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With each seismic event, various degrees of damage are imparted to the quake area's 

superstructures.  Concrete columns of these superstructures are often damaged or susceptible to 

collapse.  Those columns exhibiting damage but still functioning under everyday use are 

structurally assessed.  This evaluation considers the degree of remaining capacity the structure 

still maintains to carry future earthquake loading.  Replacement or retrofitting the existing 

structure is the most common result once these evaluations have been undertaken.  The following 

research consists of the application and testing of a new composite jacketing system proposed for 

use in this necessary retrofitting of damaged superstructures. 
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The Highway Innovative Technology Evaluation Center (HITEC) of the Civil 

Engineering Research Foundation (CERF) has instrumented a process in which composite jackets 

may be tested to determine their effectiveness as a retrofit option.  Using these HITEC evaluation 

guidelines for “FPR Composite Wrap Durability Evaluation”, testing was conducted to assess the 

response of a novel, fabric-expansive foam sandwich panel jacket.  This involved the construction 

and testing of 6 concrete columns and a structural response model to evaluate the material and its 

behavior.  The new system performed well on square shear, circular and square continuously 

reinforced flexure and the circular lap spliced reinforced flexure columns, but failed due to 

inadequate ductility increase on the square lap spliced column and unexpected failure mechanism 

in the circular shear column. 
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1. Seismic Retrofitting 
 
 

1.1 Introduction 

 The use of fiber reinforced polymer (FRP) composite systems for the rehabilitation of 

civil structures has been shown to be an efficient option for renewal in a number of cases related 

to the aging and structurally deficient structural components and systems throughout the country.  

Due to the material's lightweight nature, high specific strength and specific stiffness, corrosion 

resistance and intrinsic adaptability, as well as its flexibility for application in the field, there has 

been increased use and further development of such systems, especially in the area of seismic 

retrofit.   

With each seismic event, the vulnerability of the existing superstructures to catastrophic 

failures are increasingly recognized and acknowledged.  The 1989 Loma Prieta and the 1994 

Northridge earthquakes each exposed the inadequacies of design and construction procedures 

used in reinforced concrete columns with the occurrence of various modes of structural collapse.  

The need to resolve the structural deficiency of these lifeline elements has become vital.  

Replacement of each of these deficient superstructures with new construction would be extremely 

expensive and time intensive.  In the light of the extreme lack of funds necessary to replace all 

deficient structural elements, retrofitting has become the economic solution of choice.  To retrofit, 

according to the Merriam-Webster Dictionary, "is to furnish with new parts not available or 

considered unnecessary at the time of manufacturing" [1].  Consequently, understanding what is 

deficient with the existing superstructure construction is necessary to appropriately reduce the 

presented seismic risk by means of retrofitting.  

 The origin of support column inadequacies is rooted in the design practice of the civil 

engineering field prior to 1971.  These insufficient design procedures were based on elastic 

design principles, which overestimated a column's stiffness and underestimated induced seismic 

deflections.  When the 1971 San Fernando earthquake occurred and caused extensive damage, 
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common design practices were reviewed.  In a research report submitted after the quake by Paul 

C. Jennings, one of the obvious support column deficiencies was reported.  "...the extent of the 

failures in the central columns was aggravated by the inadequate ties.  Only one of the lapped ties 

on Column 1 was found to have yielded and fractured.  The other ties became ineffective when 

the concrete shell outside the reinforcement cage cracked and spalled” [2]. Figure 1-1 is the 

picture of the Column 1 noted in the quotation and Figure 1-2 and Figure 1-3 are additional 

pictures representing this failure type. 

 

 
Figure 1-1: Foothill Freeway 

Column Failure  [2] 

 
Figure 1-2: Foothill Freeway 

Column Failure [2] 

 
Figure 1-3: Foothill Freeway 

Column Failure [2] 

 

 From studying the failures caused by the 1971 San Fernando earthquake, improvements 

were made to the standard design codes upon the recommendation in report FHWA/RD-81/081 

published by the Federal Highway Administration [3].  These design code changes incorporated 

the inelastic behavior of a column undergoing seismic loading, which is necessary for energy 

dissipation.  This modification in the design approach reduced the occurrence of brittle failures 

observed in those columns calculated under the elastic design method.  Revisions in the amount 

of column confinement ties and the length of vertical reinforcement lap splice were also 
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established based on the encountered column failures [4].  Examples of the failure types based on 

which codes were revised, to avoid continued deficiencies, are shown in Figure 1-4 and Figure 1-

5.   

