliminary design result. 

To compensate for the strength loss due to the fractured longitudinal reinforcing 

bars, the longitudinal CFRP was preliminarily designed to provide the same tensile 

strength as the yield force of the fractured bars [8]. Considering that the column was 

subjected to uniaxial bending in the north and south directions, and that limited space was 
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available for anchorage application on the east and west sides of the column (due to the 

test setup), longitudinal CFRP was applied only to the north and south faces. 

In RC members that are fully wrapped by FRP, loss of aggregate interlock of the 

concrete has been observed to occur before the FRP wrap reaches its ultimate strain. To 

preclude this failure mode, the maximum strain used for the design of transverse FRP is 

usually limited to a specific value, which is known as the effective strain [18]. The 

effective strain of the transverse CFRP wrap in this design was chosen as 0.004, which is 

based on testing and experience [19]. Therefore, in determining the thickness of the 

transverse CFRP required to restore the shear strength, the stress in the CFRP was limited 

to 0.004Ej, where Ej is the elastic modulus of the CFRP. According to California 

Department of Transportation (Caltrans) criteria for seismic shear design for ductile 

concrete members [20], the required thickness for the jacketing, tj, is determined as: 

0 ( )

2 0.004

c s

j
j

V V V
t

E b
  


  

                                                   (1) 

in which V0 is the over-strength shear, Vc is the concrete shear capacity, Vs is the 

shear strength provided by the transverse reinforcing steel, ϕ is a strength reduction factor 

taken as 0.85 for shear, and b is the column dimension in the loading direction. V0 was 

taken as the shear corresponding to the maximum moment achieved in the original test. 

Since four ties in the plastic hinge were opened and removed during placement of the 

formwork for the repair mortar, which resulted in a larger tie spacing within the plastic 

hinge, Vs was conservatively neglected. Vc was calculated based on the estimated 

compressive strength of the repair mortar at test date, which considered the confinement 

effect of the transverse CFRP wrap.  

The thickness of the transverse CFRP required to restore the confinement from 

the damaged stirrups was preliminarily designed according with the provisions for RC 

column retrofit given by Caltrans [21] as Eq. (2): 

2
l

j
j j j

f D
t

E 


                                                          

(2) 

in which fl is the confinement stress, and D is the equivalent dimension for the 

square column. αj is reduction factor for FRP modulus of elasticity, Ej is the CFRP 

modulus of elasticity, and εj is the dilating strain estimated to be 0.004 [21]. 



 

 

89

Based on the preliminary designs of the longitudinal and transverse CFRP, a 

sectional analysis was made to finalize the design. Moment-curvature analysis was 

conducted using a layer-by-layer approach in which the cross section was divided into a 

number of discrete layers. Each layer contained a quantity of concrete confined by CFRP, 

steel ties, or both, longitudinal reinforcing steel, and CFRP. The stresses in the concrete, 

reinforcing steel, and CFRP in each layer were determined from the average strain in 

each layer and the stress-strain relationships. The model by Lam and Teng [22], which is 

adopted by ACI Committee 440 [18], was used to describe the compressive stress-strain 

relationship of the CFRP-confined concrete in this study. Though this model has not been 

verified for damaged concrete confined with FRP, it was used in this design because the 

damaged concrete would be removed and replaced with repair mortar at the critical cross 

section where the sectional analysis was conducted. The theoretical moment-curvature 

relationship for the constant axial load P of 7% of the axial strength was determined by 

incrementally increasing the concrete strain in the extreme compression layer. For each 

value of the concrete strain in the extreme compression layer, the neutral axis depth was 

determined by satisfying force equilibrium as shown in Eq. (3): 

1 1 1

n n n

ci ci si si Fi Fi
i i i

P f A f A f A
  

    
                               

(3) 

where fci, fsi, and fFi represent the stresses of concrete, steel, and CFRP in the ith 

layer, Aci, Asi, and AFi are the areas of concrete, steel, and fiber in the ith layer, and n is the 

number of layers. Then the moment M corresponding to the given concrete strain in the 

extreme compression layer was determined by taking the moments of the internal forces 

about a suitable axis using Eq. (4): 

1 1 1 2

n n n

ci ci ci si si si Fi Fi Fi
i i i

h
M f A d f A d f A d P

  

      
                   

(4) 

where di represents the distance of the centroid of ith layer from the extreme 

compression fiber, and h is the section depth. The curvature was determined by dividing 

the concrete strain in the extreme compression layer by the neutral axis depth. 

Fig. 5 shows the result of the moment-curvature analysis. The predicted decrease 

in moment capacity from points A to B in the figure is due to rupture of the longitudinal 

CFRP. It should be noted that results were based on the assumption that the longitudinal 
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CFRP anchorage could transfer the force required from the column to the footing. Design 

of the system used to anchor the longitudinal CFRP is discussed in the next section. 

The final repair design for Column 1-R consisted of three layers of longitudinal 

CFRP on the north and south faces of the column. A varying number of layers of 

transverse CFRP wraps were placed around the column to a height of 60 in. (1,524 mm) 

from top of footing, which is the height of the sum of primary and secondary regions 

mentioned previously. Half the number of transverse layers provided in the primary 

region was provided in the secondary region. No longitudinal or transverse CFRP was 

placed above this height. The final repair design is shown in Fig. 6. 

 

4.1.2. Columns 2-R and 3-R 

The repair design was modified for Column 2-R based on the performance of 

repaired Column 1-R and to include the design for torsion (T/M = 0.2). Similarly, the 

repair design for Column 3-R was modified based on the performance of repaired 

Columns 1-R and 2-R and to include the design for torsion (T/M=0.4). The torsion was 

designed based on a space truss model [23]. For both Columns 2-R and 3-R, the 

longitudinal CFRP design included the designs for flexure and for torsion, which were 

assumed to be additive. In designing the transverse CFRP, shear and torsion were 

assumed to be additive.  

The final repair designs for Columns 2-R and 3-R are shown in Figs. 7 and 8, 

respectively. In addition to providing reinforcement on the north and south faces (the 

extreme tension and compression fibers in the direction of bending), 1 layer of 

longitudinal CFRP was provided on the east and west faces for torsion, as well as to 

prevent crack initiation on these two faces for both Columns 2-R and 3-R. Column 3-R 

had the least amount of longitudinal CFRP because the design bending moment was 

smaller than that of Columns 1-R and 2-R. For Columns 2-R and 3-R, the layers of 

transverse CFRP were adjusted based on the performance of the previous repaired 

column responses. The number of layers of transverse CFRP in the repair region 20 in. 

(510 mm) to 60 in. (1,525 mm) above the footing was reduced on Columns 2-R and 3-R 

because the damage observed in the repaired Column 1-R test was concentrated in the 
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first 20 in. (510 mm) region, and there was no visible damage in the repaired region 

above. 

 

4.2. Anchorage 

4.2.1. Column 1-R 

Based on the repair design for Column 1-R described in the previous section, a 

significant force in the CFRP was required to be anchored to the column footing in order 

to compensate for the tensile strength of the fractured reinforcing bars. This presented a 

challenge for the design of the anchorage system, as the systems reported upon in 

literature are generally not designed to resist forces of such magnitude. Therefore, an 

extensive review of anchorage systems was conducted [9], based upon which a novel 

anchorage system was designed for the column repair.  

The anchorage system used to anchor the longitudinal CFRP sheets on the north 

and south faces consisted of a steel plate welded to a quarter-section of steel pipe 

reinforced with stiffeners and fastened to the concrete with threaded steel anchor rods 

that were embedded using a chemical adhesive. Fig. 9 shows the details of the anchorage 

system. Placement of the anchor bolts was dictated by the reinforcement layout in the 

column footing, as well as the existing cracks in the footing near the plastic hinge 

location. The quarter-section of pipe was placed at the column-to-footing interface in 

order to resist the force that was expected to develop as the CFRP debonded at the 90-

degree joint, as well as to reduce local stress concentrations in the CFRP due to this 

reaction. Load cells were installed on select anchor rods, and strain gages were installed 

on the steel plate to monitor the behavior of the anchorage system. Details of the 

anchorage system design and observed behavior are described at length elsewhere [10]. 

 

4.2.2. Columns 2-R and 3-R 

The longitudinal CFRP on the north and south faces of Columns 2-R and 3-R was 

anchored using the same anchorage system used in Column 1-R. A 0.25 in. (6 mm) gap 

was provided between the edge of the quarter-pipe and the column face as shown in Fig. 

9 to avoid premature failure due to the bearing of the column onto the edge of anchorage. 

The longitudinal CFRP sheet on the east and west faces of Columns 2-R and 3-R was 
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anchored using U-anchors placed in the footing at the column-footing joint (see Fig. 10) 

due to space limitations in these areas (wide flange beams in the test setup in Fig. 12). 

 

5. Repair procedure 

The damaged columns were repaired and retested within five days for Column 1-

R and within four days for Columns 2-R and 3-R. The repair procedure consisted of 

seven steps (including instrumentation application) shown in Fig. 11. Before the repair 

began, the damaged columns were straightened to ensure that they were capable of being 

repaired and retested. Initial straightening was challenging due to limited equipment 

available, and this step was not included in the repair time. The rapid repair started with 

removing loose concrete, followed by erecting formwork, and placing repair mortar on 

the first day. After the mortar set approximately 12 hours, the formwork was removed, 

and the surface of the concrete was prepared for CFRP applications. Column corners 

were rounded with a hand grinder to provide a radius of 0.5 in. (12 mm). The CFRP 

composite strengthening system was applied on the third day for Column 1-R and on the 

second day for Columns 2-R and 3-R. All longitudinal CFRP sheets were installed first, 

followed by installation of the transverse CFRP wrap. No special curing process was used, 

although a plastic sheet was provided to keep in heat for Columns 1-R and 2-R due to the 

low temperature in the lab (see Fig. 11f). Before retesting, a significant amount of 

instrumentation was installed on the repaired column to evaluate the behavior. 

Instrumentation took place on the fourth day for Column 1-R and on the third day for 

Columns 2-R and 3-R. The repaired columns were retested at the beginning of the 

following day. 

 

6. Test procedure 

The testing setup that was used to provide fixity of the footing during testing 

involved a reinforced concrete test bed. Hydrostone® was placed in gaps between the 

footing and the test bed to eliminate the potential for movement. Two steel wide flange 

beams were placed over the surfaces of the footing and the test bed to resist the forces 

generated by the rotation of the footing when the lateral force was applied to the top of 

the column. The wide flange beams reacted against a double-channel built-up steel 
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section placed on each end of the test bed that transferred the reaction to the reaction 

floor using four Dywidag bars on each end. Hydrostone® was also placed under the wide 

flange beams to ensure a uniform bearing surface on the beam flanges. Resistance to 

shear forces applied to the column was provided by two Dywidag bars that passed 

through each end of the test bed and into the reaction floor. 

The test was completed in one day. Lateral load was applied to the column using 

two hydraulic actuators that were mounted to the column cap and reacted against a 

reaction wall. Torsion was applied to Columns 2-R and 3-R by adjusting the forces or 

displacement of the two actuators. As with the original column, a constant axial load of 

approximately 150 kips (670 kN) was applied with seven steel prestressing strands 

through a PVC pipe in center of the column. This load corresponds to approximately 7% 

of the original column axial strength, which is representative of the axial load from a 

bridge superstructure. The strands were fixed at the top of the column cap and at the 

bottom of footing. The axial load was applied using a hydraulic jack. The applied axial 

load was monitored during the test, and the maximum variation due to the lateral 

displacement was 5%. The test setup is shown in Fig. 12. 

Load was applied to the repaired columns under slow cyclic loading in a manner 

similar to the original columns. One exception was that only one cycle was applied at 

each load stage to the repaired columns, while three cycles were applied at each load 

stage to the original columns after yielding. The other difference was that the specified 

T/M ratio was maintained during loading within each cycle more successfully with the 

repaired columns than the original columns, which varied after yielding occurred. The 

testing procedure was initiated in force control and was increased in small increments 

until the applied load neared 50% of the estimated capacity of Column 1-R and 80% of 

Columns 2-R and 3-R. Afterwards, the testing procedure was continued in displacement 

control. Positive shear force and bending moment were defined as when the actuators 

were pushing the column in the south direction. Likewise, negative shear force and 

bending moment were defined as when the actuators were pulling the column in the north 

direction. Positive torsion was defined when the column twisted in counterclockwise 

direction.  
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7. Discussion of test results 

7.1. Overall behavior and observed damage 

For Column 1-R, little observable behavior occurred while the specimen was 

tested under force control. After several cycles of displacement control testing, some 

unusual shear cracks were observed on the east and west vertical faces of the footing 

directly beneath the column. These cracks initiated in the cycle from A to A’ shown in 

Fig. 13. The cracks continued to open wider until the applied load reached the cycle from 

B to B’. Following, further opening and closing of the cracks was not observed for the 

remainder of the test. Also, the forces measured from the load cells on the anchorage 

system anchor rods on both sides of the column decreased significantly and remained 

small for the remainder of the test. 

As the test progressed, it was observed that the CFRP near the base of the column 

came into contact with the top of the quarter-pipe section of the anchorage system. At the 

same time, tapping on the CFRP surface revealed that the CFRP directly above the 

anchorage had debonded from the surface of the column. Ultimately, CFRP rupture was 

noted on both the south and north sides of the column at the same height due to the 

bearing of the corner of the anchorage system. Splitting of the transverse CFRP on the 

east and west sides of the column was also observed prior to failure due to opening and 

closing of cracks in the concrete within. The test was terminated when the lateral load-

carrying capacity had diminished. This occurred after a sound was heard from the column 

that indicated fracture of longitudinal reinforcing bars. Fig. 14 shows the northwest 

corner of the column at failure. Rupture of CFRP can be seen adjacent to the quarter-pipe 

section of the anchorage, while splitting of the transverse CFRP is shown on the west 

face. After removing the CFRP at completion of testing, crushing of the cover concrete 

was observed on the north side of the column near the point of contact between the 

column and the anchorage. Fig. 15 shows the southeast corner of the column after testing 

in which rupture of CFRP on the south side adjacent to the anchorage edge and splitting 

of the transverse CFRP on the east side are shown. After removing the CFRP, two 

intermediate No. 8 (ϕ = 25 mm) longitudinal bars on the south side were found to have 

fractured during the test. 
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For Column 2-R, pullout of the U-anchors applied on the east and west sides of 

the column was observed during the test as expected. As the column was loaded 

cyclically, the tested column dilated in the plastic hinge region, which was located 

slightly higher than that of Column 1-R due to the influence of torsion applied. Rupture 

of the CFRP was also observed during the test, but because a gap was provided between 

the anchorage system and column (Fig. 9), the contact failure that occurred in the Column 

1-R test was avoided. All damage was localized within the region 20 in. (510 mm) 

directly above the column footing. 

For Column 3-R, no damage was observed in the repaired region during testing. 

Throughout the initial stages of loading, existing cracks in the concrete located directly 

above the repaired region were observed to open and close. As the test progressed, the 

concrete cover just above the repaired region spalled off, and the cover spalling 

progressed upwards until testing was completed. Formation of damage occurred slightly 

above the repaired region because the T/M ratio (and particularly the applied torsion) was 

maintained after yielding, which was not the case during the original test as mentioned 

previously. Testing was terminated because the orientation of the actuators prevented 

further rotation of the column. 

The failure mode of each repaired column was different due to several reasons. 

First, the initial damage condition of each column was different. Because Column 1-R 

had fractured reinforcing bars, the demand on the longitudinal CFRP and its anchorage 

system were larger than for Columns 2-R and 3-R. Also, the plastic hinge from the 

original test was located slightly higher above the base on Columns 2 and 3 than on 

Column 1 due to the applied torsion. Additionally, problems resulting from detailing of 

the longitudinal CFRP anchorage system on Column 1-R were addressed in the repair of 

Columns 2-R and 3-R. 

 

7.2. Load-deformation response 

Fig. 16 shows the measured hysteresis load-displacement relationship of repaired 

Column 1-R compared to original Column-1. As shown in the figure, the column 

behaved asymmetrically in the positive cycle (displaced to the south) and the negative 

cycle (displaced to the north). This can be attributed to the unsymmetrical damage in the 



 

 

96

original column and the unsymmetrical removal and replacement of loose concrete 

during the repair procedure. In the positive direction, the applied load was increased to 

46.14 kips (205 kN) at a displacement of 2.6 in. (66 mm), while in the negative direction 

the applied load was increased to -36.55 kips (-162 kN) at a displacement of -2.7 in (-69 

mm). Then the load resisted by the column remained nearly constant with increasing 

displacement. The applied load reached its maximum value of 46.64 kips (208 kN) at a 

displacement of 4.5 in. (114 mm) in the positive direction and -37.10 kips (-165 kN) at a 

displacement of -4.3 in. (-109 mm) in the negative direction. Following the maximum 

load, the applied load decreased with increasing displacement until failure of the repaired 

column associated with fracture of two additional longitudinal bars. 

As discussed in the previous section, the applied lateral load ceased to increase 

when the load measured from the anchorage load cells dropped, which indicates that the 

tensile force in the longitudinal CFRP could not be transferred to the support. This is 

because the anchorage system was critical to developing the force in the longitudinal 

CFRP at the location of maximum moment (the column-footing interface). In the 

predicted moment-curvature response shown in Fig. 5 used for designing the repair, Point 

B represents the predicted moment capacity of the section after failure of the longitudinal 

CFRP. The value of Point B is approximately 460 kip-ft (625 kN-m), which corresponds 

to an applied lateral load of approximately 42 kips (187 kN). This value is close to the 

peak lateral load measured in the positive cycle. 

Figs. 17 and 18 show the measured hysteresis load-displacement relationship of 

repaired Columns 2-R and 3-R, respectively, compared to original Columns 2 and 3. Both 

the strength and displacement were restored or even improved compared to the original 

columns. However, during testing of Column 3-R, large rotations caused by the torsion 

loads caused the swivels on the actuator heads to become bound. The binding of these 

swivels may have caused false readings in the internal actuator load. The onset of binding 

was not apparent during testing, so it was estimated by analyzing the data from the two 

actuators (see Fig. 18). It is clear that the maximum load before the onset of binding is 

higher than the maximum resisted by the original column. 
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7.3. Load-surface strain response 

In order to study the performance of the externally bonded CFRP, strain gages 

were installed to the surface of the CFRP in five levels as shown in Fig. 19. Ten total 

strain gages were applied in longitudinal direction, and twenty were applied in the 

transverse direction. The measured strain for Column 1-R is discussed in this section.  

Fig. 20 shows the applied load versus longitudinal strain relationships on the 

CFRP faces in which positive strain values indicate tensile strains. This figure shows that 

the surface strain history measured at Levels 2 and 3, which were located near the plastic 

hinge region of the original column, is more complex than that in other regions of the 

column (strain gages at Level 1 were damaged during testing). The magnitude of the 

compressive strains measured was greater than the magnitude of the tensile strains near 

the plastic hinge (Levels 2 and 3 of Fig. 19), which indicates that the applied longitudinal 

CFRP did not function as expected near the plastic hinge. This is attributed to the 

complex behavior and interaction between the CFRP, column, and anchorage system. At 

levels farther away from the plastic hinge, the measured tensile and compressive surface 

strains were nearly symmetric. The maximum measured tensile strain was approximately 

2,440 µε, which is much less than the CFRP rupture strain of 16,700 µε. In addition, 

longitudinal strains decreased with increasing height from the column base since they are 

further from the plastic hinge. 