 

 
Figure 1-4: Failure Due to Inadequate 

Confinement Ties [2] 

 
Figure 1-5: Failure Due to Inadequate          

Lap Splice Length [5] 

 
 
 Most of the subsequent column and superstructure failures experienced since the 1971 

San Fernando quake have been on structures designed pre-1971 with the superseded design 

specifications.  With the knowledge that these inadequately designed support columns are in 

service and lack the adequate confinement ties, lap splice length and ductility (ability to deform 

after initial yielding), the crucial retrofit regions can be properly addressed if strengthening is 

found to be necessary.  Today though, bridge columns are often built integrally with the 

superstructure. This design approach allows engineers to rely on plastic hinging of a controlled 

region within the column to dissipate seismic energy. This is accomplished by good detailing and 

provision of sufficient shear or confinement reinforcement to increase ductility and to minimize 

seismic-related damage [6].  
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1.2 Need for Retrofit 

The known existence of aging and inadequate superstructures have caused the formation 

of new design committees and created new legislation in many regions of high seismic activity in 

order to address the potential earthquake hazards.  In the United States, The National Earthquake 

Hazards Reduction Program (NEHRP) is the governmental plan, which Congress established in 

1977 under Public Law 95-124, The National Earthquake Hazard Reduction Act, acknowledging 

the seismic hazards present on a national scale [7].  This long-term program is intended to 

diminish the seismic risks to life and property throughout the United States.  NEHRP is managed 

under the shared umbrella of the Federal Emergency Management Agency (FEMA), National 

Institute of Standards and Technology and the United States Geological Survey (USGS).  

According to the FEMA website, "nationwide, at least 39 states are considered at risk from 

moderate to great earthquakes. In fact, earthquakes have struck various areas of the United States, 

including Alaska and the Central and East Coast states "[7].  Figure 1-6 shows the level of 

seismic risk for the continental United States according to the USGS. 

 

 
 

 

Figure 1-6: 2008 USGS National Seismic Hazard for the Continental United States [8] 
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Because of the prevalence of notable seismic activity in California, the data on the 

structural deficiencies of support systems have been more rigorous, and is readily available.   This 

does not imply that other states are not at risk (as noted in the seismic hazard map in Figure 1-6), 

but that data and research has been more plentiful on structures in the state of California.  This 

abundant data and research presented by Priestley, Seible, Innamorato, Hegemier, Chai, Reynaud, 

Karbhari, Pantelides, Gergelely, Tang, Lam and others has lead to numerous structural retrofit 

technologies implemented throughout the state [9][10][11][12][13][14][15][16].  This was 

partially initiated through the Seismic Safety Retrofit Program which was established in the state 

of California under emergency legislation SB 36X, after the 1989 Loma Prieta earthquake [17].  

This act acknowledged the extent of deficient structural integrity of some of the state's 

superstructures and opened the door to determine the exact extent of these unsafe conditions.  In 

the years since the program was initiated, over 1,200 publicly owned bridges in the state of 

California alone have been seismically retrofitted including the San Diego – Coronado, 

Carquinez, Benicia-Martinez, Richmond-San Raphael, and Vincent Thomas bridges. [18]     

Even though the bulk of California’s public superstructures high seismic hazards have 

been addressed, this does not eliminate all earthquake risk within the state.  Today, many 

privately owned structures, such as parking garages and local and county bridges have a high 

probability for collapse if a seismic event were to occur.   With the adoption of the FEMA 273 

guidelines [7] as well as the regional California ATC 40 Guidelines [19] for seismic retrofit, a 

means for the private sector to adopt retrofit strengthening standards is presented.  

The United States is not the only country to be proactively addressing the need for 

superstructure strengthening.  Japan, Canada, New Zealand and various European and Middle 

Eastern countries are also establishing seismic strengthening protocols as well as actively 

researching retrofitting options.  In a 2000 report by Kazuhiko Kawashima, a brief summary of 

the need for seismic strengthening, the design parameters, and existing applications of retrofit 



6 

procedures in Japan were presented.  He states that “because of the unsatisfactory performance of 

highway bridges in the 1995 Hyogo-ken nanbu (Kobe) earthquake, the Japanese Design 

Specifications of Highway Bridges were revised in 1996” [20].  This has had a similar effect on 

the retrofit effort in Japan that the 1989 Loma Prieta had on efforts in California.  After the 

Hyogo-ken nanbu earthquake, some 29,400 concrete column piers were retrofitted throughout 

Japan [20].    

In Europe and Canada, code and publications are being produced to address the need for 

seismic retrofitting of existing structures with the European FIP: Management, maintenance and 

strengthening of concrete structures [21] and the Canadian Highway Bridge Design Code [22]. 

 

1.3 Retrofit Procedures 

To date various retrofit methods have been developed and tested worldwide.  Retrofit 

methods developed vary from base isolation to jackets used for confinement of concrete as a 

means of enhancing ductility.  The following are brief summaries of the currently available 

retrofitting systems. 

 

1.3.1 Base Isolation System 

A non- passive approach to seismic retrofitting is the application of base isolation.  This 

is not a strengthening option and has been used in large buildings and concrete superstructures 

such as bridges.  In base isolation a “building or structure is decoupled from the horizontal 

components of the earthquake ground motion by interposing a layer with low horizontal stiffness 

between the structure and the foundation.  The isolation system does not absorb the earthquake 

energy, but rather deflects it through the dynamics of the system” [23].  Figure 1-7 is a simple 

schematic for a concrete column base isolation system.     

Base isolation is a very effective retrofit solution that typically only requires construction 
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at the base of a structure.  Many historical buildings in the Northern California bay area such as 

Oakland City Hall have used base isolation technology for seismic upgrading.  The relatively 

limited application is due to the small percentage of structures where base isolation is feasible.  

Among viability issues are the consideration of system location, the construction and installation 

sequence, need for temporary support and bracing of the structure, jacking methods, and the 

monitoring of settlements [23].   