Fig. 21 shows the applied load versus transverse strain relationships on the CFRP 

faces. The maximum transverse strain reached 2,340 µε at Level 1, which is much 

smaller than the CFRP rupture strain. As expected, the magnitude of the measured strains 

decreased with increasing distance from the column-footing joint. The stain measured in 

the plastic hinge zone was higher than that measured elsewhere because the CFRP acted 

as replacement of removed or opened stirrups to provide shear strength and confinement 

for the concrete in this location. The transverse strains measured away from the plastic 

hinge were very small, which shows that the reinforcing steel stirrups in these regions 

could still work well to provide adequate shear strength and confinement. It should be 

noted that all strain gauges were installed on the center of the column faces, and strains at 

the column corners are expected to be larger than the measured values. 
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Based on the measured strains on the surface of the CFRP, the tensile strength of 

the CFRP was not fully utilized in either the longitudinal or transverse directions. This 

observation supports the conclusion that the longitudinal CFRP system in Column 1-R 

failed prematurely primarily due to anchorage as discussed previously. Additionally, the 

transverse CFRP continued to play a role in confining the column until complete failure 

of the repaired column due to fracture of two additional longitudinal bars. 

 

7.4. Comparison of the repaired and original columns 

Strength, stiffness, and ductility capacity are three important parameters to 

describe the performance of a structure. Although restoration of the column stiffness and 

ductility were not included in the repair design, the results are compared here to describe 

the overall repair performance. In order to compare the response of the repaired columns 

to the original columns with respect to these three parameters, envelopes based on the 

peak base shears and corresponding displacements were developed, which were then 

idealized by elasto-plastic curves [15, 24]. For the original columns, the envelopes were 

idealized by setting the initial slope to pass through the first yield point and adjusting the 

plastic portion so that areas under the measured curve and idealized curve were equal. 

For the repaired columns, the elastic part of the idealized curve was obtained by 

connecting the origin to a point on the measured envelope at which the force was one-

half of the peak measured value. The yield level was established by equalizing the area 

between the measured and idealized curves. For example, the idealized elasto-plastic 

curves for Column 1 are shown in Figs. 22 and 23 for the original and repaired columns, 

respectively. The same analysis was conducted for Columns 2 and 3, which are shown in 

Figs. 24 and 25. The idealized response values for the original and repaired columns are 

summarized in Table 2. From the idealized elasto-plastic curves, three non-dimensional 

response indices [24-26] were developed as follows. 

Strength Index (STRI) - The strength index is defined as the lateral strength ratio 

of the repaired and original column, which is calculated in Eq. (5). The lateral strength of 

the column is defined as the maximum measured applied load, which is given in Table 3. 
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In Eq. (5), the terms Vr and Vo represent the maximum base shear measured in the repaired and 

original columns, respectively. 

Stiffness Index (STFI) - The stiffness index in Eq. (6) is defined as the ratio of the 

service stiffness of the repaired column Kr to that of the original column Ko. The ratio of 

the plastic base shear to the effective yield displacement is defined as the service stiffness, 

which can be obtained from the idealized curves. Service stiffness values are shown in 

Table 3. 
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Ductility Index (DI) - The ductility index in Eq. (7) is defined as the ratio of the 

ductility capacity of the repaired column (Dr
’) to that of the original column (Do). The 

ratio of ultimate displacement to effective yield displacement is defined as ductility 

capacity, which can be obtained from the idealized curves (Dr and Do). The ultimate 

displacement was defined as the displacement corresponding to a significant drop in the 

load carrying capacity in bending (for Column 1-R) or in both bending and torsion (for 

Columns 2-R and 3-R) due to fracture of the embedded reinforcing steel, rupture of the 

externally bonded CFRP, or failure of the unrepaired portion of the column as described 

previously. In order to account for the different initial stiffnesses of the original and 

repaired columns, the ductility of the repaired column (Dr
’) was modified as shown in Eq. 

(8) [26]. Ductility capacity values are shown in Table 3. 
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The response indices for the repaired columns are summarized in Table 4. The 

strength index for all three columns varies between 75.0% and 111.2%. It should be 

noted for Column 1 that the strength index (75.0%) was limited by the anchorage-related 

failure of the longitudinal CFRP as discussed previously. For Columns 2 and 3, which did 

not have fractured longitudinal reinforcing bars, the strength was restored or even 
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enhanced compared to that of the original column. The stiffness index ranged from 

85.2% to 90.8%. The stiffness of the repaired columns was not fully restored due to 

stiffness degradation of the reinforcing steel bars and concrete cracking in the unrepaired 

portion of the column. The ductility index ranged from 79.0% to 107.3%. With regard to 

the ductility index for Column 1 (79.0%), it should be noted that the ductility of the 

repaired column (Column 1-R) was associated with the strength of the repaired column, 

which again was limited by anchorage-related failure of the longitudinal CFRP. Thus this 

ductility is attributed to the behavior of the repaired column confined with transverse 

CFRP and reinforced with the unfractured longitudinal bars (similar to Columns 2 and 3). 

If the peak load associated with the design moment had been achieved for Column 1-R, 

however, it is expected that the behavior of the column would not be ductile because of 

the brittle nature of CFRP, as indicated in the predicted moment-curvature response in 

Fig. 5. The ductility index for Columns 2 and 3, on the other hand, ranged from 107.3% 

to 100.0%. Given each of these results, it can be concluded that the repairs would be 

appropriate for temporary service use associated with the serviceability limit state repair, 

but may not be appropriate for the ultimate limit state, especially for Column 1 with 

fractured bars near the column base.  

 

8. Conclusions 

In this study, a technique was developed to rapidly repair severely damaged RC 

columns with externally-bonded CFRP for emergency service use. Three half-scale 

square RC bridge columns, severely damaged in a previous study, were repaired and 

retested to evaluate the repair performance. Damage to the columns included cracked, 

spalled, and crushed concrete, and yielded and buckled longitudinal reinforcement. 

Damage to Column 1 also included fractured longitudinal reinforcement near the base of 

the column. In addition to constant axial load, Column 1-R was subjected to cyclic 

uniaxial cantilever bending and shear, while Columns 2-R and 3-R were subjected to 

constant axial load and combined cyclic uniaxial cantilever bending, shear and torsion, 

with T/M of 0.2 and 0.4, respectively. The repairs were designed to restore the column 

strength using longitudinal and transverse CFRP. A novel anchorage system was 
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designed to anchor the longitudinal CFRP to the footing.  Based on the findings of this 

study, the following conclusions are made: 

1. Overall, the repair procedure developed was practical and achievable as a rapid 

emergency repair. 

2. In this study, only the portion of the columns with severe damage, and the region 

immediately adjacent to it, were repaired. Results confirmed that the strength can 

be restored or even enhanced for the columns without fractured longitudinal bars, 

although a reduction in stiffness was observed due to stiffness degradation of the 

reinforcing steel and concrete cracking in the unrepaired portion of the column. 

The displacement capacity of the repaired columns without fractured bars was 

restored nearly to that of the original condition, although smaller displacement 

ductility was obtained. These findings are significant in terms of time that can be 

saved in completing a temporary emergency repair. 

3. For the column with fractured longitudinal bars, the flexural strength was only 

partially restored by providing longitudinal and transverse CFRP in the plastic 

hinge region. Without adding additional steel reinforcement, full restoration is 

difficult to achieve and requires very careful detailing and adequate anchorage 

strength to ensure that the tensile force in the CFRP can be transferred to support 

at the location of maximum moment. 

4. Use of longitudinal CFRP on all four sides of the column improved the 

performance of the repaired columns by mitigating cracking and improving the 

flexural strength of the repaired column. 

5. A novel anchorage system was designed and used to anchor the longitudinal 

CFRP at the column-footing interface. Problems resulting from detailing of the 

anchorage system as well as the large force demands, however, contributed to the 

failure of the column with fractured bars. Detailing improvements, including 

providing a gap between the anchorage plates to the column face, improved the 

performance of the anchorage system. 
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Table 1 
Summary of damage to original columns. 
Column T/M Concrete damage Reinforcing bar damage 

Longitudinal Ties 
removed Cover spall  Core crush  Yield Buckle Fracture  

Column 1 0 25 in. (635 mm) above 
column base 

10 in. (260 mm) above 
column base 

All  
bars 

All bars, 10 in. (260 mm) 
from column base 

2 bars; 10 in. (260 mm) above 
column base (see Fig. 1)  

4 ties 

Column 2 0.2 37 in. (950 mm) above 
column base 

20 in. (500 mm) above 
column base 

All  
bars 

10 bars,20 in.(305 mm)  
from column base 

None 3 ties 

Column 3 0.4 58 in. (1470 mm) above 
column base 

30 in. (760 mm) above 
column base 

All  
bars 

10 bars, 30 in. (760 mm) 
from column base 

None 1 tie 
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Table 2 
Idealized response values for original and repaired columns. 

  
  

Plastic base shear kips (kN)  Effective yield displacement inches (mm)  Ultimate displacement inches (mm) 

Original Repaired Original Repaired Original Repaired 

Column 1 62.3 (277) 43.7 (194)  1.7 (43) 1.4 (36)  10.6 (269) 5.9 (150) 

Column 2 53.5 (238) 46.9 (209)  1.6 (41) 1.6 (41)  6.6 (168) 6.3 (160) 

Column 3 48.8 (217) 52.6(234)  1.6 (41) 1.9 (48)  5.6 (142) 6 (152) 
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Table 3 
Comparison of results. 

  
  

Lateral strength kips (kN)  Service stiffness kips/inch (kN/mm)  Ductility capacity inch/inch (mm/mm)

Original Repaired Original Repaired Original Repaired 

Column 1 64.76 (288) 48.54 (216)  36.6 (6.4) 31.2 (5.4)  6.2 (6.2) 4.2 (4.2) 

Column 2 54.05 (240) 58.23 (259)  33.4 (5.8) 29.3 (5.1)  4.1 (4.1) 3.9 (3.9) 

Column 3 49.84 (222) 55.42 (247)  30.5 (5.3) 27.7 (4.9)  3.5 (3.5) 3.2 (3.2) 
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Table 4 
Response indices for the repaired columns. 
INDEX STRI (%) STFI (%) DI (%) 

Column 1 75.0 85.2 79.0 

Column 2 107.7 87.7 107.3 

Column 3 111.2 90.8 100.0 
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Fig. 1. Geometry and reinforcement details of original columns. 
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Fig. 2. Damage to Column 1 (T/M=0). 
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Fig. 3. Damage to Column 2 (T/M=0.2). 
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Fig. 4. Damage to Column 3 (T/M=0.4). 
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Fig. 5. Moment-curvature curves for final repair design of Column 1-R (T/M=0). 
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Fig. 6. Final repair design for Column 1-R (T/M=0). 
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Fig. 7. Final repair design for Column 2-R (T/M=0.2). 
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Fig. 8. Final repair design for Column 3-R (T/M=0.4). 
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Fig. 9. Details of novel anchorage system. 
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Fig. 10. U-anchor used on east and west faces of Columns 2-R and 3-R. 
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(a) (b) (c) 

(d) (e) (f) 

Fig. 11. Repair procedure. (a) Column after straightening, (b) column after loose concrete 
removal, (c) repair mortar placement, (d) surface preparation, (e) CFRP application, (f) 

curing process. 
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Fig. 12. Test setup of repaired column. 
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Fig. 13. Hysteresis response of repaired Column 1-R (T/M=0). 
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(a) 

 

(b) 

Fig. 14. Failure of repaired Column 1-R (T/M=0) - northwest corner. 
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(a) 

 

(b) 

Fig. 15. Failure of repaired Column 1-R (T/M=0) - south side. 
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Fig. 16. Hysteresis behavior of repaired Column 1-R compared to original Column 1 

(T/M=0). 
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Fig. 17. Hysteresis behavior of repaired Column 2-R compared to original Column 2 
(T/M=0.2). 
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Fig. 18. Hysteresis behavior of repaired Column 3-R compared to original Column 3 

(T/M=0.4). 



 

 

128

 

Fig. 19. Location of the strain gauges applied on Column 1-R (T/M=0). 
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(a) (b) 

(c)  (d) 

Fig. 20. Load-longitudinal surface strain relationship - Column 1-R (T/M=0) (a) Level 2, 
(b) Level 3, (c) Level 4, (d) Level 5. 
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(a) (b) 

(c)  (d) 

 
(e)

Fig. 21. Load-transverse surface strain relationship - Column 1-R (T/M=0) (a) Level 1 - 
north side, (b) Level 2 – north side, (c) Level 3 – north side, (d) Level 4 – north side, (e) 

Level 5 – north side. 
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Fig. 22. Force-displacement relationship of original Column 1 (T/M=0). 
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Fig. 23. Force-displacement relationship of repaired Column 1-R (T/M=0). 
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Fig. 24. Force-displacement relationship of Column 2-R (T/M=0.2). 
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Fig. 25. Force-displacement relationship of Column 3-R (T/M=0.4) 
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IV. TORSIONAL REPAIR OF SEVERELY DAMAGED COLUMN USING 
CARBON FIBER-REINFORCED POLYMER 

 

Ruili He, Lesley H. Sneed, and Abdeldjelil Belarbi 

 

 

ABSTRACT 

Although a limited number of studies have been conducted on the use of externally 

bonded composites for torsional retrofit or strengthening of RC members, very few are 

available on torsional repair. This paper evaluates a method for repairing severely 

damaged RC columns subjected to torsional moment using externally bonded carbon 

fiber-reinforced polymer (CFRP) composites. A half-scale RC column that was 

previously tested to failure under constant axial load and cyclic torsional moment was 

repaired with externally bonded CFRP using a rapid methodology. CFRP sheets with 

fibers oriented in both the transverse and longitudinal directions were applied to restore 

the strength and ductility of the damaged column to its original condition. This study 

demonstrates that this method can be used to restore the torsional performance of 

severely damaged RC columns. Contributions of the transverse and longitudinal CFRP 

sheets to the torsional resistance are evaluated, and repair design for torsional moment 

using this method is discussed. 

 

Keywords: Columns; cyclic loading; fiber-reinforced polymer (FRP) composites; 

repair; torsional moment. 
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INTRODUCTION 

The use of externally bonded fiber reinforced polymer (FRP) composites has been 

studied extensively in repair and/or strengthening of reinforced concrete (RC) members. 

Most studies have focused on flexural or shear strengthening applications of various 

types of members or providing confinement for columns. Research on strengthening of 

RC members for torsion, however, has been limited, particularly for bridge structures. RC 

bridge members are not usually designed to resist torsional loads, which are considered to 

be secondary in nature. However, bridge columns may experience torsional loads due to 

wind, seismic, and other lateral loads. Torsional loads can even be critical if bridges are 

constructed with geometric irregularities or certain structural constraints, such as curved 

and skewed superstructure, unequal column heights, rigid decking, or abutment 

restraints1.  

A detailed review of the literature on torsional strengthening reveals that 

externally bonded FRP can significantly enhance the torsional capacity and deformation 

capacity of RC members2-13. The contribution of FRP to the torsional capacity is related 

to an effective strain in the FRP, which is generally lower than the FRP ultimate strain2. 

Even at relatively low FRP strain levels, however, the torsional strength of FRP-

strengthened RC members can be increased7. For members subjected to pure torsion, the 

most effective orientation of fibers in externally bonded FRP has been found to be 45 deg. 

relative to the longitudinal axis of the member since the fibers are aligned with the 

principal tensile stresses, which also maximizes the FRP efficiency5. Comparison of the 

effectiveness of various wrapping configurations has shown that members that are fully 

wrapped with continuous FRP sheets performed better than those with discrete strips or 

U-wrap4,5. Full wrapping, however, is not always practical such as in the case of T-beams. 

Though most researchers have pointed out that a continuous loop is necessary to increase 

the torsional strength, research findings suggest that discontinuous laminates or even 

laminates with fibers oriented along the member longitudinal axis also improve the 

torsional capacity and performance7. For example, longitudinal laminae applied to the 

face of RC spandrel beams were reportedly found to help maintain the torsional stiffness 

by controlling concrete crack widths. Attention should be paid to the amount of FRP to  
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avoid brittle failure since test results revealed that excessive amounts can reduce the 

ductility of the member9. 

The present research program by the authors aims to develop a rapid repair 

method for severely damaged RC columns with different damage conditions. The 

experimental work was focused on a series of half-scale RC bridge columns that were 

severely damaged from a previous study14. Five columns with the same nominal 

geometry and material properties were tested under constant axial load in addition to 

cyclic flexure, shear, and/or torsion in varying proportions. The applied torsional 

moment-to-flexural moment ratios were T/M = 0 (no torsion), 0.2, 0.4, 0.6, and ∞ (no 

flexure). The location of plastic hinge and nature of damage were different for each 

column because of the different loading conditions. To restore the damaged columns to 

their original condition, CFRP sheets were applied to the external surface with the fibers 

orientated both transverse to and along the column axis. Performance was evaluated by 

comparing the global response of the repaired columns to that of the corresponding 

original columns in terms of strength, ductility, and stiffness, which are discussed in 

detail by He et al.15,16. This paper focuses on one column in the series that was subjected 

to constant axial load and pure cyclic torsional moment (T/M=∞), which provides a 

unique opportunity to explore torsional repair design and performance and further 

understanding of torsional behavior of FRP strengthened members. 

 

RESEARCH SIGNIFICANCE 

This paper evaluates a method for repairing severely damaged columns subjected 

to torsion using externally bonded CFRP. Rapid repair methods are needed for different 

types of damage due to an extreme event to enable quick reopening of important 

structures and minimize impact on the community. While limited studies have been 

conducted on the use of FRP for torsional retrofit or strengthening of RC members, no 

prior research has focused on torsional repair. Findings show that externally bonded 

CFRP can be used to restore or even improve the torsional performance of severely 

damaged RC columns. Contributions of transverse and longitudinal CFRP to the torsional 

resistance are evaluated.  
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EXPERIMENTAL PROGRAM 

Description of original column 

The original column was a half-scale RC bridge column that was designed based 

on CALTRANS17 and ACI 31818 seismic provisions. The column aspect ratio (H/B) was 

6, where H and B are the height of the column and the cross-section width respectively. 

Fig. 1(a) shows the column geometry and reinforcement details. The total height of the 

column specimen was 166 in. (4,220 mm) with an effective height of 132 in. (3,350 mm) 

measured from the column base to the centerline of applied lateral load. The column was 

22 in. (560 mm) square reinforced with four No. 9 (29 mm dia.) deformed bars in the four 

corners and eight No. 8 (25 mm dia.) bars on the column faces. Tie reinforcement 

consisted of square and octagonal No. 3 (10 mm dia.) deformed bars with 3.25 in. (82 

mm) spacing. The tie bars were anchored using 135 deg. bent hooks with a hook length 

of 2.5 in. (64 mm). The longitudinal and transverse reinforcement ratios were 2.13% and 

1.32%, respectively. The measured yield strength of the longitudinal reinforcing bars was 

76 ksi (524 MPa) for the No. 8 (25 mm dia.) bars and 67 ksi (462 MPa) for the No. 9 (29 

mm dia.) bars. The measured yield strength of the ties was 74 ksi (510 MPa). The 

measured cylinder compressive strength of the concrete was 4,730 psi (32.6 MPa) at test 

date. 

 

Loading protocol of original column 

A constant axial load of approximately 150 kips (670 kN), which corresponded to 

7% of the nominal axial capacity, was applied to the column to simulate the dead load 

from the bridge superstructure. A hydraulic jack on top of the load stub was used to apply 

the axial load with seven steel prestressing strands through a PVC pipe in center of the 

column cross section. The strands were anchored at the top of the load stub and at the 

bottom of the column footing. Cyclic torsional moment was applied through equal but 

opposite directional forces in two hydraulic actuators mounted to the load stub that 

reacted to a strong wall. Testing was conducted in force-control until first yielding of the 

transverse reinforcing bars and then continued in displacement-control until failure of the 

column. One cycle was applied at 10% increments of the estimated yield torsional 

moment in force-control, then three cycles were applied at each load stage in 
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displacement-control as illustrated in Fig. 1(b). The twist corresponding to first yield of 

the transverse reinforcing bars was defined as ductility D1 (µθ =1). 

 

Damage evaluation of original column 

The damage to the original column after the original test is shown in Fig. 2, which 

illustrates significant crushing of the core concrete. The concrete cover spalled along 

almost the entire column length, and the core concrete crushed through the cross-section 

in the region from 45 in. (1,140 mm) to 65 in. (1,650 mm) above the column base (see 

Fig. 2). No buckled or fractured reinforcing bars were observed in the original damaged 

column. Strains were measured in the longitudinal and transverse reinforcing steel bars at 

locations shown in Fig. 3. Although several strain gages were damaged during testing, 

Fig. 3 shows that yielding of transverse reinforcement occurred along the full height of 

the column except Gage Elevation 3, which was 2 in. (50 mm) above the column base. 

Yielding of longitudinal reinforcement occurred in the north-west corner No. 9 (29 mm 

dia.) bar at Gage Elevations 7 and 8. Considering the damage conditions, the damage 

observed was classified as significant according to ATC-3219. The terms “significant” 

and “severe” are used interchangeably in this paper when referring to the column damage. 

 

Repair scheme 

In this study, the overarching goal of the repair was to rapidly and temporarily 

restore the column integrity for emergency service use. ATC 1820 criteria state that full 

access to bridge structures located along key routes that are important to emergency 

response and other essential functions should be possible within three days after an 

earthquake. Therefore, the repair scheme was developed based on the condition that it 

can be accomplished in a three-day period. Because of the temporary nature of the repair, 

restoration of strength was the main objective, and durability aspects were not considered 

in the repair design. The short timeframe in which to complete the repair was a 

significant challenge when choosing the repair scheme, especially considering the 

severity of damage to the original column and implementation of the repair procedure. 

Based on ease of installation, an externally bonded CFRP system was selected for the 

repair scheme in this study.  
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Repair Materials - A shrinkage-compensating micro concrete with graded 

aggregate was used to replace the removed damaged concrete. The repair mortar selected 

has high bond strength, high early strength, and self-compacting properties. Material 

properties provided by the manufacturer are listed in Table 1, and the average cube 

compressive strength at test day measured in accordance with ASTM C10921 was 6,260 

psi (43.2 MPa). The CFRP strengthening system included unidirectional high strength 

carbon fiber fabric with material properties shown in Table 1. A 12 in. (300 mm) cube 

block was constructed of the repair mortar at the same time the mortar was used to 

replace the removed column concrete. A representative sample of CFRP was bonded to 

the block surface using the same technique and at the same time as the CFRP application. 

The bond strength testing of the CFRP-to-concrete interface was performed in 

accordance with ASTM D723422 at the time of testing the repaired column. The average 

measured bond strength was 310 psi (2.1 MPa), which met the CFRP system 

manufacturer’s and ACI 440.2R23 minimum requirements of 200 psi (1.4 MPa). 

Repair Procedure - The damaged column was repaired by replacing the damaged 

concrete with the selected repair mortar and then applying CFRP sheets in both the 

longitudinal and transverse directions. A wet lay-up process was used to apply the CFRP 

sheets. The repair process was completed in a 3-day period and included the following 

steps: 1) straightening the damaged column; 2) removing the loose concrete; 3) preparing 

the formwork for repair mortar placement; 4) placing the repair mortar; 5) applying the 

longitudinal CFRP sheets; and 6) applying the transverse CFRP sheets. The axial load 

that was imposed during the original test was not applied during the repair procedure, 

since a shoring system is commonly used in practice. All repair work was conducted in 

the High Bay Structural Engineering Research Laboratory (SERL) at Missouri University 

of Science and Technology (Missouri S&T) in Rolla, MO. Details of the repair procedure 

are discussed elsewhere16. 

 

Loading protocol of repaired column 

The repaired column was tested at the beginning of the fourth day after repair 

initiation, which corresponded to one day after application of the CFRP strengthening 

system. Fig. 4 shows the test setup in which a constant axial load of 150 kips (670 kN) 
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was applied using a hydraulic jack on top of the column, and cyclic torsional moment 

was applied with two hydraulic actuators mounted to the load stub. The repaired column 

was twisted under slow cyclic loading. The same loading protocol that was used for the 

original column was used for the repaired column with the exception that one cycle was 

applied at each load stage after shifting to displacement control since there was no 

specific yield point for the repaired column.  

 

TORSIONAL REPAIR DESIGN USING EXTERNALLY BONDED CFRP 

As discussed previously, the repair system was designed to restore the torsional 

strength of the original column. Especially in the case of a permanent repair, the repair 

system should also restore the stiffness and ductility, although these aspects were not 

explicitly accounted for in the repair design, and little guidance exists in the literature 

with respect to torsion. The repair design is described below, based on the assumption 

that the RC column with newly-placed repair mortar and yielded reinforcing steel can 

provide a reduced amount of its original torsional strength24, and the deficiency is 

compensated by the contribution of the CFRP strengthening system. 

 

Predicting torsional strength of RC members with externally bonded FRP 

The torsional strength T of an RC member strengthened with externally bonded 

FRP is usually estimated by adding the individual torsional strength contributions of the 

RC member TRC and the externally bonded FRP strengthening system Tf as given in Eq. 

(1)10,12. In this equation, it is assumed there is no interaction between the RC member and 

externally bonded FRP system. 

RC fT T T 
                                                   

(1) 

Torsional Strength Contribution of RC Member, TRC - RC members subject to 

pure torsion fail due to either concrete crushing or reinforcement yielding. In order to 

exhibit ductile failure, torsional members are commonly designed such that steel yielding 

will occur prior to crushing of the concrete compression diagonals. This is also the basis 

of the ACI 318 code18 approach to calculate the torsional strength of RC members, where 

the space truss analogy is used with the assumptions that concrete carries no tension and  

 



 

 

142

behaves as compression diagonals at an angle θ with respect to the longitudinal axis, and 

the reinforcement yields at failure. With this approach, TRC is computed using Eq. (2): 

02
cott yt

RC

A A f
T

s


                                          
(2) 

where Ao is the gross area enclosed by the shear flow path, s is the center-to-

center spacing of transverse reinforcement, At is the area of one leg of a closed stirrup 

resisting torsion within spacing s, fyt is the specified yield strength of transverse 

reinforcement, and θ is the angle of diagonal crack with respect to the column axis 

(usually assumed as 45 deg.). 

Torsional Strength Contribution of Externally Bonded FRP System, Tf - Most 

models available to determine the FRP contribution Tf to the torsional capacity of 

strengthened RC members are based on the condition that a continuous loop is provided 

for the formation of the thin tube approach and the stress transfer around the member for 

the circulatory shear flow25,26. Therefore, only the contribution of FRP that is wrapped 

fully around (or in some cases, partially around and properly anchored to) the cross-

section is considered to contribute to Tf in Eq. (1). FRP that is wrapped around the cross-

section is referred to as “transverse FRP” in this paper.  It should be noted that test results 

have suggested that externally bonded FRP with fibers oriented along the RC member 

longitudinal axis (termed “longitudinal FRP” in this paper) can also increase the torsional 

strength7, although continuity of fibers is not provided in this case. However, longitudinal 

FRP is generally less effective than transverse wrapping, and the contribution to the 

torsional strength is difficult to quantify.  

FRP with unidirectional fibers that is transversely wrapped around the RC 

member is considered to behave similarly to closed stirrups; thus a similar approach can 

be used to account for the contribution of FRP wrap to the torsional strength as for 

traditional RC members. Predicting the torsional strength of RC members depends on the 

accuracy in determining the location of the shear flow centerline (A0 in Eq. (2)). For FRP 

that is wrapped around an RC member, the shear flow centerline is usually estimated as 

the outside dimensions of the RC member25,26. It is a challenge, however, to determine 

the maximum strain that can be achieved in the FRP system at the ultimate state, termed 

the effective strain. As mentioned previously, the effective strain is usually less than the 
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ultimate fiber strain and is governed by the failure mode of either the FRP system or the 

strengthened RC member23. In models presented by FIB25 and NCHRP Report 65526, an 

equation similar to that used to calculate the RC column contribution (Eq. (2)) is used to 

calculate the contribution of externally bonded FRP to the torsional strength. The major 

difference between these models lies in the calculation of the effective strain according to 

various failure modes. In a model by Salom et al.7, the equation used to calculate the RC 

column contribution (Eq. (2)) is combined with the formula in the ACI Committee 440 

report23 used to estimate the shear capacity of FRP jackets applied to concrete members. 

 

Design of CFRP system for repaired column 

The column repaired in this study had crushed concrete through the entire cross 

section, yielded longitudinal reinforcement in the north-west corner in the plastic hinge 

zone, and yielded tie reinforcement along nearly the full height. Existing analytical 

models for torsional strengthening cannot be applied directly to torsional repair design 

because they are based on full contribution of concrete and tie reinforcement to the 

column torsional strength. Therefore, it was necessary to estimate the contribution of 

yielded tie reinforcement and softened concrete to the torsional strength of the repaired 

column. Based on previous research involving repair of damaged RC members24, it was 

assumed that the repaired RC column (without the externally bonded CFRP strengthening 

system) would provide 50% of the original column torsional strength TRC-O after 

replacing the removed loose concrete with repair mortar. The original column torsional 

strength was 244 kip-ft (330.8 kN-m). 

For a square column that is fully wrapped FRP with fibers orientated 

perpendicular to the longitudinal column axis, the FIB25 and NCHRP Report 65526 

models, reduce to the expression shown in Eq. (3). The expression in Eq. (3) is similar to 

Eq. (2) for internal transverse reinforcing steel ties with the exception of how the 

effective strain is determined. In this repair design, Eq. (3) was used in designing the 

number of layers of transverse CFRP required, and the NCHRP Report 65525 method was 

used to determine the effective strain in the CFRP, εfe  given in Eq. (4): 

02 f fe
f
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(4) 

where Af is the area of CFRP external reinforcement, ffe is the effective CFRP 

stress = Ef εfe, sf is the center-to-center spacing of the applied CFRP sheets, εfe is the 

effective CFRP strain, Ef  is the modulus of elasticity of CFRP, and εfu is the ultimate 

strain of the CFRP system.  

One layer of transverse CFRP was applied to the repaired column, which 

according to Eq. (3) contributes 106 kip-ft (143.7 kN-m) to the column torsional strength. 

Additionally, one layer of longitudinal CFRP was provided for several reasons: 1) to 

minimize changes to the ratio of the stiffness in the longitudinal and transverse directions 

due to the application of the CFRP strengthening system; 2) to control concrete crack 

widths and help maintain the torsional stiffness of the repaired column7; and 3) to 

compensate for the strength discrepancy between the design strength and the estimated 

strength of the repaired column with only one layer of transverse CFRP. The final design 

of the CFRP system included one layer in each of the transverse and longitudinal 

directions. CFRP in both directions was provided the full height of the column, with a 1 

in. (25 mm) gap between the top of the column and the load stub. 

 

EXPERIMENTAL RESULTS 

Observed behavior and failure mode of repaired column 

At the beginning of testing the repaired column, there was no visually apparent 

twist or damage with increasing torsional moment applied to the column. A wrinkle in 

the CFRP was observed on the west face orientated from lower north to upper south as 

shown in Fig. 5a when the torsional moment was applied at the cycle from -192.4 kip-ft 

(-260.9 kN-m) at the twist of -3.09 deg. (Point A” in Fig. 6b) to 226.7 kip-ft (307.4 kN-m) 

at the twist of 3.72 deg. (Point B’ in Fig. 6b). The wrinkle was located approximately 45 

in. (1,145 mm) above the column base. When torsional moment was applied in the 

opposite direction, the wrinkle flattened. With increasing number of cycles, more 

wrinkles appeared above and below the first wrinkle, and the wrinkles did not flatten 

when the torsional moment was applied in the opposite direction (see Fig. 5(b)). This 

phenomenon can be explained by the occurrence of concrete cracking, which caused the 
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initiation of localized debonding of the fiber sheets at the crack locations. The failure 

mode of the repaired column was rupture of the CFRP, which was a progressive process. 

Initial rupture of the CFRP is shown in Fig. 5(c). Rupture of the CFRP first occurred at 

the south-west corner of the column approximately 65 in. (1,650 mm) above the column 

base, which coincides with the interface of the unrepaired concrete and the newly placed 

repair mortar. Rupture progressed to the upper west side of the column, and then to the 

lower south side. Finally, the ruptured CFRP peeled away with a thin layer of concrete 

bonded underneath, and crushed mortar fell out. Initiation and propagation of CFRP 

rupture were attributed to localized stress concentrations near cracks in the mortar or 

concrete substrate, which were due to the non-ductility of CFRP. CFRP rupture occurred 

when the most highly stressed location reached the ultimate strength of the CFRP system, 

which was also confirmed by the measured strain values discussed later. 

 

Torsional moment versus twist response 

Fig. 6(a) and Fig. 6(b) show the applied torsional moment versus twist hysteresis 

curves of the original and repaired columns, respectively. By joining together the peak 

value of each cycle in the same load direction, envelopes for the original and repaired 

columns were developed as shown in Fig. 7. Comparison of the applied torsional 

moment-twist envelopes shows that the torsional strength and twist at maximum torsional 

moment were enhanced by the repair.  

At the beginning of testing the original column, the response was linear with 

increasing applied torsional moment until the concrete cracked at a torsional moment of 

141.6 kip-ft (192.0 kN-m). Then, the torsional moment continued to increase but at a 

reduced stiffness. First yielding of the ties was measured when the applied torsional 

moment reached 203.2 kip-ft (275.5 kN-m) corresponding to a twist of 3.21 deg. The 

maximum applied torsional moment was measured at the first cycle after shifting to 

displacement-control when yielding occurred in the longitudinal bar at the north-west 

corner of the cross section. The maximum torsional moment resisted by the original 

column was 244.4 kip-ft (331.4 kN-m) corresponding to a twist of 6.47 deg. The torsional 

strength reduced rapidly after the maximum torsional moment was achieved because the 

core concrete crushed, and thus the column could not provide further torsional resistance.  
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The repaired column exhibited nearly the same tangential stiffness as the original 

column at the beginning of the test. However, the stiffness decreased with increasing 

applied torsional moment. No visible damage occurred until the appearance of the first 

wrinkle when the applied torsional moment reached 226.7 kip-ft (307.4 kN-m) at a twist 

of 3.72 deg. Then, the repaired column continued to resist increasing applied torsional 

moment until initial rupture of the CFRP occurred at the maximum torsional moment of 

295.6 kip-ft (400.7 kN-m) and twist of 12.49 deg. The post-peak response was 

characterized by a reduction in torsional strength with increasing twist, but initially not as 

rapidly as that of the original column. The phenomenon that the repaired column was 

able to provide torsional resistance after reaching the maximum torsional moment can be 

explained in part by the confinement provided by the CFRP transverse wrap even after 

some localized rupture. It must also be noted that one cycle was applied to the repaired 

column at each load stage after shifting to displacement-control as opposed to three 

cycles for the original column, which likely resulted in less accumulated damage and 

provided better energy absorption in the repaired column.  

The applied torsional moment at concrete cracking, tie yielding, and maximum 

torsional moment for the original and repaired columns are summarized in Table 2 with 

the corresponding twists. Cracking values are not given for the repaired column, since 

cracks were not visible during the test because of the presence of the CFRP wrap. The 

point at which the first wrinkle appeared and sudden increases in strains were measured 

in the transverse direction was defined as the yield point of the repaired column (Point B’ 

in Fig. 6(b) and Fig. 7). The maximum torsional moment Tmax resisted by the repaired 

column was 20% larger than that of the original column. This increase is attributed to the 

contribution of the externally bonded CFRP, which functioned as external reinforcement. 

The torsional ductility µθ of the original and repaired columns was calculated as the ratio 

of the twist at maximum torsional moment θmax to the twist at yield torsional moment θy. 

Table 2 shows that the rotational ductility of the repaired column was also enhanced 

compared to that of the original column by using the externally bonded CFRP system. 

 

 



 

 

147

Stiffness attenuation 

Torsional stiffness was determined by the ratio of the summation of absolute 

values of positive and negative peak torsional moment in each cycle to the summation of 

corresponding absolute values of positive and negative twist9. Stiffness attenuation of the 

original and repaired columns is shown by the relation of Gi/Go versus twist in Fig. 8. Gi 

denotes the torsional stiffness at the ith loading cycle for the original or repaired column. 

Go denotes the initial torsional stiffness (determined from the loading first cycle) of the 

original column, which was used in order to compare the stiffness attenuation of the 

original and repaired columns in the same graph. The vertical step in the relation of the 

original column shows the effect of three cycles applied at the same twist, which 

indicates that the stiffness of the original column decreased slightly with increasing 

number of cycles applied. 

Fig. 8 shows the stiffness of the repaired column was restored initially to 

approximately 80% of the original column. Full stiffness restoration was not achieved 

due to core concrete damage accumulated in the previous test. Generally, the repaired 

column exhibited a similar trend in torsional stiffness attenuation as the original column. 

The torsional stiffness of both the original and repaired columns decreased rapidly with 

increasing twist until a twist of approximately 1.7 deg., which is due to internal damage 

such as concrete cracking. With further increases in applied twist, the stiffness 

attenuation became slower until the maximum torsional moment was reached. The 

attenuation of stiffness of the original column after the maximum torsional moment was 

reached is due to reduction in cross-section due to cover spalling and to crack opening, as 

well as yielding of transverse reinforcement. For the repaired column, application of the 

CFRP strengthening system resulted in relatively slower stiffness attenuation prior to 

column failure. Additionally, some stiffness was maintained at the ultimate state. 

Therefore it can be concluded that the externally bonded CFRP system not only acted as 

external reinforcement, but also helped to restore and maintain the torsional stiffness, 

which is attributed to the CFRP system’s ability to provide some confinement and 

restrain crack development. 
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EVALUATION OF THE TORSIONAL REPAIR DESIGN 

Measured strain in externally bonded CFRP 

To examine the behavior of the CFRP strengthening system and evaluate its 

efficiency on restoring the torsional strength of the repaired column, strain gages were 

installed on the surface of the CFRP at six levels along the column height on the different 

column faces. A total of 44 strain gages were applied, 22 in the longitudinal direction and 

22 in the transverse direction, as shown in Fig. 9.  

Transverse strains recorded on the north and south faces of the column exhibited a 

similar trend with respect to the applied torsional moment; similarly, transverse strains 

recorded on the east and west faces exhibited a similar trend. Generally, transverse strains 

measured on the east and west faces were slightly larger than those measured on north 

and south faces. It should be noted that the two hydraulic actuators used to apply the 

cyclic torsional moment were mounted to the load stub on north face as shown in Fig. 4. 