 

 
 

Figure 1-7: A Simple Base Isolator Assembly [24] 

 
 

Base isolation has been used as well on multiple bridges such as the seismic retrofit of the 

suspended structure of the Vincent Thomas Bridge in Long Beach Harbor, California.  Retrofit 

details introduced on the bridge included a viscous damper type of base isolators.  A base 

isolation retrofit of the Golden Gate Bridge, North Viaduct in San Francisco, California was 

performed with lead-rubber isolation bearings. Viscous fluid damper type of base isolation was 

used to control uplift of the lift-span towers for the Sacramento River Bridge in Rio Vista.  These 

are just a few of the ways base isolations retrofit systems have been implemented as a form of 

seismically upgrading existing structures [17]. 
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1.3.2 Steel Jackets 

The most referenced research with analysis concerning steel jacketing as a means of 

column retrofitting was compiled by Chai, Priestley and Seible [10].  Steel jacketing was found to 

be a very effective method of seismic retrofitting by increasing shear strength, flexural capacity 

and ductility of piers and columns.  The procedure involves two half steel shell plates, 12.5 to 25 

mm (0.5 to 1 inch) larger than the column radius, being positioned around the area to be 

retrofitted and subsequently the plates are site-welded together.  The gap between the completed 

steel jacket and concrete column is then filled with concrete grout.   

 

 
Figure 1-8: Diagram Illustrating Column Retrofit by Caltrans  [25] 
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This steel jacketing retrofit system is designed to supply passive confinement as means of 

strengthening and the level of confinement depends on the hoop strength and stiffness of the steel 

jacket [25].  The lateral confining pressure is activated as the concrete attempts to expand 

laterally due to high axial compression strains.  Therefore, the steel jacket does not theoretically 

function until the concrete column it encases beings to dilate by releasing lateral pressures it can 

no longer support into the surrounding jacket [10]. 

 

 
Figure 1-9: Welding of Steel Jacket for a 

Caltrans Strengthening Project [26] 

 
Figure 1-10: Completed Steel Jacket Column 

Retrofit  [27] 

 

Steel jacket strengthening is not without its problems.  Placement and construction of 

heavy steel plates is not simple.  Welding the jacket seams together is a time intensive and costly 

procedure.  The integrity of the seam welds is also a concern.  Quality control of field welding is 

difficult to ensure and expensive to inspect but because the performance of the jacket is 

dependant on the quality of the welded connection, field assessment of weld quality during 

construction is necessary and critical.  Figure 1-9 illustrates the scale of work for the welding of 
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the jacket's seams on a typical column.  Once completed as in Figure 1-10, corrosion of the 

exposed steel also becomes an additional concern. 

Construction and long term viability are not the only concerns when discussing steel 

jacketing.  The impact the jacketing system has on the performance of the superstructure as a 

whole must be considered.  The behavior of the bridge itself under a seismic event can be 

drastically altered due to the increase in stiffness the steel jacket has added to the retrofitted 

columns.  Research has shown that a steel jacket retrofitted column exhibits a higher stiffness and 

an increase in lateral load carrying capacity with increasing displacement levels due to the 

isotropic nature of the steel.  Both stiffness and capacity increases are not sought for in bridge 

columns retrofits since typically higher seismic force levels are transmitted to adjacent structural 

elements [18].  Analysis of additional structural elements may need to be reviewed beyond just 

analyzing deficient concrete columns because of this force transfer.  This form of retrofit may 

cause problems areas in other structural components where none was present before column 

strengthening. 

 

1.3.3 Concrete Jackets 

Reinforced concrete jacketing is another option for seismic retrofit of substandard 

columns, especially when it is important to preserve the appearance and aesthetics of the 

columns. This option though, is only viable when increase in column size is acceptable since the 

concrete jacket option typically adds additional thickness to the original column than the other 

retrofitting options.  Such concrete jacket retrofit measures aim to ensure stable flexural response 

by improving the capacity of non-ductile failure modes and by providing efficient confinement to 

the plastic hinge regions.  

Concrete jacketing systems have the advantage of various application procedures.  

Traditional cast-in-place construction with reinforcing cages is one form of construction as well 



11 

as shotcrete application.  In California, Caltrans has utilized shotcrete constructed concrete 

jackets (concrete mixture that is projected by a high velocity pressure spray to a surface) to 

encase an inadequate column with additional reinforcement.  This is not the only method of 

strengthening with concrete, though.  Figure 1-11 shows the installation of a pre-cast concrete 

shell jacket and Figure 1-12 displays the installation of a pour-in-place concrete jacket.   

 

 
Figure 1-11: Installation of a Pre-Cast 

Concrete Shell Jacket [26] 

 
Figure 1-12: Installation of Poured- in-Place 

Concrete Retrofit Jacket [29] 

 

The concrete jacketing retrofit process has seen some level of use in the state of 

California.  It has not been the primary means of retrofit when compared to the other alternatives, 

due to the additional surface area it adds to a retrofitted structure where clearances and tolerances 

are quite tight.  The bond between the new and old concrete surfaces is also a concern in how 

well the retrofitted column will perform.  As with steel jacketing, the increased stiffness of the 

overall structure also becomes a concern [10]. 

 

1.3.4 Fiber Reinforced Polymer Composite Jackets 

Composite jacket systems are a modern advancement within retrofitting technology that 

has been aggressively researched and developed [9][10][11][12][13][14][15][16].  With the 
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numerous processing and application options with composite materials, FRP retrofit systems can 

vary from project to project. This is not a novel approach to strengthening deficient structures and 

is a viable option along side traditional materials and methods.  The Federal Highway 

Administration, Caltrans and other states' department of transportation have adopted retrofit 

procedures and qualifications for composite strengthening systems.  Some agencies have also 

prepared guidelines on design and application techniques for composite strengthening systems.  

Caltrans has released a design memo to designers for composite strengthening [30] and the 

American Concrete Institute (ACI) released ACI-440.2R-02: Design and Construction of 

Externally Bonded FRP Systems for Strengthening Concrete Structures which presented 

guidelines for composite retrofit design and construction [31].   

Even though composite jacketing systems are common in the retrofit arena, there is still 

room for growth.  Much of this is due to the variability within the fabric and adhesive 

components which comprise a composite system.  Each component combination has its positive 

and negative aspects.  Unlike traditional materials with limited application procedures and 

mechanical property variability, composites are more adaptable with variations in materials as 

well as processing procedures.   

 

1.3.4.1 Composite Jacket Materials 

Composite strengthening systems tend to be identified by their material components and 

processing type (i.e. carbon fiber reinforced epoxy with wet lay-up).  Identifying the material 

components is critical due to the inherent framework of what makes a composite.  A composite is 

an engineered material which consists of combining two or more constituent materials with 

considerably different physical or chemical properties and remains separate and distinct on a 

macroscopic level within the finished product [32].  The two categories of constituent materials 
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are matrix and reinforcement or filler.  At least one component of each is required to form a 

composite material [32].   

The matrix material surrounds and supports the reinforcing materials by keeping their 

relative positions.  Most composites produced use a polymer matrix material often called a resin.  

There are many different types of polymers available with the most common being polyester, 

vinyl ester, epoxy, phenolic, polyimide, polyamide, and polypropylene.  These resins have good 

mechanical properties and adhere well, both of which are important for seismic retrofitting 

application on civil structures [32].   

The reinforcement material imparts its unique mechanical and physical properties to the 

composite to enhance the matrix.  With regards to material variations, there are differences in 

reinforcement type.  The reinforcement type can be a variety of materials such as glass, carbon 

and aramid.   

Fiber architecture in a fabric, layer orientation and layer quantity, differ between system 

types as well [32].  Since the composites are non-homogenous, the resulting properties will be a 

combination of the properties of the constituent materials.  Different types of loading may call for 

different components of the composite since the physical properties of the composite are 

generally not isotropic.  This is a benefit of composite materials as they can be constructed to 

exhibit the best qualities from each of the constituents that neither constituent possesses 

singularly [32].   

 

1.3.4.2 Composite Jacket Application Techniques 

In order to increase speed of installation of column jackets, to reduce maintenance, and to 

improve durability, different types of advanced composite column jacketing systems have been 

researched and developed, ranging from hand lay-up of glass or carbon fabrics to winding of tow 

and adhesive bonding of pre-manufactured layered glass or carbon shell systems 
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[9][10][11][33][34].  These methods can generically be differentiated into six basic types: wet 

winding of tow, the use of wet lay-up procedure using fabric, automated winding of prepreg tow 

followed by curing of the composite wrap at elevated temperatures, the adhesive bonding of 

prefabricated shell segments, fabrication of the jacket using the resin infusion process, and the use 

of cables or prefabricated strips wound under tension around the column and anchored at ends 

[35].   

 

 
Figure 1-13: Types of Composite Application Techniques [13] 

 

The winding of tow process is where fiber is taken through a resin bath to impregnate the 

tow with resin and is then wound around the column.  The winding is done through mechanical 

means and can result in fairly uniform jackets. The wrapping of fabric process essentially is a 

modification of the winding of the tow process with the replacement of the individual tow by 

fabric.  The fabric is wet out with resin and is applied to column.  The fabric wet out can be either 
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done manually through the use of rollers and squeegees or through the use of an impregnator 

[35].   

The automated winding process uses a pre-preg tow material with the winding process.  

In terms of lay-down, for tow and tape the process is automated and the fabric process is manual.  

For prefabricated shells, the sections are fabricated in a factory and are adhesively bonded in the 

field to form the jacket.  This method is comparable to the fabrication of steel shells which are 

installed using field welding [35].   

The resin infusion process involves dry fabric applied manually and then resin is infused 

using vacuum.  This method allows for placement over irregular geometries without having 

significant patching.  The last method, involves the use of cables or prefabricated strips, wherein 

confinement is achieved through additional external placement of reinforcement over the height 

of the column in the form of composite cables or prefabricated strips.  The method of winding 

with cables mimics the conventional use of steel cables for external helical confinement.   