The relationship between local transverse strains at the maximum torsional 

moment and damage of the repaired column is shown in Fig. 9. Strains measured at Level 

3, where the plastic hinge was located in the original column and new repair mortar was 

placed, ranged from 25% to 55% of the CFRP ultimate strain. This response is consistent 

with observations that the concrete did not crush and little dilation was observed at this 

level. Measured strains reached the CFRP ultimate strain at locations adjacent to, and at 

the same level of, regions of concrete crushing. For example, rupture of the CFRP system 

initiated at the south-west corner approximately 5 in. (125 mm) below Level 4, and 

concrete crushed at that location during the test. This is confirmed from the large strain 

value measured on west side at Level 4. Strains measured on the east and west faces at 

Level 5 reached the ultimate strain, while the strain on south side did not reach ultimate 

because of the release after concrete crushing that occurred at on the south face. At Level 

2, the strain on the east side also reached the CFRP ultimate strain, which is attributed to 

localized deformation because strains measured on other three sides were approximately 

30% of the ultimate strain. Also, the strain measured in this location increased with 

increasing cycles even after the maximum torsional moment was reached. Large strains 

measured at Level 6 indicate that the unrepaired concrete inside the CFRP cracked and 

the cross-section dilated during the test. 
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Tensile strains were measured in the longitudinal direction of the column 

irrespective of the direction of twist, which confirmed that the longitudinal CFRP 

contributed to the torsional resistance. Compressive strain values measured are likely the 

result of localized deformation of the CFRP due to damage of the concrete. In general, 

the longitudinal strain at each level was largest on the south side of the column except at 

Levels 4 (west face) and 5 (east face). This can be explained by the observation that 

rupture and peel off of the CFRP system occurred on the south side of the column, and 

CFRP rupture occurred on the west side at Level 4. The largest strain at Level 5 was 

measured on the east face, not the south face, which can be explained by the observation 

that the concrete crushed in that location so the strain at the region released.  

 

Average strain in externally bonded CFRP at each level 

The average strains at each level were determined from the values measured on 

the four column faces at the corresponding level. The average transverse and longitudinal 

strains at each level are shown versus applied torsional moment in Figs. 10 and 11 

respectively, in which positive values indicate tensile strains. Generally, the average 

measured transverse strain was smallest at Level 1, followed by Level 2, Level 3, and 

Level 4. The relatively small strains measured at Levels 1 and 2 are attributed to the 

constraint provided by the column footing. It should be noted that Level 3 is within the 

region in which all of the crushed concrete was removed and replaced by the repair 

mortar. Level 4 is adjacent to the concrete replacement region and is also the region 

where CFRP rupture initiated. Accordingly, this level was of particular interest in this 

analysis.  

Values of the average measured transverse strain at each level corresponding to 

the maximum applied torsional moment, indicated by markers shown in Fig. 10, are 

given in Table 3. The average measured transverse strains at Levels 5 and 6 reached 

around 66% of the CFRP ultimate strain (1.67%). The average measured strain at Level 4 

where CFRP rupture initiated was 7549 microstrain. For comparison, the value of the 

effective strain used to design the transverse CFRP was approximately 6125 microstrain 

(from Eq. (4)). Thus the NCHRP Report 655 method26 was reasonable for determining 

the effective strain in designing the transverse CFRP for this column. 
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Compared to the transverse strains, the average measured longitudinal strain 

values were smaller, which can be seen from Figs. 10 & 11, even though the same 

amount of CFRP was applied in each direction (1 layer). This confirms that the transverse 

CFRP was more effective than the longitudinal CFRP in providing torsional resistance 

and thus restoring the torsional capacity. The average measured longitudinal strain values 

at each level corresponding to the maximum applied torsional moment are given in Table 

3, and they are indicated by markers in Fig. 11. 

 

Contribution of externally bonded CFRP and repaired RC column 

Based on the average strain values corresponding to the maximum applied 

torsional moment (indicated in Figs. 10 and 11), the contribution of the transverse CFRP 

to the repaired column torsional resistance was calculated according to Eq. (3) and is 

summarized in Table 3. Tft in Table 3 represents the torsional moment resisted by 

transverse CFRP, εfe is the average measured strain at each level corresponding to the 

maximum torsional moment, and ffe is the calculated stress in the CFRP determined by 

Eq. (5). 

fe f fef E 
                                                  

(5) 

Although the longitudinal CFRP was not continuous around the cross-section, it 

was anchored by the transverse CFRP wrap and fully developed along most of the 

column length. As discussed previously, the FIB25 and NCHRP Report 65526 models are 

not applicable for longitudinal FRP. Therefore, the contribution of the longitudinal CFRP 

Tfl to the repaired column torsional resistance was calculated based on the model given by 

Salom et. al.7, which is based on principles applied to strengthening in shear. It should be 

noted that in the case of the CFRP layout used in this study, the same equation was 

deduced from this model for calculating the contribution of longitudinal CFRP as that 

used to calculate the contribution of transverse CFRP (Eq. (3)). Calculated values of Tfl 

are summarized in Table 3. The individual contributions of transverse and longitudinal 

CFRP were then added together to estimate the total contribution of the externally 

bonded FRP system Tf as shown in Eq. (6).  

f ft flT T T 
                                                 (6) 
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Finally, the contribution of the repaired RC column (without external CFRP) TRC,R 

to the total torsional resistance of the repaired column was estimated by subtracting Tf 

determined from Eq. (6) from the maximum applied torsional moment resisted by the 

repaired column, Tmax,R  given in Table 4. In this table, TRC,O is the measured torsional 

capacity of the original column. The ratio TRC,R/TRC,O represents the torsional strength 

attributed to the RC column component that was restored in the repair. As shown in Table 

4, the ratio TRC,R/TRC,O ranges from 32% to 78%. Between Levels 2 and 4, corresponding 

to locations of severe damage (concrete crushing through the core and yielding of 

transverse reinforcement), the ratio varies from 50% to 77%. These results confirm that 

the assumptions made during the repair design were reasonable, namely that the CFRP 

would rupture and the original repaired RC column without external CFRP would 

provide approximately 50% of the original column capacity.  

 

CONCLUDING REMARKS 

In this study, torsional repair of a severely damaged RC column was explored. A 

half-scale square RC bridge column, severely damaged in a previous study, was repaired 

and retested to evaluate the repair performance. The column was subjected to constant 

axial load and cyclic torsional moment. Unidirectional CFRP sheets with fibers oriented 

in both the column transverse and longitudinal directions were bonded to the column 

after the damaged concrete was removed and replaced with repair mortar. The torsional 

behavior and failure mode of the repaired column were investigated and compared with 

those of the original column. Also, the contribution of the CFRP to the torsional 

resistance was evaluated. Although only one column was evaluated which may limit the 

quantitative evaluation of the results, the study and pertaining results provide qualitative 

understanding of repairing for torsion and form the basis for the following conclusions to 

guide further research on torsional repair of RC members using this system: 

1. The failure mode of the repaired column was rupture of the CFRP system, which 

occurred at an average stress level less than the ultimate strength of the CFRP due to 

stress concentration. The CFRP functioned as external reinforcement and also 

confined the RC column and inhibited the propagation of torsional concrete cracking.  
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Consequently, the maximum torsional moment was increased compared to the 

original column; 

2. The rotational deformation capacity of the repaired RC column was enhanced 

compared to that of the original column. Additionally, the rotational ductility was 

increased; 

3. The post-peak response of the repaired column was initially more gradual compared 

to the immediate steep post-peak response of the original column due to the 

confinement provided by the CFRP. This behavior is beneficial for seismic repair in 

terms of better energy absorption capability; 

4. Comparison of the torsional stiffness attenuation of the original and repaired columns 

indicates that the CFRP system helped provide confinement and restrain torsional 

crack development so that limited torsional stiffness can be maintained in the post-

peak state; 

5. Strains measured on the surface of the CFRP confirmed that transverse and 

longitudinal sheets both contributed to the torsional resistance of the repaired column. 

The transverse sheets, however, were more efficient than the longitudinal sheets; and  

6. Analysis of strains measured on the surface of the CFRP sheets confirmed that the 

repair design assumption that the RC column can provide approximately 50% of the 

original torsional capacity was reasonable. Additionally, the value of the effective 

strain determined by NCHRP Report 655 was reasonable in designing the transverse 

CFRP for this column. 
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Table 1 - Properties of repair mortar and CFRP system 

Repair Mortar 

Property Results Test Method
Fresh wet density, lb/ft3 (kg/m3) 142 ASTM C 138 
Compressive strength, psi (MPa), 2 in. (50 mm) cubes   ASTM C 109 
1 day 2,500  
7 days 5,000  
28 days 6,000   
Compressive strength, psi (MPa), 3 by 6 in. (75 by 150 mm) cylinders at 5,000 ASTM C 39 
Flexural strength, psi (MPa) at 28 days 1,150 ASTM C 348 
Slant shear bond strength, psi (MPa) at 28 days 3,000 ASTM C 882 
Splitting tensile strength, psi (MPa) at 28 days 500 ASTM C 496 

CFRP System 

Property Requirement  
Fiber material High strength carbon 
Fiber tensile strength, ksi (MPa) 720 (4,950) 
Areal weight, lb/ft2 (g/m2) 0.062 (300) 
Fabric width, in. (mm) 20 (500) 
Nominal thickness, in./ply (mm/ply) 0.0065 (0.165) 
Ultimate tensile strength, ksi (MPa) 550 (3,800) 
Tensile modulus, ksi (GPa) 33,000 (227) 
Ultimate rupture strain, % 1.67 
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Table 2 - Torsional moment and corresponding twist at cracking, yielding, and 
maximum states 

 
  Original 

C l

Repaired 

C l
Cracking 

Tcr, kip-ft (kN- 141.6  

θcr, deg. 0.52  

Yielding 
Ty, kip-ft (kN- 203.2 226.7 (307.4) 

θy, deg. 3.21 3.72 

Maximum 
Tmax, kip-ft (kN- 244.4 295.6 (400.7) 

θmax, deg. 6.47 12.49 

Torsional 
D ctilit

µθ (θmax/ θy) 2.02 3.36 
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Table 3 - Contribution of the transverse and longitudinal CFRP 

Contribution of Transverse CFRP 

Level 
εfe 

10-6 
Ef 

ksi (GPa) 
ffe 

ksi (MPa) 
A0 

in.2 (mm2) 
tf 

in. (mm) 
Tft 

kip-ft (kN-m) 

1 3,776 

33,000 (227) 

125 (859) 

484 (312.3E3) 0.0065 (0.165) 

65.3 (88.6) 

2 4,876 161 (1,110) 84.4 (114.4) 

3 4,995 165 (1,136) 86.4 (117.2) 

4 7,549 249 (1,718) 130.6 (177.1) 

5 10,588 349 (2,409) 183.2 (248.4) 

6 10,757 355 (2,448) 186.1 (252.4) 

Contribution of Longitudinal CFRP 

Level 
εfe 

10-6 
Ef 

ksi (GPa) 
ffe 

ksi (MPa) 
A0 

in.2 (mm2) 
tf 

in. (mm) 
Tfl 

kip-ft (kN-m) 

1 2,335 

33,000 (227) 

77.0 (531.2) 

484 (312.3E3) 0.0065 (0.165) 

40.4 (54.8) 

2 2,954 97.5 (672.0) 51.1 (69.3) 

3 1,170 38.6 (266.2) 20.2 (27.5) 

4 2,527 83.4 (574.9) 43.7 (59.3) 

5 2,013 66.4 (458.0) 34.8 (47.2) 

6 1,682 55.5 (382.7) 29.1 (39.4) 
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Table 4 - Estimation of contribution of repaired RC column 

Level 
Tmax,R 

kip-ft (kN-m) 
Tf 

kip-ft (kN-m) 
TRC,R 

kip-ft (kN-m) 
TRC,O 

kip-ft (kN-m) 
TRC,R/TRC,O 

% 

1 

295.6 (400.7) 

105.7 (143.4) 189.8 (257.4) 

244.4 (331.4) 

78 

2 135.5 (183.7) 160.1 (217.0) 65 

3 106.7 (144.6) 188.9 (256.1) 77 

4 174.4 (236.4) 121.2 (164.3) 50 

5 218.0 (295.6) 77.5 (105.1) 32 

6 215.2 (291.8) 80.3 (108.9) 33 
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 Fig. 1 - Details of original column. 
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 Fig. 2 - Damage condition of concrete in original column. 
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Fig. 3 - Damage condition of reinforcing steel in original column. 
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 Fig. 4 - Test setup for repaired column. 
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 Fig. 5 - Failure of repaired column. 
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(a) Original Column

(b) Repaired Column

Fig. 6 - Hysteresis behaviors of original and repaired columns. 
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Fig. 7 - Torsional moment-twist envelopes of repaired column compared to original 
column. 
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Fig. 8 - Torsional stiffness attenuation of repaired column compared to original column. 
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Fig. 9 - CFRP strain gage layout and relation to repaired column damage location. 
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Fig. 10 - Average transverse surface strain-torsional moment relationship of repaired 
column. 
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Fig. 11 - Average longitudinal surface strain-torsional moment relationship of repaired 
column. 



 

 

171

V. POST-REPAIR SEISMIC PERFORMANCE OF DAMAGED RC BRIDGE 
COLUMNS WITH FRACTURED BARS – A NUMERICAL ASSESSMENT 

Ruili He, Yang Yang, and Lesley H. Sneed 

 

ABSTRACT 

Seismic repair of bridge columns has been studied extensively during past 

decades; however, few studies were conducted on the influence of the column (member) 

repair to bridge structures (system). This paper presents a developed method to fill this 

gap through a case study. In this study, an earthquake-damaged RC column with 

fractured longitudinal reinforcement was rapidly repaired with externally bonded carbon 

fiber reinforced polymer (CFRP) sheets. Test results showed that the lateral strength and 

drift capacity of the column were partially restored. Nonlinear fiber element models were 

developed using Open System for Earthquake Engineering Simulation (OpenSees) 

software to simulate the response of the undamaged and repaired columns. The 

undamaged column was modeled using currently available techniques, while a technique 

was developed to model the repaired column. Analytical results were validated with 

experimental results. A three-span RC bridge structure was selected and modeled with 

the developed column models, based on which dynamic time history analysis was 

conducted. Seven scenarios of different combinations of undamaged and repaired 

columns were analyzed employing 40 ground motion (GM) records. The seismic demand 

on drift ratio and base shear of each column were determined and compared with the drift 

capacity and lateral strength of the undamaged and repaired columns determined from the 

experimental results. The results illustrated that the bridge models with one or more of 

the repaired columns were capable to resist the base shear and drift demand by the 40 

GM records selected according to the target design spectrum. 

 

Keywords: Bridge system; dynamic analysis; fiber-reinforced polymer; fractured 

bars; reinforced concrete columns; repair. 



 

 

172

1. INTRODUCTION 

An extensive number of studies have been conducted on seismic repair and 

retrofit of reinforced concrete (RC) bridge columns, considering that they are the primary 

source of energy dissipation for a bridge structure during an earthquake. Seismic retrofit 

is conducted for RC bridge columns constructed in the U.S. prior to 1970s since they are 

not detailed to resist seismic loads. Methods commonly used to retrofit RC bridge 

columns include applying RC jackets [1], steel jackets [2], or fiber reinforcement 

polymer (FRP) composite jackets [3]. More recently, efforts have been focused on 

detailing of RC bridge structures to prevent collapse during an earthquake. RC bridge 

columns are designed to undergo cracking, spalling or crushing of concrete, yielding or 

bucking of reinforcing bars, or even fracture of some of the reinforcing bars during a 

strong earthquake. Repair techniques for earthquake-damaged RC bridge columns 

typically involve epoxy injection into concrete cracks [4], repair of spalled and crushed 

concrete, and/or application of jackets as external reinforcement. Similar to retrofit of RC 

bridge columns, reinforced concrete [5], steel [6], and FRP [7] are commonly used as 

jacketing materials for repair of RC bridge columns with different damage levels. 

Local modifications (interventions) from the retrofit or repair of an individual RC 

column member can change the performance of the member, which in turn can influence 

the performance of the bridge structure in which the column is included, especially under 

seismic loading. In general, the seismic performance of a bridge structure will be 

improved when the retrofit or repair is carried out uniformly for all the members. 

Modifications to a single member or only some of the members of a bridge structure, on 

the other hand, may result in a stiffness irregularity, which can result in an unbalanced 

seismic demand on the members of the structure. To date, most research on seismic repair 

or retrofit of RC bridges has focused on assessing the response of individual columns 

(member level), not the bridge structure (system level), due to limitations in modeling 

and especially testing of full bridge structures. Thus, the need exists to develop 

techniques to reflect the effects of the intervention on the entire bridge structure. The 

availability of increasingly powerful computers has provided an opportunity to 

implement numerically intensive modeling strategies. In particular, analytical tools based 
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on the fiber element method have been developed to model the nonlinear behavior of RC 

structures under cyclic loading, and studies have shown that the fiber element method can 

be effective in simulating the response of RC members under seismic loading [8-10]. 

The objective of this paper was to investigate the influence of repair to individual 

columns on the post-repair seismic performance of the bridge system by developing a 

method to model repaired RC bridge columns. A method was previously developed by 

the authors to rapidly repair earthquake-damaged RC bridge columns using externally 

bonded carbon FRP (CFRP) sheets with fibers oriented in both the column transverse and 

longitudinal directions [11-13]. Five severely-damaged 1/2-scale RC columns with 

different damage conditions were repaired using the developed repair method. As 

discussed in the work by He et al. [12], the repair method proved effective in repairing 

damaged columns without fractured longitudinal bars, though factors such as bending-

torsion interaction and failure mode played a role in the level of restoration. However, the 

method was only partially successful in repairing a column with fractured longitudinal 

bars located near the base of the column, in which case a large force demand was 

required for the CFRP strengthening system, as well as a substantial anchorage system to 

develop it. In the present study, a nonlinear dynamic analysis of the post-repair response 

of an RC bridge structure that included this repaired column was conducted. First, models 

of the undamaged (original) and repaired columns were developed and validated with the 

experimental results. Then, a prototype bridge structure was selected and modeled with 

the developed column models, and a dynamic time history analysis was conducted 

employing 40 ground motion (GM) records. Seven models of the bridge structure with 

different numbers and locations of repaired columns were analyzed and compared. The 

results of the analysis were discussed in terms of base shear and top drift ratio demand of 

the columns. 

 

2. MODELING OF INDIVIDUAL RC BRIDGE COLUMNS 

The analytical models for both the undamaged (original) and repaired columns 

were described in this section. Open System for Earthquake Engineering Simulation 

(OpenSees) software was utilized in this study. Currently available techniques were used 
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to model the undamaged column, while a technique was developed to model the repaired 

column. The developed models were validated by comparing the calculated responses 

with measured test data from different studies [11, 12, 14]. The original column test 

specimen was tested to failure under quasi-static reversed cyclic lateral load and a 

constant axial load of approximately 150 kips (667 kN) (7% of the axial load capacity) 

[14]. The column was then repaired and retested under the same load protocols [11, 12]. 