It should, however be noted that as with all composites the final performance of the 

system depends intrinsically on the choice of constituents and the details of the processing steps 

used.  Whether using a carbon-epoxy tow with an automated process of application to a column 

or an aramid-epoxy fabric wrapped around a deficient column, each will have it own structural 

retrofitting capabilities and may perform differently.  Understanding the basic mechanics of a 

composite jacket can be further refined by looking at specific design parameters with regard to 

retrofitting concrete columns. 

 

1.4 Retrofit Design Variables 

Strengthening of deficient concrete columns requires the evaluation of specific design 

parameters in order to properly achieve a prescribed level of load carrying capabilities.  Being 

aware of the existing column’s structural weaknesses from studying past failures, the following 
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issues become the main design concerns for a seismic retrofitting jacket design.  These main 

design variables for retrofitting a deficient column structure are column ductility, concrete 

confinement and lap splice clamping, and shear strength [9].   

 

1.4.1 Column Ductility 

Conventional reinforced concrete design acknowledges the need for structural ductility 

by setting limits on the amount of reinforcement incorporated within the element and its required 

confining transverse reinforcement [36].  An element's ductility or toughness refers to its ability 

to dissipate energy and deform without the occurrence of severe structural degradation or a brittle 

failure.  Ductility is measured by relating ultimate drift (deflection) to an idealized estimate of 

yield drift. This drift measurement is affected by a combination of structural components: the 

amount and yield strength of longitudinal reinforcement, axial load of a member, concrete 

properties and concrete confining pressure [13]. 

 

 
Figure 1-14: Non-ductile Column Failure [37] 

 
Figure 1-15: Non-Ductile Column Failure [37] 
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Lack of structural ductility will typically produce a failure mechanism in the plastic hinge 

region of an element as seen in Figures 1-14 and 1-15.  Deficient columns were typically 

designed without any consideration of the structure’s ductility.  These columns tend to have a 

ductility level range of 2-3, which is well below the needed ductility for seismically loaded bridge 

columns.  These low ductility levels can result in high concrete strains in the plastic hinge region 

of the column, which as noted above, do not have the adequate confinement pressure necessary to 

prevent the concrete from critically degrading [12].  A composite strengthening method designed 

to provide additional concrete confinement will therefore, improve the column's ability to deflect 

and in turn increase its ductility. 

In order to determine if a column is deficient, its material properties and its as-built 

condition require assessment.  This analysis will help to determine the existing column ductility 

level and the necessary retrofit ductility required to bring the column’s capacity to a safe level.  A 

plastic collapse analysis procedure should be implemented for performing an as-built column 

analysis.   

On the basis of the plastic collapse analysis, the necessary plastic rotation φp of the 

plastic hinge region of the column can be determined.  Equations 1.1 through 1.4 are used to 

determine the plastic curvature φp and the resulting plastic rotation of a concrete column. 

 
 yup φ−φ=φ  (Equation 1.1) [38] 
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Relating the plastic curvature to the required column plastic rotation also requires the 

determination of the column's plastic hinge length.  For the existing column, this plastic hinge 

length can be simply taken as 20% of the overall column height [38].  With the calculations for 

the column’s theoretical rotations, the probable displacements can be determined from the 

Equations 1.5 and 1.6. 
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The probable yield and ultimate rotation and ultimate displacements are applied to Equations 1.7 

and 1.8, such that the theoretical column ductilities can be determined. 

 
μ = φ u / φ y (Equation 1.7) [12] [38] 

μ = Δ u / Δ y (Equation 1.8) [12] [38] 

 

By determining the ductility levels of an as-built column, the design for strengthening the 

areas of deficiency that cause low ductility can now be addressed.  The following sections outline 

available theoretical design procedures developed from extensive research for composite jackets.  

Each design variable addresses an area causing insufficient ductility of as-built columns. 

 

1.4.2 Concrete Confinement 

Conventional reinforced concrete design requires the use of horizontal hoops or 

transverse reinforcement ties to provide adequate core confinement.  Confinement is critical to 

ensure the flexural capacity of the member can be developed without deterioration under 
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repetitive loading [39].  This confinement is essential to prevent the longitudinal tensile 

reinforcement bars from buckling and/or lateral expansion of the column concrete.  Without 

sufficient concrete confinement, failures such as those seen in Figure 1-16 and Figure 1-17 may 

occur.   

 

 
Figure 1-16: Lack of Confinement Failure [37] 

 
Figure 1-17: Lack of Confinement Failure [37] 

 

To provide adequate confinement a column requires ties (or hoops) that are typically 

installed at a specified spacing.  The required compressive pressure the hoops must provide to the 

column core is what controls the transverse reinforcement spacing.  In deficient structures, these 

ties are spaced too far apart and cannot provide adequate core compression forces, consequently 

permitting confinement failure mechanisms to occur [4].  This failure is seen with a mushroom 

like collapse of the concrete member and tends to be located in the plastic hinge regions of the 

column. 

An external jacketing system should have confinement abilities to be able to provide 

lateral support of the longitudinal reinforcement, enhance concrete strength and deformation 

capabilities as well as prevent concrete spalling [9].  The retrofit jacket would basically behave as 
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an externally applied hoop reinforcement system.  The necessity to properly model the 

confinement behavior of the FRP jacket is because the confining pressure provided by the FRP 

jacket increases continuously with the lateral strain of the concrete.  This lateral strain increase is 

due to the linear elastic stress-strain behavior of FRP [16]. 

Research on deficient as-built circular concrete columns retrofitted composite material 

strengthening jackets indicate that the confinement effectiveness is more efficient than with steel 

jackets [12][16][33][40][41][42].  With composite reinforcement materials such as glass and 

carbon fiber, which have basically a linear stress-strain relationship up to failure, there is no 

increasing damage, and successive cycles to the same displacement result in constant rather than 

escalating hoop strains. 

Displacement ductility based design relates the volumetric ratio required to provide 

adequate concrete core confinement to the plastic deflection and curvature.  With the plastic 

curvature and deflection identified above in Equation 1.4 and 1.6, the ratio of confinement 

required of the jacket is defined in Equations 1.9. 

 

D
t4 j

s =ρ  (Equation 1.9) [12] [16] [40] [41] 

 

Significant research has been published related to this already and with tj being the 

required minimum jacket thickness, Table 1-1 presents examples of research formulae derived 

through experimental testing and evaluation for minimum jacket thickness as well as ultimate 

concrete compression strain of the column with a composite jacketing system. 
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Table 1-1: Required Jacket Thickness for Column Confinement of Circular Columns  

Researchers Jacket Thickness, tj 
Ultimate Concrete 

Compression Strain, εcu 
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In order to determine the thickness of a required composite jacket, the compressive 

strength of the confined concrete must be first established.  Substantial research has been 

presented on the formulation of models for determining this essential concrete strength 

component and examples are presented in Table 1-2. 

 

Table 1-2: Column Required Jacket Thickness for Column Confinement 

Researchers Confined Concrete Strength, f’cc 
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1.4.3 Lap Splice Clamping 

A lapped splice is where two rebar are adjacent to each other and lapped for a specified 

length in order to develop a mechanical bond necessary for transfer of tension forces to the 

surrounding concrete.  It is expected that these side by side bars develop a response that is 
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comparable to that of a single bar.  Standard reinforced concrete design calls for the proper 

development of column reinforcement in order to acquire a specified strength needed to transfer 

induced forces from reinforcement to concrete [39].  This is accomplished with the force transfer 

through a mechanical bond.  Transferring this force from the bar into the concrete adds tensile 

forces to the concrete causing concrete cracking (concrete has low tension capacity).  Figure 1-18 

illustrates this force transfer.  Without proper reinforcement detailing, the concrete cracks will 

begin to degrade under cyclic (seismic) loading.  If this concrete fracturing is not halted and 

continues, it will lead to spalling (breaking away of a section of concrete) of the concrete as the 

mechanical bond is destroyed.  The loss of concrete will prevent further force transfer and lead to 

a lap splice failure.  When sufficient confinement hoops are added to the lapped bars, 

compression forces are produced to prevent the dilation of the cracks, creating a clamping effect 

[36].  

 

 
Figure 1-18: Concrete Force Transfer Illustration [36] 
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The issue with deficient columns is typically at the starter bars (foundation rebar 

continued into the column for a specified length to connect the two structural elements) where 

earlier construction practices typically placed rebar splices.  This is now known to be one of the 

worst locations for reinforcement splices.  As the longitudinal bar stresses exceed the bond 

strength of the concrete due to externally applied tension loads, the short starter bars can pull free 

from the column.  Priestley and Seible wrote in Seismic Design and Retrofit of Bridges, that "Lap 

splices in plastic hinge zones, such as the base of columns should not be used...even if very long 

splice lengths are used” [12].  As splitting resistance governs the level of bond stress that concrete 

can sustain, confinement provided by an external jacketing can enhance the clamping pressures 

required to maintain a certain level on bond stress between the reinforcement and concrete [9]. 

Extensive research has found that deficient concrete columns are vulnerable to pre-

mature brittle failure due to bond deterioration, but appropriately retrofitted columns will 

significant improve column performance with enhanced hysteretic response and increased 

ductility.  The bond slip in lap spliced rebars can cause a gradual degradation of the load carrying 

capacity of a retrofitted column after the required ductility is developed; however, this bond 

deterioration is a gradual process and stress redistribution can be developed after the starter bars 

slip [9][12][33][41].   

After a column begins cracking under applied tensile loading, a potential splitting failure 

at the surface may develop.  If cracking has developed, a continuance to splice failure can be 

inhibited if adequate clamping pressure is provided across the fracture surface by a composite 

confinement jacket.  Knowledge of the long term strength characteristics of the jacketing material 

under sustained stress should be understood for the determination of composite jacketing design 

requirements.  Strength of E-glass and aramid fiber reinforced composites degrade under 

sustained loads, therefore it is very important that the effects of passive and active confinement be 
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low [12].  Table 1-3 provides examples of research driven equations for determining the concrete 

compressive strength for lap splice confinement. 

 
Table 1-3: Required Jacket Thickness for Lap Splice Column Confinement in Circular Columns 

Researcher Jacket Thickness, tj 
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In order to establish the required thickness of a composite retrofit jacket, the lateral 

clamping pressure of the confined concrete must be determined as well.  Results of extensive 

research on the lap splice confinement concur for the design model for lateral clamping pressure.  