 

2.1 Modeling of Original Column 

2.1.1 Fiber Section Properties 

The original column section was constructed as a fiber section object, which is 

composed of fibers, with each fiber containing a prescribed uniaxial material, an area, 

and a location. The details of the column geometry and reinforcement are shown in 

Figure 1 and are discussed in detail elsewhere by the authors [11, 12]. The fiber 

discretization of the cross-section is shown in Figure 2. The core concrete was discretized 

to 25 strips in both directions. The cover concrete was discretized to 25 strips along the 

edge direction and two strips in the thickness direction. For the longitudinal reinforcing 

steel bars, the analysis was based on one mesh size. The core concrete, cover concrete, 

and longitudinal steel fibers were each defined by a uniaxial stress-strain model 

corresponding to the material they represent. 

The Linear Tension Softening Concrete02 material in OpenSees was used to 

model both the unconfined and confined concrete. Mander’s model [15] was used to 

determine the material properties of the confined concrete. The compressive stress-strain 

relationship of this material model is based on the uniaxial Kent-Scoff-Park concrete 

material model [16, 17]. The tensile stress-strain relationship is bilinear with the same 

modulus as the compression stress-strain relationship in the increasing region. 

The reinforcing steel is modeled using the Giufre-Menegotto-Pinto constitutive 

model [18] available in OpenSees. The model has a bilinear backbone curve with a post-

yield stiffness proportional to the modulus of elasticity of the steel, Esh=b·E, and accounts 

for the Bauschinger effect in the cyclic response of the material. Despite the simplicity of 
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the model, it does not account for the yield plateau of the reinforcing steel or the 

degradation of the steel strength due to bar buckling or rupture. 

Moment-curvature relationship from the fiber section was compared to the 

measured data from the experiment as shown in Figure 3, which illustrated the 

effectiveness of the discretization scheme with the chosen material models. 

 

2.1.2 Column Numerical Model 

The numerical model developed for the original column is illustrated in Figure 4. 

The column member was modeled as a nonlinear beam-column element with a fiber 

discretized section shown in Figure 3. For a RC column subjected to a lateral load, it is 

well established that the total lateral deflection can be attributed to deformations due to 

flexure, shear, and bond slip [19]. In this model, the shear and bond slip deformations 

were considered by adding zero-length springs. 

The equation proposed by Correal et al. [20] was used to calculate the shear 

stiffness of column in the zero-length spring for shear 

,45v
v

pr pz

K
K

n L
                                                                (1) 

where npr is the number of plastic hinge regions (1 for cantilever columns), and 

Lpz is the length of each plastic hinge zone. Lpz was estimated as 1.5 times the column 

cross-section dimension based on Caltrans [21]. Kv,45 is the shear stiffness of RC 

members with 45° diagonal cracks, which was computed by Eq. (2) [22]: 
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where ρv is the transverse reinforcement ratio calculated as Av/sbw, and n is the 

modular ratio calculated as Es/Ec, Av is the transverse reinforcement area, s is the tie pitch, 

Es is the elastic modulus of steel, Ec is Young’s modulus of concrete, and bwd is the web 

area to resist shear.  
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The shear stiffness calculated by Eq. (1) was converted to an equivalent rotational 

stiffness due to difficulties in achieving numerical convergence in dynamic analysis. Eq. 

(3) [23] was used to determine the equivalent rotational stiffness: 

2
v

v
pr

K H
K

n                                                                (3) 

in which H is the column height, and the other parameters were defined in the 

previous equations. 

To consider the bond slip from strain penetration effects, the bond-slip spring 

model [24] was added to the model. In their model, the relationship of bar stress versus 

loaded-end slip was proposed as a linear relationship for the elastic region and a 

curvilinear relationship for the post-yield region. The curvilinear relationship was 

represented by Eq. (4): 
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where   is the normalized bar stress defined as    y u yf f f    , s is the 

normalized bar slip as defined as  y ys s s s  ,  is the ductility coefficient defined as 

  /u y ys s s   , b is the stiffness reduction factor that represents the ratio of the initial 

slope of the curvilinear portion at the onset of yielding to the slope in the elastic region, fy 

and fu are the yield and ultimate strengths of the steel reinforcing bars, respectively, sy and 

su are the loaded-end slips when the bar stresses are fy and fu, respectively, and the value 

of factor Re should be slightly greater than one in order to maintain a zero slope near 

ultimate strength of the bar.  

The bond-slip rotation can be assumed to occur about the neutral axis of the 

column cross-section at the connection interface [25]. The neutral axis location and the 

stress in the extreme tension reinforcement corresponding to the desired lateral load are 

determined from moment-curvature analysis of the section. The rotation occurring at the 
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interface was obtained as the ratio between the slippage [24] and the distance from the 

extreme steel bar to the neutral axis. Therefore, the relationship between the applied 

moment and rotation was developed, which was then applied in the analytical model as a 

zero-length spring. 

 

2.1.3 Model Validation 

Both pushover and cyclic loading analysis were conducted using the developed 

analytical model of the original column. Axial load was applied along the axis of the 

column linearly up to 150 kips (667 kN) prior to application of the lateral load and then 

kept constant during the loading process. Results were validated through comparison of 

the measured and calculated load-displacement relationships. Figure 5a shows the 

measured envelope of load-displacement results and the calculated pushover results, in 

which the effects of shear deformation and strain penetration were included in different 

combinations. It can be seen that the shear deformation is negligible compared to the 

flexural deformation since the aspect ratio of the column (6.0) was relatively large [26]. 

The calculated pushover curve of the model with shear deformation and strain penetration 

implemented was comparable to the envelope of measured data in terms of initial 

stiffness and base shear capacity. However, the model could not predict the failure of the 

column associated with fracture of longitudinal bars due to limitations of the steel 

material model. Figure 5b shows the comparison of calculated and measured hysteresis 

behavior of the original column. The model predicted results very close to the measured 

data in terms of the base shear capacity and initial stiffness. However, the model could 

not well predict the degraded unloading stiffness and pinching effect. 

 

2.2 Modeling of Repaired Column 

2.2.1 Damage Prior to Repair and Repair Program 

Figure 6 shows the damaged column after the original test. Damage included 

cracking and spalling of concrete, yielding and straightening of the end hooks in the 

reinforcing steel ties, and buckling of ten of the twelve longitudinal bars. Additionally, 

two longitudinal reinforcing bars fractured near the base of the column on opposite 

corners. The damaged column was repaired by removing and replacing the crushed 
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concrete, and then installing three layers of CFRP sheets on the tension faces of the 

column with fibers oriented in the longitudinal direction of the column. Then, CFRP was 

wrapped transversely around the column with a varying number of layers to a height of 

60 in. (1524 mm) from top of footing. Above this height, no longitudinal or transverse 

CFRP was placed, and no repair was made to the concrete. Additional details regarding 

the damage description and repair of the original column are discussed elsewhere by 

authors [11, 12]. 

 

2.2.2 Column Numerical Model 

Unique challenges exist for the case of modeling the behavior of repaired RC 

columns compared with undamaged or retrofitted RC columns. Several aspects 

complicate the simulation such as accounting for the initial damage condition and 

estimating the mechanical properties of the materials etc. In this study, a new modeling 

method was developed to simulate the behavior of the repaired RC column, in which 

prior damage and repair was accounted for according to different damage states and 

repairs along the column length.  

It was illustrated in the study [23] that the reinforcing steel properties should be 

modified to account for column softening due to earthquake damage. In their study, the 

elastic modulus of the longitudinal bars was reduced to account for the Bauschinger 

effect due to the cyclic loading from the previous testing. Five column damage states 

were defined in their study: flexural cracks (DS1); first spalling and shear cracks (DS2); 

extensive cracks and spalling (DS3); visible lateral and longitudinal bars (DS4); and 

imminent failure (DS5). Different reduction factors were proposed to modify the elastic 

modulus of the longitudinal bars in repaired columns corresponding to the different 

damage states.  

In modeling the repaired column in this study, the modified steel properties, the 

confinement provided by the CFRP wrap and the longitudinal CFRP in the repaired 

region, and the cracked concrete in the unrepaired region were considered. Determination 

of the damage states along the column length is illustrated in Figure 6d, which was used 

to determine the reduction factors employed for the longitudinal reinforcing bars. The 
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repaired column member was modeled as a nonlinear beam-column element with a fiber 

discretized section as shown in Figure 7, in which different fiber sections were used to 

represent the different damage states and repairs along the length. In addition, the same 

shear stiffness used for original column was used in the repaired column model. Bond-

slip deformations from the strain penetration effects were included in the analytical 

model, in which the damage to the pretested reinforcing bars was considered. 

 

2.2.3 Model Validation 

The calculated load-displacement relationship from the pushover analysis is 

compared to the measured data in Figure 8a. Results in Figure 8a illustrated that the 

developed model can simulate the initial stiffness and the lateral strength capacity of the 

repaired column with acceptable discrepancy. Figure 8b compares the measured and 

calculated hysteresis behaviors of the repaired column. The asymmetry of the measured 

data during testing is due to the unsymmetrical damage from the original testing. The 

calculated results of the developed analytical model are symmetric for the reason that the 

unsymmetrical unrepaired damage was not modeled. The behavior of the repaired column 

in the direction of positive displacement was well-predicted by the developed analytical 

model. Although the analytical prediction shows slightly larger energy dissipation 

capacity, good agreement in terms of both lateral strength and initial stiffness is observed. 

Moreover, pinching of the hysteresis loops observed in the experimental data is also 

reflected in the analysis. 

 

3. MEASURED COLUMN CAPACITIES 

The main emphasis of this study is to estimate seismic demand on critical bridge 

components through the implementation of nonlinear analysis procedures. The 

experimental data from the test specimen were used to validate the developed models as 

discussed in the previous section. In addition, the experimental data were utilized to 

estimate the capacities of the original and repaired columns in terms of lateral strength 

and top drift ratio, which were used in the nonlinear dynamic time-history analyses 

discussed later in this paper. 
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The capacity values were obtained from idealized load-displacement envelopes 

for the original and repaired columns shown in Figure 9 with the values of lateral strength 

and drift ratio capacities shown in the figure. The idealization of the envelopes was 

described elsewhere by the authors [11, 12]. The base shear capacity was defined as the 

equivalent yield base shear in the idealized elasto-plastic curves in Figure 9. The base 

shear capacity of the original and repaired columns was 62.3 kips (277 kN) and 43.7 kips 

(194 kN), respectively. The top drift ratio capacity of the original and repaired columns 

was 4.5% and 8.0%, respectively. 

 

4. MODELING OF THE RC BRIDGE STRUCTURE  

4.1 Background of the Selected Bridge  

Example No. 4 of Seismic Design of Bridges provided by the Federal Highway 

Administration [27] was selected for evaluating the effects of the column repair. The 

bridge was designed for seismic loading using the Standard Specifications for Highway 

Bridges [28]. This bridge was selected because the columns of the bents have similar 

cross-sectional dimensions, aspect ratio, and reinforcement ratios to those included in the 

experimental program of this study, which were 1/2-scale prototype specimens. The 

bridge was designated to be built in the western United States in a seismic zone with an 

acceleration coefficient of 0.30g. The superstructure had a 30-degree skew to the bents 

with continuous spans of 100 ft. (30.5 m), 120 ft. (36.6 m), and 100 ft. (30.5 m). The 

superstructure was a cast-in-place (CIP) concrete box girder with two interior webs and a 

depth of 8 ft. (2440 mm). Columns of the bents were designated to be cast monolithically 

with the CIP box girder, which results in nearly fixed joints between the superstructure 

and substructure in both the longitudinal and transverse directions. The columns had a 

height of 20 ft. (6100 mm) from the top of the footing to the soffit of the box girder and a 

circular cross-section with a 48 in. (1220 mm) diameter. The effective height of the 

columns was 23.38 ft. (7130 mm) from the top of the footing to the centroid of the gross 

cross-section of the box girder, which resulted in an aspect ratio of 5.85 for the columns. 

Thirty-four ASTM 706 Grade 60 No. 11 (35 mm dia.) bars were used as longitudinal 

reinforcement, and No. 5 (16 mm dia.) spirals at a spacing of 3.5 in. (89 mm) were used 

as transverse reinforcement with a concrete cover of 2 in. (50 mm). The resulting 
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longitudinal and transverse reinforcing ratios were 2.79% and 0.8%, respectively. In this 

study, a 1/2-scale prototype bridge was modeled, in which the square columns tested in 

this research study were used instead of circular columns. The skew was removed since 

the effect from the skew was not the focus of this study. The intermediate bents had a 

cross beam integral with the box girder and two columns that were pinned at the top of 

spread footings. 

 

4.2 Bridge Numerical Model 

Figure 10 shows the numerical model of the scaled bridge structure in OpenSees. 

The superstructure was modeled with a total of twelve elements located in a single line 

along the centerline of the bridge structure, with four elements per span. Determination of 

moments of inertia and torsional stiffness of the superstructure was based on gross cross-

sectional properties. The mass density of the superstructure used for the dynamic analysis 

was adjusted so that the fundamental frequency was the same as that of the full-scaled 

bridge structure. The bents were modeled with 3-D elements to represent the cap beams 

and columns. Figure 11 shows the actual bent and the bent model used in the analysis, in 

which the forces were transferred from the superstructure to the columns at the points of 

intersection. In order to better represent the load distribution, the moments of inertia and 

the torsional stiffness used for the cap beam were increased. In addition, rigid link 

elements were used between the column top at the soffit of the box girder and the cap 

beam located at the superstructure centroid. The previously developed original and 

repaired column models were used for the column elements, including the shear 

deformation and strain penetration effects as discussed previously. The bottom node of 

the column was released for rotation in both plan directions to model the pinned column 

base. The footing was eliminated in this simplified model. This model allows longitudinal 

translational response at the abutment, which is conservative and more desirable for 

design of the substructure. 

The analysis was conducted for the selected bridge structure with seven different 

models to consider different scenarios of repaired columns. The original bridge structure 

model without repaired columns was used as the control and is referred to as model Orig. 

in the following discussion. The bridge structure models with different scenarios of 
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repaired columns are referred as models R-1, R-12, R-13, R-14, R-123, and R-1234, 

where R indicates the bridge structure model included repaired column elements, and the 

numbers after the dash identify the repaired columns in the model by column number. 

Column numbers are defined in Figure 10. The remaining columns in each model were 

represented by original (undamaged) columns. It should be noted that in a real bridge 

structure, fully damaged/repaired columns may not coexist with undamaged columns 

within the same structure. However, the methodology used in this study can be extended 

in the future to consider different levels of damage and/or repair in individual members. 

 

4.3 Modal Analysis 

Modal analysis was conducted for the seven bridge models described in the 

previous section. The natural frequencies corresponding to the first three modes of 

vibration are summarized in Table 1 with the corresponding modal shapes. The modal 

shapes obtained in this analysis were the same as those given in the file [27]. The 

fundamental frequency of the model including only original columns, Orig., determined 

from the modal analysis was 1.2060 Hz, which is similar to the value calculated for the 

full-scaled bridge in the file (1.2022 Hz). The frequency of the second mode was much 

larger than the fundamental frequency due to the simplification that no interaction 

between the structure and soil was modeled in the bent supports and the abutments. The 

displacement corresponding to the first mode was in the longitudinal direction, which 

indicates that significant longitudinal response was expected to occur; thus analysis 

results discussed in this paper are focused on the longitudinal response. 

 

5. DYNAMIC TIME HISTORY ANALYSIS OF RC BRIDGES 

Dynamic time history analyses were conducted to assess the performance of the 

bridge with varied configurations of repaired RC columns subjected to ground motion 

records during earthquakes. The earthquake records were obtained according to the target 

design spectrum related to the site condition where the selected bridge is designated to be 

built. The selected earthquake records were then adjusted to reflect the scale factors for 

the geometry and mass density of the models. 
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5.1 Selection of Ground Motion (GM) Records 

Twenty data sets of GM records during seven earthquakes were selected 

according to the target design spectrum, which was determined according to the standards 

[29, 30]. Each data set included subsets of data in two orthogonal directions recorded 

from the same event and record station (FN & FP). Accordingly, a total of 40 GM records 

were employed in the analyses. The selected GM records are presented in Table 2. The 

GM records were obtained from the GM database provided by the Pacific Earthquake 

Engineering Research Center (PEER) [31]. The records were selected from a bin of 

relatively large magnitudes of 6.5-7.0 and belong to moderate epicentral distances of 15-

32 km (9.3-20.0 miles). The ratio of the peak ground acceleration (PGA) to the peak 

ground velocity (PGV) shown in the table is an indicator of the frequency content of 

seismic motion. The selected GM records were then scaled to match the target design 

spectrum created previously that corresponds to the structure location, and the values of 

PGA reported in Table 2 are the scaled values. Figure 12 shows the spectral acceleration 

for the selected earthquake records after scaling and the target design spectrum. The 

scaled earthquake records were then scaled appropriately to apply them to the 1/2-scale 

bridge models. 

 

5.2 Demand Results 

Results of the dynamic time history analyses are presented in Figure 13 in terms 

of top drift ratio demand. Figure 13 shows the top drift ratio demand for each column in 

each bridge model under the 40 selected GM records. Under each GM record, the four 

columns in the same bridge model experienced nearly the same drift ratio demand. 

However, under the same earthquake record, the top drift ratio demands for the columns 

varied in different bridge models, which shows that the existence of one or more repaired 

columns influenced the drift ratio demand on all columns in the bridge structure. It is also 

worthy to note that the drift ratio demand for the columns in models R-12, R-13, and R-

14 was similar under the same GM record. This is attributed to the similar structural 

dynamic properties of the bridge models that included the same number of repaired 

columns, which was also shown by the modal analysis conducted in the previous section.  
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Results of the dynamic time history analyses are presented in terms of base shear 

demand in Figure 14, which shows the base shear demand for each of the four columns in 

each bridge model under the 40 selected GM records. Under the same GM record, Figure 

14 shows that the existence of one or more repaired columns changed the base shear 

demand to the original columns. Under the same GM record, the base shear demand to 

the repaired columns was smaller than that to the original columns in the same bridge 

model, which can be explained by the fact that the columns had almost the same 

displacement, and the original columns had a higher stiffness. Figure 14 also shows that 

the base shear demand on the same type of column (original or repaired) was nearly the 

same under the same GM record for models R-12, R-13, and R-14. This result indicates 

that the location of the repaired columns did not play a significant role in the 

displacement and strength demand in such a bridge structure. 

 

5.3 Discussion of the Results 

The maximum drift ratio demand on the columns under the selected 40 GM 

records is summarized for each of the different models in Figure 15a. It is important to 

note that the maximum drift ratio demand on the columns of the bridge models with 

repaired columns (R-1, R-12, R-13, R-14, R-123, and R-1234) was larger than that of the 

bridge model with only original columns (Orig.). However, an increasing number of 

repaired columns did not strictly correlate with increasing maximum drift ratio demand. 

The largest maximum drift ratio demand (around 1.5%) occurred in the models with two 

original and two repaired columns (R-12, R-13, and R-14). Considering all seven bridge 

models, the maximum top drift ratio demand on the repaired and original columns was 

33% and 19% of the corresponding top drift ratio capacities (4.5% for the repaired 

column, and 8.0% for the original column, see Figure 9). In summary, the maximum drift 

ratio demands of all the original and repaired columns were less than the corresponding 

top drift ratio capacities under the 40 GM records selected based on the target design 

spectrum.  