The resulting lateral clamping pressure is given in Equation 1.10.   
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=                      (Equation 1.10) [9] [12] [28] [41] 

 

As both column confinement and lap splice clamping strengthening procedures involve 

lateral pressure on concrete to provide additional confinement reinforcement, it should be noted 

that these two strengthening variables are not additive.  This is due to the fact that lap splice 

clamping and concrete confinement will occur on opposite sides of the column; therefore, the 

more stringent of the two design requirements will govern the required strengthening jacket 

thickness [12].  
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1.4.4 Column Shear Strength 

Traditional reinforced concrete design allocates specified shear strength for an element 

based on its concrete strength and transverse reinforcement properties.  A portion of the specified 

shear strength is assumed to be provided by the concrete and the remainder by the shear 

reinforcement.  The additional shear reinforcement restrains the growth of inclined cracking [39].  

With no, or inadequate reinforcement, a shear failure can occur, which is characterized by lack of 

ductility, very small deflections, and providing little or no warning before failure.  In short 

concrete columns, such as those in Figure 1-19 and Figure 1-20, a high shear to moment ratio and 

outdated flexure design makes them highly prone to failure [12].  Current design procedure 

attempts to ensure that a ductile flexure failure occurs before an element shear capacity is even 

reached by setting minimum design requirements on shear reinforcement [12]. 

 

 
Figure 1-19: Column Shear Failure [37] 

 
Figure 1-20: Column Shear Failure [37] 



26 

 

The shear strength on concrete column is the result of a blend of mechanisms involving 

concrete compression shear transfer, aggregate interlock along inclined flexure-shear cracks and 

truss mechanisms making use of horizontal tie reinforcement.  Knowing that these shear 

mechanisms work together in a complex fashion it is not surprising that shear failure is brittle and 

involves rapid strength degradation [12].  Strengthening columns for deficient column shear 

becomes important in turning a brittle failure into a ductile one that provides significant warning 

of impending failure.  Table 1-4 is a selection of equations used to determine the required 

thickness of a composite jacket necessary to strengthen a column in shear.  Each equation is 

similar with the variables and coefficients presented in a different configuration. 

 
Table 1-4: Required Jacket Thickness for Shear Strength of Circular Column 

Researchers Jacket Thickness, tj 
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Where θ = angle of truss mechanism 
 
 

1.5 Thesis Objective  

The reason for undertaking this study was to assess a new and novel FRP alternative for 

seismic strengthening of inadequate concrete columns.  The performance of accepted 

strengthening methods may not be a concern since they function well within the predefined set of 
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strengthening parameters, yet they may not be cost effective enough for wide use in areas with 

lower seismic risk.  Cost benefit analysis in these areas is very different than those where 

established strengthening procedures are already in use.  An effective retrofit option which 

reduces seismic risk for a minimal cost has yet to be implemented.  This research focuses on a 

retrofit option that uses a jacketing system with inexpensive materials and an innovative 

construction technique in order to provide a potentially rapid and cost effective means of seismic 

retrofitting.     

Before the multiple retrofit methods in the above section had been accepted and 

established as strengthening options, numerous research projects were conducted which included 

component testing and analysis.   This extensive set of prior research allowed for the 

establishment of performance standards required of an applied system.  The procedures for the 

requisite product scrutiny by laboratory experimentation have been standardized by various 

agencies to streamline this transition of research to field application.  The established HITEC 

protocol, assessment and validation of composite seismic strengthening procedures was used as 

the benchmark for the evaluation of the sandwich system investigated in this study [27]. 

Chapter 2 will outline the design requirements for jacketing testing methods and 

procedures as well as summarize the test method utilized for this research.  Chapters 3, 4 & 5 will 

present the experimental test results for the new jacketing technique and materials used within 

this research.  Chapter 6 will summarize the experimental test results and present an analysis of 

the jacketing system with a list of strengths and weakness and will provide conclusions for the 

research as well as a summary of potential future work and applications possible with the 

researched jacketing system. 
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2. Test Methods and Procedures 
 

2.1 Definition of Parameters 

Focused testing and analysis allows for the establishment of performance standards 

required of an applied retrofit system.  Controlled element experimentation and the resulting 

assessment of performance are essential in order to determine if a system is appropriate for field 

implementation. The details of testing procedures required for column retrofit systems are 

predicated by the mechanisms of failure that the system must prevent in a seismic event.  The 

most common types of failure are due to: brittle collapse under shear loading, inadequate concrete 

confinement, inadequate bar buckling restraint, and lap splice failure.  The minimum level of 

testing necessary for a new system should consequently include loading conditions typical for 

inducing these failure modes in a non-strengthened element. 

As part of necessary testing requirements to provide a means of validating that the 

common failure mechanisms have been mitigated, all retrofitted concrete columns are expected to 

be able to dissipate energy through the development of controlled inelastic rotations in the 

column’s plastic hinge regions.  This is measured in terms of ductility.  A basic definition for 

structural ductility is an element’s ability to displace inelastically through repeated loading cycles 

without considerable degradation of the element's strength or stiffness [4].  Within the civil 

engineering discipline, ductility is commonly defined as the ratio of deflection at a given response 

level to deflection at yield response as shown in Figure 2-1 [38]. 