The average top drift ratio demand on the columns in each bridge model is shown 

with the standard deviation in Figure 15b, which illustrates the influence of the random 

characteristics of the GM records considered. The average value for each bridge model 
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was calculated by averaging the drift ratio demand on all four columns under the 40 

selected GM records. As shown in Figure 15b, the bridge model with only original 

columns (Orig.) had the lowest average top drift ratio demand (approximately 0.4%), and 

the bridge models with repaired columns had higher values, among which the bridge 

structures with two repaired columns (R-12, R-13, and R-14) had the highest average 

drift ratio demand (0.6%). Additionally, the difference in average drift ratio demands on 

bridge models with repaired columns was relatively small. This may be explained by the 

pattern of the design displacement spectrum for structures with relatively small periods. 

According to the design displacement spectrum, structures with larger frequency will 

experience smaller displacement demand; thus, the bridge model with only original 

columns (with a frequency of 1.2 Hz) had smallest drift ratio demand as shown in the 

analysis results. However, the trends of average drift ratio demand on the models with 

repaired columns were not the same as the trends of design displacement spectrum for 

two reasons: 1) average response displacement spectrum of the 40 GM records is not as 

smooth as the design spectrum; 2) the frequencies of bridge structures with repaired 

columns were similar (between 0.6 and 0.7 Hz). 

The maximum base shear demands on the original and repaired columns for each 

bridge model under the selected GM records are summarized in Figure 16a; and the 

maximum base shear D/C ratios were calculated by dividing the capacity measured in the 

experiment and are shown in Figure 16b. The maximum base shear demands on the 

original and repaired columns both occurred in the models with two original and two 

repaired columns, and the demands were approximately 90% of the lateral strength 

capacity of the columns. In summary, the maximum base shear demands on all the 

original and repaired columns were less than the corresponding lateral strength capacities 

under the 40 GM records selected based on the target design spectrum. 

The average base shear demand for the original and repaired columns in each 

bridge model is shown with the standard deviation in Figure 17a. The average base shear 

demand value for each bridge model was calculated by averaging the base shear demands 

from 40 selected GM records, maintaining the distinction between original and repaired 

columns. As shown in Figure 17a, the columns in the model with only original columns 

(Orig.) experienced the highest average base shear demand. The existence of repaired 



 

 

186

columns decreased the average base shear demand on the original columns as shown in 

models R-1, R-12, R-13, R-14, and R-123. The average base shear demand on the 

repaired columns was larger in models including both original and repaired columns than 

that in the model with only repaired columns (R-1234). The ratios of average base shear 

demand to capacity (D/C) and the standard deviations are shown in Figure 17b. As shown 

in this figure, the highest average base shear D/C ratio (approximately 0.48) for the 

original columns was in the model with only original columns (Orig.). The existence of 

repaired columns reduced the average base shear D/C ratio for the original columns. The 

lowest D/C ratio (approximately 0.20) for the repaired columns was in the model with 

only repaired columns (R-1234). 

 

6. CONCLUSIONS 

To evaluate the influence of RC column repair on the post-repair response of 

bridge system and to assess the effectiveness of a developed rapid repair method, the 

response of a prototype bridge structure was analyzed under dynamic earthquake 

loadings with consideration of varied numbers and locations of columns repaired with the 

proposed method. Both repaired and original column models were developed in 

OpenSees and validated against experimental data. The original column was modeled 

with beam-column elements with fiber section and nonlinear springs incorporating effects 

of shear deformation and strain penetration. A new technique was developed to model the 

repaired column, considering the variation of cross-sectional properties along the length 

of the column depending on the varied damage and repair conditions. The developed 

column models were validated against corresponding measured data by pushover and 

cyclic analysis. The response of a prototype three-span RC bridge model that 

incorporated the proposed column model was analyzed employing 40 GM records, which 

were selected and scaled according to the target design response spectrum. Based on the 

study presented in this paper, the following conclusions can be drawn. 

1. The response of the original column can be predicted by conventional modeling 

methods with negligible discrepancy; the new technique developed to model the repaired 

column can reasonably predict the performance of the repaired column; 



 

 

187

2. The calculated drift ratio demand on the columns of the bridge models with 

repaired columns was larger than that of the bridge model with only original columns, 

however the increasing number of repaired columns did not strictly correlate with 

increasing drift ratio demand. The drift ratio demands on the columns in the seven bridge 

models under the GM records selected and scaled based on the target design spectrum 

were less than the drift ratio capacities of the original and repaired columns; 

3. The base shear demands on the columns in the seven bridge models under the 

GM records selected and scaled based on the target design spectrum were less than the 

lateral strength capacities of the original and repaired columns; 

4. Though the repair method was not able to restore the base shear and drift 

capacities to the original condition for columns with fractured longitudinal bars near the 

base, the bridge models with one or more of the repaired columns were found to be 

capable of resisting the base shear and drift demand by the 40 GM records selected and 

scaled according to the target design spectrum; 

5. Based on the above remarks, it can be concluded that the developed rapid repair 

method was effective for repairing the damaged column with fractured bars in the 

prototype bridge selected in this paper. However, further research is in need for the 

applicability of this repair method to damaged columns in other types of bridge structures 

with different configurations. 
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Table 1 Natural frequency of bridge structure models 

 Bridge Model 

Frequencies (Hz) 
Mode 1 

[Longitudinal] 
Mode 2 

[Transverse] 
Mode 3 

[Transverse & Longitudinal]

Original Orig. 1.206 14.406 29.647 

Repaired 

R-1 0.704 14.387 29.641 
R-12 0.636 13.332 27.508 
R-13 0.662 14.386 29.640 
R-14 0.662 14.386 29.640 

R-123 0.616 14.384 29.640 
R-1234 0.568 14.383 29.640 
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Table 2 Selected earthquake ground motion records 

(Source: PEER ground motion database) 
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Cross-Section 
22 in. × 22 in. 

(560 mm × 560 mm )
Height 132 in. (3350 mm) 

Longitudinal 
Reinforcing 
Steel Bars 

4 No. 9 (29 mm dia.)
& 8 No. 8 (25 mm 

dia.) 
(ρl=2.13%) 

fy=76 ksi (524 MPa) 
(No. 8) 

fy=67 ksi (462 MPa) 
(No. 9) 

Transverse 
Reinforcing 
Steel Bars 

No. 3 (10 mm dia.) 
@ 3.25 in. (80 mm) 

(ρt=1.32%) 
fy=74 ksi (510 MPa) 

Concrete fc
’=5 ksi (34.5 MPa) 

 

Fig. 1. Geometry and reinforcement details of original column 
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Fig. 2. Fiber discretization of the cross-section 
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Fig. 3. Comparison of measured and calculated moment-curvature relationships for 
original column 
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Fig. 4. Numerical model for original column 
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(a) Pushover analysis

(b) Hysteresis analysis 

Fig. 5. Comparison of the measured and calculated response for original column. (a) 
Pushover analysis; (b) Hysteresis analysis 
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Ruptured Reinf. 

Opened 

Plastic 

(a) Damaged column (b) Longitudinal reinforcement rupture (c) Failure of ties 

DS(1-2)

DS(2-3)

DS(4-5) 

DS1: Flexural cracks
DS2: First spalling and shear cracks 
DS3: Extensive cracks and spalling 
DS4: Visible lateral and longitudinal bars 
DS5: Imminent failure 

(d) Determination of damage condition prior to 

Fig. 6. Damage to original column prior to repair 
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Fig. 7. Numerical model for repaired column 
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(a) Pushover analysis

(b) Hysteresis analysis 

Fig. 8. Comparison of the measured and calculated response for repaired column 
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Fig. 9. Idealized load-displacement envelope for original and repaired columns 
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Fig. 10. Numerical model of bridge structures 
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Fig. 11. Details of bent elements 
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Fig. 12. Spectral acceleration for the selected GM records 
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Fig. 13. Drift ratio demand of columns under selected earthquake records for each bridge 
model 
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Fig. 14. Base shear demand of columns under selected earthquake records for each bridge 
model 
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Fig. 15. Summary of drift ratio demand of columns under the selected earthquake records 
for each bridge model 

 

(a) Maximum drift ratio demand

(b) Average drift ratio demand 
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Fig. 16. Summary of maximum base shear demand of columns under selected 
earthquakes for each bridge model 

(a) Maximum base shear 

(b) Maximum base shear relative to 
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Fig. 17. Average base shear demand of columns under selected earthquake records for 
each bridge model 

(a) Average base shear demand 

(b) Average base shear demand relative to capacity 
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SECTION 

2. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

2.1. SUMMARY OF RESEARCH WORK 

The purpose of this research was to develop an effective and rapid repair 

technique using externally bonded CFRP composites for RC bridge columns severely 

damaged under combined loading effects including torsion. Both experimental and 

analytical studies were included in this study. 

The experimental study was conducted on five half-scale square RC bridge 

columns that had been tested to failure under combined flexure, shear, torsion, and axial 

loads in previous tests (Prakash et al. 2012). The previous study evaluated the seismic 

performance of square RC bridge columns under combined loading effects including 

torsion. Because the study was focused on the interaction between bending and torque, 

the primary test variable was the torque-to-flexural moment ratio (T/M). All five columns 

were designed with the same geometric and material properties as discussed in the 

collected papers in this dissertation. After the original test, different damage conditions 

were observed to the columns due to the varied combined cyclic loading effects (T/M). 

Damage included cover concrete cracking and spalling, core concrete crushing, and 

reinforcing bar yielding, buckling, and rupturing in some of the specimens. The damage 

region extended farther along the column length, and the plastic hinge shifted towards the 

column mid-height with increasing torsional moment-to-flexural moment ratio (T/M). 

Considering the short timeframe for the rapid repair, the selected repair materials 

were characterized by their ease of installation and compatibility and capability of 

achieving their required strengths within the timeframe. A quick set repair mortar and a 

unidirectional CFRP strengthening system were utilized in this study. The quick set 

mortar was used to repair the damaged concrete, while the CFRP strengthening system 

was used to rehabilitate the capacity decay due to material deterioration during the 

original tests. The repair mortar was a shrinkage-compensating micro concrete provided 

by BASF Company, which has characteristics including high bond strength, high early 

strength, and self-compacting properties. The CFRP strengthening system was comprised 
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of unidirectional carbon fiber sheets, MBrace primer, putty, and saturant provided by 

BASF Company. The properties of both the CFRP strengthening system and repair 

mortar provided by the manufacturer are presented in Appendix B. In addition, the 

compressive strength of the repair mortar was monitored by casting 2 in. (50 mm) cube 

specimens according to ASTM C109-11. The strength of original concrete and the repair 

mortar on the test day is given in Tables B.1 and B.2. Bond between the substrate and the 

CFRP is a concern in this application; thus, testing of the CFRP-to-concrete bond was 

performed in accordance with ASTM D7234, and the results are summarized in Table 

B.3. 

The required number of layers of CFRP was designed with the objective of 

restoring the flexural, shear and torsional strength to that of the original condition while 

maintaining as much ductility and stiffness as possible. Two regions were distinguished 

in design, which included the region that included the plastic hinge with cover concrete 

spalling, and a secondary region with the same height as the plastic hinge region. The 

latter region was repaired using half the required thickness of CFRP sheets as the former 

region in order to prevent plastic hinging directly above the primary plastic hinge. The 

lengths of these two regions were adjusted considering the width of the CFRP sheets (20 

in. [508 mm] wide). Considering that the repair was intended to be rapid and temporary, 

portions of the column with slight concrete cracks were left unrepaired to maximize the 

time efficiency. The design for each of the repaired columns was modified based on the 

performance of the repaired columns that previously had been tested. 

Each of the columns was repaired over a three-day period. Without any treatment 

to ruptured and/or buckled longitudinal reinforcing bars, quickset repair mortar was cast 

after loose concrete and opened stirrups were removed. Longitudinal and transverse 

CFRP sheets were externally bonded to the prepared surfaces after the mortar was cured 

for at least twelve hours. The repaired columns were then tested three days after the 

initiation of the repair work. The details of the experimental study is discussed in 

Appendix A. 

Measured data were analyzed to investigate the performance of the repaired 

columns compared to the corresponding original column responses. The repair method 

was proved effective in repairing damaged columns without fractured longitudinal bars, 
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though factors such as bending-torsion interaction and failure mode played a role in the 

level of restoration. However, the method was only partially successful in repairing a 

column with buckled and fractured longitudinal bars located near the base of the column, 

in which case a substantial anchorage system was required to transfer the force in the 

externally bonded CFRP from the column to the footing. The post-repair response of an 

RC bridge structure that included the partially restored column was analyzed under 

design earthquake loadings. First, models of the undamaged (original) and repaired 

columns were developed and validated with the experimental results. Then, a prototype 

bridge structure was analyzed with including the developed column models under 40 

ground motion records selected according to the design response spectrum. Seven models 

of the bridge structure with varied numbers and locations of the partially restored column 

were analyzed and compared with each other. Based on the drift ratio demand and base 

shear demand on the columns of the bridge structure with repaired columns in different 

configurations, the repair was determined to be satisfactory. 

 

2.2. CONCLUSIONS 

This section summarizes the conclusions from both the experimental and 

analytical studies of the rapid repair. With regard to the experimental work, the following 

conclusions are presented: 

 Overall, the developed repair procedure in this study was practical and 

achievable as a rapid emergency repair; 

 The repair method was effective in restoring the bending and/or torsional 

strength, stiffness, and ductility for the columns without fractured 

longitudinal bars, though factors such as bending-torque interaction, failure 

mode, and repair detailing played a role in the level of strength restored;  

 The method utilized in this study was found to be partially successful for 

columns with fractured longitudinal bars (and the critical section) located 

near the base due to the premature failure of the strengthening system; this is 

due to the fact that the fractured bars were not repaired, and as a result, large 

force demand is required of the anchorage system to transfer the force in the 

external CFRP strengthening system to the footing;  



 

 

213

 A reduction in initial stiffness after repair was observed due to the previously 

tested reinforcing steel and softened concrete in the unrepaired portion of the 

column, however, the service stiffness was restored or enhanced after repair; 

 Use of longitudinal CFRP around the entire perimeter of the column 

improved the performance of the repaired column by mitigating cracking and 

improving the flexural strength of the repaired column; 

 The failure mode of the repaired column under combined axial and torsional 

loading (no bending) was rupture of the CFRP system, which occurred at an 

average stress level less than the ultimate strength of the CFRP due to stress 

concentration. The CFRP functioned as external reinforcement and also 

confined the RC column and inhibited the propagation of torsional concrete 

cracking. Consequently, the maximum torsional moment was increased 

compared to the original column;  

 The rotational deformation capacity of the repaired RC column under 

combined axial and torsional loading was enhanced compared to that of the 

original column. Additionally, the rotational ductility was increased. The 

post-peak response was initially more gradual compared to the immediate 

steep post-peak response of the original column due to the confinement 

provided by the CFRP. This behavior is beneficial for seismic repair in terms 

of better energy absorption capacity; 

 Comparison of the torsional stiffness attenuation of the original and torsional 

repaired columns indicates that the CFRP system helped provide confinement 

and restrain torsional crack development so that limited torsional stiffness can 

be maintained in the post-peak state; 

 Strains measured in the CFRP on the surface of the repaired column under 

combined axial and torsional loading confirmed that transverse and 

longitudinal contributed to the resistance of the repaired column. The 

transverse sheets, however, were more efficient than the longitudinal sheets; 

 Analysis of strains measured on CFRP surface of the repaired column under 

combined axial and torsional loading confirmed that the repair design 

assumption that the RC column can provide approximately 50% of the 
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original torsional capacity was reasonable. Additionally, the value of the 

effective strain determined by NCHRP Report 655 was reasonable in 

designing the transverse CFRP for this column. 

Based on the analytical study, the following conclusions are presented: 

 The response of the original column can be predicted by conventional 

modeling methods with negligible discrepancy; the new technique developed 

to model the repaired column can reasonably predict the response of the 

repaired column; 

 The calculated drift ratio demand on the columns of the bridge models with 

repaired columns was larger than that of the bridge model with only original 

columns; however the increasing number of repaired columns did not strictly 

correlate with increasing drift ratio demand. The drift ratio demands on the 

columns in the seven bridge models under the ground motion records selected 

and scaled based on the target design spectrum were less than the drift ratio 

capacities of the original and repaired columns; 

 The base shear demands on the columns in the seven bridge models under the 

ground motion records selected and scaled based on the target deign spectrum 

were less than the lateral response capacities of the original and repaired 

columns; 

 Though the repair method was not able to restore the base shear and drift 

capacities to the original condition for columns with buckled and fractured 

longitudinal bars near the base, the bridge models with one or more of the 

repaired columns were found to be capable of resisting the base shear and 

drift demand by the 40 ground motion records selected according to the target 

design spectrum. 

Finally, based on the concluding remarks above, it can be concluded that the 

developed rapid repair method was effective as an emergency repair for the damaged 

column without and with fractured longitudinal bars. 
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2.3. RECOMMENDATIONS 

Based on the objective and scope of this study, the following aspects are 

recommended for future research: 

 Develop a rapid repair technique that can fully restore the long-term strength 

and deformation capacity of damaged RC columns with fractured bars; 

 Assess the effectiveness of the developed repair method on damaged 

columns with design parameters different from those of the columns in this 

study, such as the shape of cross section, aspect ratio, and the ratios of 

reinforcement; 

 Develop models that can consider the torsional effect in addition to 

considering the axial, bending, and shear effects as proposed in this study; 

 Optimize the repair design with proposed models to decrease the required 

layers of CFRP in consideration of the interaction between bending, shear, 

and torsional effects; 

 Assess the effectiveness of the developed repair method on different kinds 

of bridge system; 

 Evaluate the capacity of the bridge system by using incremental dynamic 

analysis (IDA). 
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EXPERIMENTAL STUDY 
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The description of the experimental study included in the papers in this 

dissertation was abbreviated due to space limitations. In this appendix, the experimental 

study is discussed in detail, including the repair procedure, arrangement of the 

instrumentation, and retesting of the repaired columns. 

The damaged columns were repaired and retested in the High Bay Structural 

Engineering Research Laboratory at Missouri S&T. Neglecting an unexpected delay that 

occurred during the repair of Column 1, the entire repair process involved six steps and 

took approximately 30 man-hours over 3 days (72 hours). The rapid repair started with 

removing loose concrete, followed by erecting formwork, and placing repair mortar on 

the first day. After the mortar set approximately 12 hours through the night, the formwork 

was removed, and the MBrace® CF 130 Composite Strengthening System was applied 

on the second day. The repaired columns were instrumented on the third day and retested 

on the fourth day (fifth day for Column 1). The details of each repair step are discussed in 

the paragraphs that follow. 

 

Initial Straightening of the Columns - Before the three-day period repair began, 

the damaged column was straightened to ensure that it was capable of being repaired and 

retested. Trial and error method was used for the initial straightening, which took a 

significant amount of time for some of the columns. 

There were three main types of initial deformations of the damaged columns: (1) 

twist about the column longitudinal axis; (2) displacement in the direction parallel and/or 

perpendicular to the applied load; and (3) displacement and/or twist in different directions 

along the column. For the displacement in the loading direction and twist about the 

column longitudinal axis, the two horizontal servo-controlled hydraulic actuators were 

used to straighten it back to the original position by pulling and/or pushing with the 

separate actuators. For the deformation perpendicular to the loading direction, the column 

was pushed or pulled back to the original position by applying a jacking force between 

the column cap and strong wall using a wood beam or chain as shown in Figure A.1. For 

the third situation, the deformed column could not be restored to the undeformed position. 

Columns were pulled and/or pushed in the two directions and straightened as much as 
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possible. The straightened condition was determined visually, and the goal was to make 

the column straight enough to apply the formwork for placing the repair mortar. 

 

Removal of Loose Concrete - The repair procedure began with removing loose 

concrete from the column. The loose concrete was removed with a chisel and continued 

until light tapping with a small hammer on the chisel could not remove any more 

concrete. At this time, opened ties/stirrups were removed only if they were in position to 

interfere with the placement of formwork. Figure A.2 shows the column before and after 

removal of loose concrete. 

After removing the loose concrete, the concrete dust was removed using an 

industrial vacuum and compressed air. Before placing BASF LA40 Repair Mortar, clean 

water was sprayed onto the concrete surface to achieve a saturated surface-dry condition 

as specified in the instructions for application of BASF LA40 Repair Mortar. 

 

Placement of Repair Mortar - After removal of loose concrete and preparation of 

the substrate for placing the repair mortar, formwork was applied around the column 

section to be repaired. Depending on the extent of the damage, either custom plywood 

formwork or standard metal formwork (Figure A.3) was used for placement of the repair 

mortar.  

LA40 Repair Mortar, a pre-extended micro-concrete, was mixed using a hand 

mixer according to the manufacturer’s specifications, and then placed by hand or with the 

help of crane as shown in Figure A.4. For those columns of which the entire height was 

repaired, several holes were drilled into the custom plywood formwork, and Plexiglas 

was added at the hole locations to monitor the flowing of the mortar at top of the column. 

In order to minimize the surface moisture content of the concrete, the surface was 

exposed to air as long as possible prior to CFRP installation. Therefore, the formwork 

was removed approximately 12 hours after the placement of the last lift of mortar. 

 

Preparation of Concrete Surface - The concrete surface was prepared for 

application of the CFRP system after removing the formwork. All surfaces of the repair 

mortar or existing concrete on which the CFRP would be applied were prepared, 



 

 

219

including those on the footing to which the longitudinal CFRP would be anchored. The 

surface was smoothed and corners were ground using a power concrete surface 

preparation tool as shown in Figure A.5 and a diamond cup wheel. The concrete dust was 

cleaned by an industrial vacuum and compressed air. 

 

Installation of CFRP Strengthening System - After preparation of the concrete 

surface and before application of the MBrace® CF 130 Composite Strengthening System, 

MBrace® Primer and Putty were applied on the concrete surface. The MBrace® Primer 

was mixed according to the manufacturer’s recommendations and was applied on the 

prepared areas using a 3/8 in. nap roller as shown in Figure A.6a. When the primed 

surface became tacky, the MBrace® Putty was mixed and applied by drywall taping 

knives as shown in Figure A.6b. The putty was applied wherever the surface was not flat 

or smooth enough for the application of CFRP. 

Thirty minutes after applying the putty, application of the MBrace® CF 130 

Composite Strengthening System began. It was demonstrated by prior experience of the 

technician that the wet lay-up process is more effective to impregnate the fibers and 

provide sound bond between CFRP and concrete, so this type of application was 

preferred when possible.  

The longitudinal (vertical) CFRP was installed using a wet lay-up process, in 

which the fiber sheets were impregnated in a tank with MBrace® Saturant before placed 

on the concrete surface. In order to make sure that the saturant was applied both on top 

and beneath of the fiber sheets, the saturant was poured before and after putting the fiber 

sheet in the tank, and then a grooved aluminum FRP roller was used to further 

impregnate the fiber.  

A dry lay-up process was used for application of the transverse CFRP since an 

initial attempt to use the wet lay-up process damaged the fibers. In the dry lay-up process, 

saturant was applied on the concrete surface first, and the fiber sheet was placed next 

while adding more saturant to the external surface of the sheet. Then the fiber sheet was 

impregnated in the saturant using a grooved aluminum FRP roller. The applications of the 

longitudinal and transverse CFRP are shown in Figure A.7.  
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After installation of the CFRP system, the system was allowed to cure until the 

start of testing. For the first two columns (Column 1 and Column 2), the temperature in 

the lab was relatively low; thus, an enclosure constructed using plastic sheets containing a 

small space heater was provided to facilitate curing as shown in Figure A.8. 

For the first three columns (Column 1, Column 2, and Column 3) with small 

torsional moment-to-bending moment ratio, the damage location was near to the column-

footing interface, and thus an anchorage system was needed to anchor the longitudinal 

CFRP to the footing. This task was the subject of a master’s study conducted by a 

member of the research group, Stephen Grelle. Figure A.9 shows the novel anchorage 

system designed to anchor the longitudinal CFRP on two faces of the column (Grelle 

2010). 

 

Arrangement of Instrumentation - A significant amount of instrumentation was 

applied to evaluate the behavior of the repaired columns under cyclic loading effects. 

Load cells and displacement transducers in the horizontal hydraulic actuators measured 

the applied load and displacement. The applied axial load was measured using a load cell 

placed between the hydraulic jack and the top of the column. The twist and displacement 

of the columns at different heights were measured by ten potentiometers. Strain gauges 

were attached to the surface of the outmost layer of CFRP on the column to measure the 

longitudinal and transverse strains of the CFRP during testing. Additionally, strain gages 

were applied to the surface of the novel anchorage system to evaluate the bending of the 

steel plate. Demountable mechanical strain (DEMEC) gauges were attached to two 

opposite faces of the column to measure the surface strain of the CFRP system. A direct 

current variable displacement transducers (DC-LVDT) rosette was installed on one of the 

four faces. For three of the columns, tilt sensors were used to measure the tilt angles of 

the column. The general arrangement of the instrumentation is shown in Figure A.10. 

 

Retesting of repaired columns - After three days of repairing the damaged column, 

testing began on the fourth day. A new system was designed to attach the footing to the 

strong floor during testing of repaired columns (comparison of the new tie-down system 

with the original system was shown in Figure 3 of Paper II) because the threads used to 
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anchor dywidag bars were damaged after the original tests. In the redesigned test setup 

(as shown in Figure A.11), two wide flange beams combined with two double channel 

beams were used to fix the test specimens to the strong floor. Similarly to the testing of 

original columns, hydrostone was placed in the gaps to ensure the uniform contact. 

The same loading system was used to apply load to the repaired columns as for 

original columns. The axial load was applied using a hydraulic jack used to tension seven 

unbonded high-strength prestressing steel strands. The uniaxial bending-shear, torsion 

about the longitudinal column axis, and the combined bending-shear-torsion were 

generated by two horizontal servo-controlled hydraulic actuators. The uniaxial bending-

shear was created by applying equal forces/displacements with the two actuators. The 

pure torque was imposed by applying equal but opposite force/displacement with each 

actuator. The combined bending-shear-torsion was generated by applying different 

forces/displacements with each actuator while controlling the ratio of the forces in the 

two actuators to maintain torsional moment-to-bending moment ratio.  

For testing the repaired columns, load control mode was used first and used as far 

as possible since it could maintain the torsional moment-to-bending moment ratio well. 

The load was applied at various intervals depending on the performance of the tested 

column under certain loadings. Displacement control mode was used when the original 

peak load was reached or the column stiffness significantly decreased. 
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Figure A.1. Column Straightening 

 
Figure A.2. Before and After Removal of Loose Concrete 
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Figure A.3. Formwork for Placement of Repair Mortar 

 
Figure A.4. Placement of Repair Mortar 

 
Figure A.5. Concrete Surface Smoothing 

(a) Plywood Formwork (b) Metal Formwork 

(a) Smoothing Concrete Surface (b) Smoothed Concrete Surface with Corner 
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Figure A.6. Concrete Surface Preparation 

 

 
Figure A.7. Application of MBrace® CFRP System 

 
Figure A.8. Curing of the CFRP System 

 

(a) Application of Longitudinal CFRP (b) Application of Transverse CFRP 

(a) Application of MBrace® Primer (b) Application of MBrace® Putty 
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Figure A.9. Novel Anchorage System (Grelle 2010) 
 

 

(a) Temporary Placement of Anchorage Over “Wet” 
Saturant 

(b) Injecting Epoxy Into Anchor Rod Holes 

(c) Installed Novel Achorage System 

Column #1

Column #3
Column #2
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Figure A. 10. Arrangement of Instrumentation 
 

 

Figure A. 11. Test setup for repaired columns 
  

Potentiometers 

DCVT Rosette

Strain Gauges 

Demec
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This appendix includes details of the materials used for repair of the columns, 

which include unidirectional carbon fiber sheets, epoxies used for application of CFRP 

strengthening system, the repair mortar used to replace the removed loose concrete, and 

the materials used to fabricate and install the anchorage system that are discussed in 

detail in a master’s thesis (Grelle, 2011). 

In order to compensate for the strength decrease due to the damaged reinforcing 

bars, carbon fiber reinforced polymer (CFRP) was chosen to repair the columns because 

of its high strength- and stiffness-to-weight ratios and ease of installation compared with 

other jacket materials. Unidirectional high strength carbon fiber fabric for the MBrace® 

Composite Strengthening System, MBrace® CF 130 (as shown in Figure B.1a), was 

utilized in this study. It is a dry fabric constructed of high strength, aerospace grade 

carbon fibers. Properties of the MBrace® CFRP are shown in the data sheet provided by 

the manufacturer attached at the end of this appendix. 

Three types of two-part epoxies were used to bond the carbon fiber sheets to the 

concrete substrate. The first was MBrace® Primer, which is a low-viscosity epoxy applied 

directly to the prepared concrete surface to enhance the bond between the CFRP and 

concrete surface. The second was MBrace® Putty, which is a high-viscosity epoxy paste 

used to level the concrete surface and fill in any voids or defects in the concrete. The 

third was MBrace® Saturant, which is a low-viscosity epoxy used to impregnate and 

encapsulate fiber sheets on the surface of the concrete member. The information for these 

epoxies are shown in the data sheets provided by the manufacturer attached in this 

appendix. 

For concrete repair, a pourable and pumpable pre-extended micro concrete LA40 

Repair Mortar (as shown in Figure B.1b) was used because of the following reasons: (1) 

the mortar can achieve a high strength in two to three days after placement; (2) the 

surface moisture of this mortar would be minimal a short time after placement, which is 

crucially important for the bond strength between the CFRP and concrete; and (3) the 

fluidity of the repair mortar can ensure that no voids would be present after placing the 

repair mortar into the form. The detailed information for this product is shown in the data 

sheet provided by the manufacturer in this appendix. 
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The compressive strength of the repair mortar was measured and compared with 

the original concrete strength on the test day as shown in Tables B.1 and B.2 in this 

appendix. The strength was determined using 2 in. cube specimens according to ASTM 

C109-11 (2011). The mortar cube test results for each of the repaired columns are shown 

in this appendix as well. 

As discussed in Paper II, bond between the host concrete and externally applied 

CFRP is critical for flexural, shear, and torsional strengthening, so bond strength testing 

of the CFRP-to-concrete bond was performed in accordance with ASTM D7234 (2005) 

as shown in Figure B.2. The bond strength test results for each repaired column are 

summarized in Table B.3, and FRP pull-off test results of each repaired column are also 

provided in this appendix. 
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Figure B.1. Repair material 
 

 
Figure B.2. Bond strength test 

(b) Repair mortar (a) Unidirectional carbon fiber sheet 

(a) Bond testing (b) Test specimen 
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Table B.1.Summarized compressive strength of original concrete (ASTM C39) 
Column T/M 28 Day Strength (psi) Test Day Strength (psi)

1 0 5290 5260 
2 0.2 5870 5880 
3 0.4 6420 5860 
4 0.6 5570 5870 
5 ∞ 4760 4730 

 

Table B.2. Summarized compressive strength of repair mortar (ASTM C109) 
Column T/M Test Day Strength (psi) 

1 0 5410 
2 0.2 5860 
3 0.4 5460 
4 0.6 4670 
5 ∞ 4260 

 

Table B.3. Summarized bond strength test results (ASTM C7234) 
Column T/M Test Location Average  

Bond Strength 
Pass 

or fail

1 0 Original concrete, upper column 378 psi Pass 
2 0.2 Original concrete, upper column 225 psi pass 
3 0.4 Original concrete, footing 583 psi Pass 
4 0.6 No test performed N/A N/A 

5 ∞ 
Cube specimen constructed with 

repaired mortar 
310 psi Pass 
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Mortar Cube Test Results 

For the Column 1-R: 
Cast at 4:00pm 9/13/2020 

 

SET 1: (Test at 9:15am 9/16/2010) 
Mortar Cube Test Results on 3rd Day 

Mortar Cube 
Specimens 

DIMENSIONS (in.) LOADS 
(lbs)

STRENGTH 
(psi)a. b. c. d.

1 2.023 1.974 1.999 2.015 23610 5886
2 2.069 2.044 2.061 2.034 22440 5329
3 2.001 2.001 2.022 2.031 22665 5589

Average Strength (psi) 5601
 

SET 2: (Test at 5:30pm 9/17/2010) 
Mortar Cube Test Results on Test Day 

Mortar Cube 
Specimens 

DIMENSIONS (in.) LOADS 
(lbs)

STRENGTH 
(psi)a. b. c. d.

1 2.053 2.033 2.001 2.003 22635 5533
2 1.997 1.996 2.036 2.036 21840 5372
3 2.041 2.037 1.997 2.001 21735 5331

Average Strength (psi) 5413
 

SET 3: (Test at 10:00am 10/12/2010) 
Mortar Cube Test Results on 28th Day 

Mortar Cube 
Specimens 

DIMENSIONS (in.) LOADS 
(lbs)

STRENGTH 
(psi)a. b. c. d.

1 2.062 2.031 2.062 2.016 37455 8976
2 2.094 2.000 2.094 2.031 30855 7308
3 2.031 2.062 2.031 2.062 40395 9645
4 2.031 2.062 2.031 2.062 32025 7646
5 2.000 2.031 2.000 2.031 19830 4881
6 2.062 2.000 2.062 2.000 32040 7767

Average Strength (psi) 7704
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Mortar Cube Test Results 

For the Column 2-R: 
Cast at 6:00pm (around) 10/11/2010 

 

SET 1: (Test at 2:30pm 10/14/2010) 
Mortar Cube Test Results on 3rd Day 

Mortar Cube 
Specimens  

DIMENSIONS (in.) LOADS 
(lbs)

STRENGTH
(psi)L W H

1 2.037 2.000 1.998 27915 6852
2 2.011 2.013 2.024 17000 4199
3 2.024 2.065 2.025 25965 6206
4 1.910 2.000 2.010 22920 6164

Average Strength (psi) 5855
 

SET 2: (Test at 1:30pm 10/18/2010) 
Mortar Cube Test Results on 7th Day 

Mortar Cube 
Specimens 

DIMENSIONS (in.) LOADS 
(lbs)

STRENGTH 
(psi)L W H

1 2.011 2.043 2.031 31665 7708
2 1.921 2.008 2.005 25725 6670
3 2.001 2.017 2.002 25380 6288

Average Strength (psi) 6889
 

SET 3: (Test at 3:00pm 11/9/2010) 
Mortar Cube Test Results on 29th Day 

Mortar Cube 
Specimens  

DIMENSIONS (in.) LOADS 
(lbs)

STRENGTH 
(psi)L W H

1 1.963 1.987 2.003 29490 7561
2 2.001 2.035 2.016 30945 7599
3 2.035 2.008 2.023 28515 6978

Average Strength (psi) 7379
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Mortar Cube Test Results 

For the Column 3-R: 
Cast at 4:00pm 11/8/2020 

 

SET 1: (Test at 9:15am 11/11/2010) 
Mortar Cube Test Results on 3rd Day 

Mortar Cube 
Specimens 

DIMENSIONS (in.) LOADS 
(lbs)

STRENGTH 
(psi)l w h

1 2.004 1.995 2.031 23820 5958
2 2.001 2.000 1.997 20280 5067
3 1.990 1.997 2.025 21225 5341

Average Strength (psi) 5455
 

SET 2: (Test at 12/20/2010) 
Mortar Cube Test Results on 42th Day 

Mortar Cube 
Specimens 

DIMENSIONS (in.) LOADS 
(lbs) 

STRENGTH 
(psi)a. b. c. d.

1 2 2 2 2 23025 5756
2 2+1/32 1+15/16 2+1/32 1+29/32 22860 5715
3 2 1+63/64 1+63/64 1+63/64 26130 6532

Average Strength (psi) 6001
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Mortar Cube Test Results 

For the Column 4-R: 
Cast at 2:00pm-5:00pm 12/13/2010 

 

SET 1: (Test at 1:30pm 12/16/2010) 
Mortar Cube Test Results on 3rd Day 

Mortar Cube 
Specimens  

DIMENSIONS (in.) LOADS  
(lbs) 

STRENGTH
(psi)L W H

1 2.015(1.988) 1.997(2.004) 1.995(1.999) 15765 3937
2 1.989(2.023) 2.019(2.008) 2.009(2.000) 19590 4850
3 2.029(2.038) 2.021(1.992) 2.012(2.015) 19425 4761
4 1.971(1.971) 2.014(2.018) 2.001(2.000) 17430 4386

Average Strength (psi) 4666
 

SET 2: (Test at 8:30am12/17/2010) 
Mortar Cube Test Results on 4rd Day 

Mortar Cube 
Specimens  

DIMENSIONS (in.) LOADS STRENGTH
L W H (lbs) (psi)

1 1.997(1.995) 2.035(2.022) 2.001(2.000) 19065 4709
2 2.005(2.006) 2.040(2.036) 1.987(1.988) 18615 4554
3 1.984(1.994) 2.034(2.010) 2.013(2.017) 18615 4628

Average Strength (psi) 4630
Notes: the test was not completed on the 3rd day, so same measurements were taken on 
the 4th day. 
 
SET 3: (Test at 12/21/2010) 

Mortar Cube Test Results on 7th Day 

Mortar Cube 
Specimens 

DIMENSIONS (in.) LOADS 
(lbs)

STRENGTH 
(psi)a. b. c. d.

1 1.9062 2.0000 1.9062 2.0000 16545 4337
2 1.9375 2.0625 1.9375 2.0625 18045 4511
3 1.8438 2.0312 1.8438 2.0312 17250 4595

Average Strength (psi) 4481
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Mortar Cube Test Results 

For the Column 5-R: 
Cast at 2/13/2011 

 

SET 1: (Test at 2/16/2011) 
Mortar Cube Test Results on 3rd Day 

Mortar Cube 
Specimens  

DIMENSIONS LOADS 
(lbs)

STRENGTH 
(psi)L (in.) W (in.) H (in.) A (in.2)

1 2.010 2.048 2.012 4.116 23,445 5696
2 2.001 2.009 2.008 4.020 24,030 5978
3 2.010 2.019 2.012 4.058 24,855 6125
4 2.014 2.038 2.015 4.105 31,650 7710
5 2.035 2.053 2.006 4.178 26,070 6240
6 2.006 2.027 2.038 4.066 23,680 5824

Average Strength (psi) 6262
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FRP Pull-off Test 

(For Rapid Repair Column # 1) 

9/17/2010 

 

Data Sheet – FRP Pull-off Test 

 

 Load (kN) Load (lb) Area (mm2) Area (in.2) Bond Strength (psi)
Specimen #1 5.77 1297.15 1963.5 3.04 426.21 
Specimen #2 4.45 1000.4 1963.5 3.04 328.71 
Specimen #3 - - - - - 

Average 5.11 1148.77 1963.5 3.04 377.46 
 

 

 

Check Bond Strength Yes 
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FRP Pull-off Test 

(For Rapid Repair Column # 2) 

10/14/2010 

 

Data Sheet – FRP Pull-off Test 

 

 Load (kN) Load (lb) Area (mm2) Area (in.2) Bond Strength (psi)
Specimen #1 3.39 762.10 1963.50 3.04 250.41 
Specimen #2 1.94 436.13 1963.50 3.04 143.30 
Specimen #3 3.81 856.52 1963.50 3.04 281.43 

Average 3.05 684.92 1963.50 3.04 225.05 
 

 

 

Check Bond Strength>200psi    Yes 



 

 

239

FRP Pull-off Test 

(For Rapid Repair Column #3) 

11/11/2010 

 

Data Sheet – FRP Pull-off Test 

 

 Load (kN) Load (lb) Area (mm2) Area (in.2) Bond Strength (psi)
Specimen #1 5.75 1292.65 1520.53 2.3568 548.48 
Specimen #2 7.35 1652.35 1520.53 2.3568 701.10 
Specimen #3 5.23 1175.75 1520.53 2.3568 498.87 

Average 6.11 1375.58 1520.53 2.3568 582.82 
Notes:  
(1) The pull-off test was conducted on the east side of the footing (the FRP was applied 

on the original concrete); 
(2) Specimens #1 & 3 -----Adhesive Failure; 
(3) Specimen #2----Concrete Failure; 

 

 

Check Bond Strength>200psi    Yes 
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FRP Pull-off Test 

(For Rapid Repair Column #5) 

2/16/2011 

 

Data Sheet – FRP Pull-off Test 

 

 Bond Strength (N/mm2) Bond Strength (psi) 
Specimen #1 1.68 243.66 
Specimen #2 1.68 243.66 
Specimen #3 3.05 442.36 

Average  309.89 
Notes:  
(4) Specimen #1 with the concrete failure; 
(5) Specimen #2 with epoxy adhesive failure; 
(6) Specimen #3 with concrete & adhesive failure. 

 

 

Check Bond Strength>200psi    Yes 
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This appendix provides the repair design methodology used in this study. Three 

different repair design methods were developed in this study for severely damaged RC 

columns under different loading conditions (see Table C.1).  

To maximize the time efficiency, only the region of the column near the plastic 

hinge with cover concrete spalling (primary region) and the region adjacent to it 

(secondary region) were repaired. Portions of the column with slight concrete cracks 

were left unrepaired, considering that the repair is rapid and temporary, and the repaired 

column is not intended to experience an additional earthquake load. The CFRP 

strengthening systems were designed for the primary region. A secondary region with the 

same length as the primary region was repaired using half the designed thickness of 

CFRP used in the primary region to prevent shifting of the plastic hinge directly above 

the existing plastic hinge (as shown in Figure C.1). The lengths of these two regions were 

adjusted considering the width of the CFRP sheets (20 in. [508 mm] wide). 

The design was conducted based on the material properties provided in Appendix 

B, repair objectives, and assumptions as follows: 

Repair Objectives – The objective of the rapid repair in this research was to 

restore the strength to the original condition in flexure, shear, and torsional moment while 

maintaining as much ductility and stiffness as possible.  

Assumptions – The buckled reinforcing bars were assumed to provide only tensile 

strength (no compressive strength); and the strength of the mortar used to repair the 

column was assumed to be 4000 psi on the test day. 

 

Repair Design 

Design 1 – All the terminology in this design can be found in Paper III collected 

in this dissertation. In Design 1, the longitudinal CFRP was preliminarily designed to 

compensate for the flexural strength loss due to the ruptured longitudinal reinforcing bars 

by providing the same tensile strength as the yield force of the ruptured bars, which is 

calculated by Equation C.1. 

s y f f fA f nt w f
                                         Equation C.1 
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Transverse CFRP was preliminarily designed to restore the shear strength 

(Caltrans 2006) and confinement according to the provisions used for RC column retrofit 

(Caltrans 2007) using Equations C.2 and C.3.  

2
l

j
j j j

f D
t

E 


                                            Equation C.2 

0 ( )

2 0.004

c s

j
j

V V V
t

E D
  


  

                                     Equation C.3 

A sectional analysis was used to finalize the design. Moment-curvature analysis 

was conducted using a layer-by-layer approach in which the cross section was discretized 

into layers containing concrete confined by CFRP and/or steel ties, longitudinal 

reinforcing steel, and CFRP. The stresses in the concrete, reinforcing steel, and CFRP in 

each layer were determined from the average strain in the layer and the stress-strain 

relationships and used to satisfy the equilibrium equations of force and moment. 

Equations C.4 and C.5 were used to conduct this sectional analysis. 

1 1 1
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                 Equation C.4 
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       Equation C.5 

 

Design 2 – All the terminology used in this design can be found in Paper IV 

collected in this dissertation. In Design 2, the ultimate torsional strength of an RC 

member strengthened with externally bonded CFRP was estimated by adding the 

individual torsional strength contributions of the RC member and the externally bonded 

CFRP strengthening system as shown in Equation C.6. The contribution of the CFRP was 

calculated by Equations C.7-C.9. 

RC fT T T 
                                         Equation C.6 

02 f fe
f

f

A A f
T

s


                                       Equation C.7 
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  1 1
1 0.004 0.004

2 2
e
f f f fuN t E                       Equation C.8 

1 10.66 0.33( ) 1.5t y x                          Equation C.9 

 

Design 3 – Design 3 was conducted based on ACI 318 (2011). The CFRP wrap 

was designed to restore the shear strength from both lateral load and torque, which 

considered the interaction between these two effects. The longitudinal CFRP was 

designed to restore the flexural and torsional strength. Then, the adequacy of the repaired 

column was checked by considering the interaction of bending and torsion. Each of the 

equations listed in this section were based on ACI 318 (2011), and the terms used here 

are defined in the nomenclature later in this appendix. 

 

Design of transverse CFRP 

(1) Determine the shear and torsional force demand from the original test results; 

Shear: Vu 

Torsion: Tu 

(2) Determine the shear stress from the shear and torsional force demand; 

Shear: u
u

V
v

bd
                                        Equation C.10 

Torsion: 
31

3

u
tu

T
v

b
                                    Equation C.11 

To ensure that under combined torsion and shear a diagonal concrete compression 

failure is preceded by yielding of the web reinforcement, it is essential to set an upper 

limit to the combined load. Therefore, maximum allowable nominal combined stresses 

were checked using the Equation C.12. 

'

,max 2

10

[1 ( /1.2 ) ]

c
u

tu u

f
v

v v



                          Equation C.12 

The permissible nominal ultimate shear stress that can be carried by the concrete 

alone in the presence of torsion was calculated by Equation C.13. 
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'
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f
v

v v



                           Equation C.13 

The permissible nominal ultimate torsional stress that can be carried by the 

concrete alone vtc is related to the calculated vc by Equation C.14. 

tu tc

u c

v v

v v
                                        Equation C.14 

(3) Calculate the web reinforcement for shear and torsion; 

Transverse reinforcement required for shear resistance was calculated by 

Equations C.15 and C.16.  

u c sv v v                                       Equation C.15 

v s
f

sb
A v

f
                                      Equation C.16 

Transverse reinforcement required to resist torsion was calculated by 

Equations C.17, C.18, and C.19. 

2

f
t

t f

T s
A

f d
                                   Equation C.17 

0.66 0.33t                                  Equation C.18 

3

( )
3f tu tc

b
T v v                                 Equation C.19 

(4) The total transverse reinforcement needed is the sum of the amounts needed 

for shear and torsion, which can be calculated using Equation C.20. 

,

1

2t total v tA A A                                Equation C.20 

This design, considering the combination of torsion and shear, could have been 

obtained with the aid of an interaction chart such as the one shown in Figure C.2, which 

was constructed to demonstrate the interaction of the ACI code more clearly. The chart 

indicates the combination of ultimate shear and torsion that could be carried by a section 

for various reinforcement contents. 
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Design of longitudinal CFRP 

(1) Estimate the longitudinal CFRP needed to resist flexural moment lbA ; 

A sectional analysis was used to determine the longitudinal CFRP required to 

resist the flexural moment, in which the damaged reinforcement and the 

confinement effect from the designed transverse CFRP were considered. 

(2) Calculate the longitudinal CFRP needed for torsion; 

The ACI 318 design equation for stirrups to resist torsion is based on the 

condition that at least an equal amount of longitudinal bars will be provided, 

therefore, Equation C.21 was used to calculate the longitudinal CFRP needed 

to resist torsion. 

2
2lt t

d
A A

s
                                   Equation C.21 

(3) The total longitudinal CFRP needed was taken as the sum of the CFRP needed 

to resist flexural moment and torsional moment as shown in Equation C.22; 

,l total lb ltA A A                                 Equation C.22 

(4) Check the adequacy of the repaired column by considering the interaction of 

bending and torsion. 

Based on the designed transverse and longitudinal CFRP, the flexural and 

torsional capacity of the repaired columns was obtained. Then, an interpolated 

parabolic interaction relationship for pure torsion and pure flexure was used to 

check the adequacy using Equation C.23.. 

2

1u u

uo uo

T M

T M

 
  

 
                            Equation C.23 

 

NOMENCLATURE 

lbA     Longitudinal CFRP required to resist bending moment 

ltA      Longitudinal CFRP required to resist torsional moment 

,l totalA Total longitudinal CFRP required to resist bending and torsional moments 

tA      Area of transverse CFRP required to resist torsion  
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vA      Area of CFRP as shear reinforcement 

b       Cross-sectional width of the column 
d       Distance from the column face to the centroid of longitudinal tension reinforcement 

'
cf      Specified compressive strength of concrete, psi 

ff      Tensile strength of the CFRP 

uM     Maximum bending moment resisted by the original column 

uoM    Calculated flexural moment capacity of the repaired column 

uV      Maximum shear forced resisted by the original column 

s         Center spacing of the CFRP sheets 

fT       Nominal torsional strength provided by CFRP 

uT        Maximum torsional moment resisted by the original column 

uoT       Calculated torsional capacity of the repaired column 

cv        Shear strength provided by concrete 

sv        Shear strength provided by shear reinforcement 

tcv       Torsional strength provided by concrete 

tuv       Normal shear stress calculated from uT  

uv        Normal shear stress calculated from uV  

,maxuv   Maximum allowable nominal shear strength under combined torsion and shear 

t       Factor considering the dimension of the cross section 
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Table C.1. Repair design methodology categories 

 
Design Action 

Axial Shear Bending Torsion 
Design 1(Column 1) × × × 
Design 2 (Column 5) × × 

Design 3 (Columns 2, 3, & 4) × × × × 

 

 
Figure C.1. General concept for repair design 

 

 
Figure C.2. An interaction diagram for shear and torsion 
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CFRP SURFACE STRAIN ANALYSIS 
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This appendix provides the CFRP surface strain analysis for the five repaired 

columns. Locations of the strain gauges applied on each column are shown in Figures 

D.1-D.5, and the time history of the strain during the cyclic loading in both transverse 

and longitudinal directions is shown in Figures D.6-D.56. 
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Strain Data for Column 1-R (T/M=0) 

 

 

(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.6. Transverse strain in CFRP at 1st level of Column 1-R (T/M=0) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) West side of the column 

Figure D.7. Transverse strain in CFRP at 2nd level of Column 1-R (T/M=0) 
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(a) North side of the column 

 

(b) West side of the column 

Figure D.8. Transverse strain in CFRP at 3rd level of Column 1-R (T/M=0) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) West side of the column 

Figure D.9. Transverse strain in CFRP at 4th level of Column 1-R (T/M=0) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.10. Transverse strain in CFRP at 5th level of Column 1-R (T/M=0) 
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(a) North side of the column 

 

(b) South side of the column 

Figure D.11. Longitudinal strain in CFRP at 2nd level of Column 1-R (T/M=0) 

 

 

(a) North side of the column 

 

(b) South side of the column 

Figure D.12. Longitudinal strain in CFRP at 3rd level of Column 1-R (T/M=0) 
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(a) North side of the column 

 

(b) South side of the column 

Figure D.13. Longitudinal strain in CFRP at 4th level of Column 1-R (T/M=0) 

 

 

(a) North side of the column 

 

(b) South side of the column 

Figure D.14. Longitudinal strain in CFRP at 5th level of Column 1-R (T/M=0) 
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Strain Data for Column 2-R (T/M=0.2) 

 

 

(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.15. Transverse strain in CFRP at 1st level of Column 2-R (T/M=0.2) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.16. Transverse strain in CFRP at 2nd level of Column 2-R (T/M=0.2) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.17. Transverse strain in CFRP at 3rd level of Column 2-R (T/M=0.2) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.18. Transverse strain in CFRP at 4th level of Column 2-R (T/M=0.2) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.19. Transverse strain in CFRP at 5th level of Column 2-R (T/M=0.2) 
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(a) North side of the column 

 

(b) South side of the column 

Figure D.20. Longitudinal strain in CFRP at 1st level of Column 2-R (T/M=0.2) 

 

 

(a) North side of the column 

 

(b) South side of the column 

Figure D.21. Longitudinal strain in CFRP at 2nd level of Column 2-R (T/M=0.2) 
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(a) North side of the column 

 

(b) South side of the column 

Figure D.22. Longitudinal strain in CFRP at 3rd level of Column 2-R (T/M=0.2) 

 

 

(a) North side of the column 

 

(b) South side of the column 

Figure D.23. Longitudinal strain in CFRP at 4th level of Column 2-R (T/M=0.2) 
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(a) North side of the column 

 

(b) South side of the column 

Figure D.24. Longitudinal strain in CFRP at 5th level of Column 2-R (T/M=0.2) 
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Strain Data for Column 3-R (T/M=0.4) 

 

 

(a) East side of the column 

 

(b) West side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.25. Transverse strain in CFRP at 1st level of Column 3-R (T/M=0.4) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.26. Transverse strain in CFRP at 2nd level of Column 3-R (T/M=0.4) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.27. Transverse strain in CFRP at 3rd level of Column 3-R (T/M=0.4) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.28. Transverse strain in CFRP at 4th level of Column 3-R (T/M=0.4) 
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(a) East side of the column 

 

(b) North side of the column  

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.29. Transverse strain in CFRP at 5th level of Column 3-R (T/M=0.4) 



 

 

291

 

(a) North side of the column 

 

(b) South side of the column 

Figure D.30. Longitudinal strain in CFRP at 1st level of Column 3-R (T/M=0.4) 

 

 

(a) North side of the column 

 

(b) South side of the column 

Figure D.31. Longitudinal strain in CFRP at 2nd level of Column 3-R (T/M=0.4) 
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(a) North side of the column 

 

(b) South side of the column 

Figure D.32. Longitudinal strain in CFRP at 3rd level of Column 3-R (T/M=0.4) 

 

 

(a) North side of the column 

 

(b) South side of the column 

Figure D.33. Longitudinal strain in CFRP at 4th level of Column 3-R (T/M=0.4) 
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(a) North side of the column 

 

(b) South side of the column 

Figure D.34. Longitudinal strain in CFRP at 5th level of Column 3-R (T/M=0.4) 
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Strain Data for Column 4-R (T/M=0.6) 

 

 

(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.35. Transverse strain in CFRP at 1st level of Column 4-R (T/M=0.6) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.36. Transverse strain in CFRP at 2nd level of Column 4-R (T/M=0.6) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.37. Transverse strain in CFRP at 3rd level of Column 4-R (T/M=0.6) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.38. Transverse strain in CFRP at 4th level of Column 4-R (T/M=0.6) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.39. Transverse strain in CFRP at 5th level of Column 4-R (T/M=0.6) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.40. Longitudinal strain in CFRP at 1st level of Column 4-R (T/M=0.6) 

 



 

 

300

 

(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.41. Longitudinal strain in CFRP at 2nd level of Column 4-R (T/M=0.6) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.42. Longitudinal strain in CFRP at 3rd level of Column 4-R (T/M=0.6) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.43. Longitudinal strain in CFRP at 4th level of Column 4-R (T/M=0.6) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.44. Longitudinal strain in CFRP at 5th level of Column 4-R (T/M=0.6) 
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Strain Data for Column 5-R (T/M=∞) 

 

 

(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.45. Transverse strain in CFRP at 1st level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.46. Transverse strain in CFRP at 2nd level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.47. Transverse strain in CFRP at 3rd level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.48. Transverse strain in CFRP at 4th level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.49. Transverse strain in CFRP at 5th level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.50. Longitudinal strain in CFRP at 1st level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.51. Longitudinal strain in CFRP at 2nd level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.52. Longitudinal strain in CFRP at 3rd level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.53. Longitudinal strain in CFRP at 4th level of Column 5-R (T/M=∞) 
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(a) East side of the column 

 

(b) North side of the column 

 

(c) South side of the column 

 

(d) West side of the column 

Figure D.54. Longitudinal strain in CFRP at 5th level of Column 5-R (T/M=∞) 
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(a) North side of the column 

 

(b) South side of the column 

Figure D.55. Transverse strain in CFRP at 6th level of Column 5-R (T/M=∞) 

 

 
(a) North side of the column 

 

(b) South side of the column 

Figure D.56. Longitudinal strain in CFRP at 6th level of Column 5-R (T/M=∞) 
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APPENDIX E 
SELECTED GROUND MOTION RECORDS 



 

 

316

This index provides the 40 ground motion records employed in the analytical 

study discussed in Paper V. The record number in each of the figure title is corresponding 

to the number listed in Table 2 in Paper V. The acceleration shown in the following 

figures is after scale as discussed in Paper V. 
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Figure E.1. GM record No. 1 

 

Figure E.2. GM record No. 2 

 

Figure E.3. GM record No. 3 

 

Figure E.4. GM record No. 4 
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Figure E.5. GM record No. 5 

 

Figure E.6. GM record No. 6 

 

Figure E.7. GM record No. 7 

 

Figure E.8. GM record No. 8 
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Figure E.9. GM record No. 9 

 

Figure E.10. GM record No. 11 

 

Figure E.11. GM record No. 11 

 

Figure E.12. GM record No. 12 
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Figure E.13. GM record No. 13 

 

Figure E.14. GM record No. 14 

 

Figure E.15. GM record No. 15 

 

Figure E.16. GM record No. 16 
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Figure E.17. GM record No. 17 

 

Figure E.18. GM record No. 18 

 

Figure E.19. GM record No. 19 

 

Figure E.20. GM record No. 20 
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Figure E.21. GM record No. 21 

 

Figure E.22. GM record No. 22 

 

Figure E.23. GM record No. 23 

 

Figure E.24. GM record No. 24 
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Figure E.25. GM record No. 25 

 

Figure E.26. GM record No. 26 

 

Figure E.27. GM record No. 27 

 

Figure E.28. GM record No. 28 
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Figure E.29. GM record No. 29 

 

Figure E.30. GM record No. 30 

 

Figure E.31. GM record No. 31 

 

Figure E.32. GM record No.32 
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Figure E.33. GM record No.33 

 

Figure E.34. GM record No.34 

 

Figure E.35. GM record No.35 

 

Figure E.36. GM record No.36 
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Figure E.37. GM record No.37 

 

Figure E.38. GM record No.38 

 

Figure E.39. GM record No.39 

 

Figure E.40. GM record No.40 
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