Although the ductility ratio defined in Figure 2-1 refers to resulting element 

displacements, curvature ductility ratios, relating to maximum and yield curvatures, are also used 

as a measure of structural ductility.  Curvature of a structure may be represented differently from 

element to element due to the direct relationship of the structure’s reinforcement with its applied 

axial load.   
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Figure 2-2 illustrates the ductility definition in terms of curvature and a column’s bending 

capacity (moment).   

 
Figure 2-1: Definition of Displacement Ductility [38] 

 

 
Figure 2-2: Definition of Curvature Ductility [38] 



30 
 
 

 
 
 

 

Figure 2-3 shows the relationship of the column’s axial load to its allowable moment 

capacity.  Figure 2-3 also illustrates that increasing axial loading on the column beyond its 

balanced state will reduce the column’s moment capacity.  This decrease in bending capacity will 

affect a column’s ultimate curvature and will lead to a decrease of the structure’s curvature 

ductility.  The ultimate limit state value is determined at the point when the column capacity 

drops lower than a defined & pre-determined effective yield capacity.  The effective yield limit 

state is defined from the experimentally measured first theoretical yield point which is 

extrapolated by moment curvature analysis with a concrete strain of 0.5% [38].  

 

 
Figure 2-3: Column Interaction Diagram [38] 

 

 
In a column, the balanced axial load, as well as the balanced column moment, is 
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determined when the maximum strain at the extreme compression face of concrete reaches 0.003 

simultaneously with the first instance of yield strain of the tension reinforcement.  The equations 

given in Figure 2-3 are further defined in ACI 318-05 design requirements [39].  A strengthening 

system design requires ductility calculation to be based on both of the above measurements: 

displacement and curvature.  In each of the ductility definitions, an ultimate limit state is 

established on the top right of the Figures 2-1 and 2-2 labeled level φu and ∆u respectively.   

The cyclical testing procedures required for testing can, however, result in premature low 

cycle fatigue failure of the column’s reinforcement under large repetitive displacements/curvature 

needed to determine base ductility.  This is due to the large amount of energy introduced into the 

system to produce the large displacement/curvature cycles.  The required cycles are necessary 

though, to establish the column’s stability during its hysteretic response.  The experimental 

testing sequences can be used to establish that the retrofitted system is structurally sound.  This is 

accomplished by ascertaining that the test column has attained the set criteria determined by the 

governing protocol during its testing. 

 

2.2 Testing Protocol 

With parameters for ductility defined, a testing protocol is needed to determine ductility 

limits and requirements for a viable retrofit system.  Various procedures were reviewed as part of 

this investigation.  Within the United States alone, a number of organizations have published 

standardized test procedures for concrete structures retrofitted with composite strengthening 

systems.  The following is a brief synopsis for three such testing protocols.   

 

2.2.1 University of California - Irvine: FHWA A/CA/UCI-99-01 [6] 

Results for a structural assessment and qualification-testing program are described in a 

report by the University of California - Irvine.  This program was conducted to assess pre-
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qualification requirements for alternative column casings for seismic retrofit for the California 

Department of Transportation (Caltrans). The report also included a summary of experimental 

and analytical studies of the composite jacketed retrofitted concrete test columns on the basis 

which the resulting qualification-testing program was then developed. 

The test criteria developed called for the construction of multiple half scale concrete 

bridge columns, using both circular and square configurations.  Flexure columns with lap splice 

reinforcement were used to evaluate the composite jackets for the enhancement of lap splice 

clamping and shear columns with continuous reinforcement were used to assess the suitability of 

the composite jackets for shear enhancement. 

   

Table 2-1: Test Column Matrix 

Column Geometry Shear Flexure (Lap Splice) 
   As Built:   Circular 2 2 
   As Built:   Square 1 2 
   Retrofitted:   Circular 3 7 
   Retrofitted:   Square 6 4 

 

Table 2-1 lists the breakdown of the column types tested by reinforcement layout and 

column configuration.  Each of the columns had a defined reinforcement ratio, ρ = 2.2%, with 6 

mm diameter  (#2) horizontal hoop reinforcement spaced uniformly at 12 cm (5 in) center to 

center with 35 MPa (5000 psi) nominal concrete strength.  Each element was cyclically tested 

using a loading regime given in Table 2-2. 

The overall testing procedure was introduced as means of determining the performance of 

a FRP retrofit system. The resulting test criterion was then implemented to show that the 

performance of FRP strengthening systems can be predicted by the presented standard analysis of 

moment-curvature analysis.  
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Table 2-2: Test Column Loading Matrix 

Load Displacement Number of Cycles 
0.25 Hy  3 
0.50 Hy  3 
0.75 Hy  3 
1.00 Hy ∆1 3 
 1.0 ∆y 3 
 1.5 ∆y 3 
 2.0 ∆y 3 
 3.0 ∆y 3 
 4.0 ∆y 3 
 5.0 ∆y 3 
 6.0 ∆y 3 

Hy = the first yield lateral load capacity  
∆1 = the average of the measured displacements corresponding to Hy 
∆y = the yield displacement determined from the ratio of column’s lateral load capacity vs ideal 
ateral load capacity * ∆1 
 

 
2.2.2 International Code Council Evaluation Service [46] 

Under the International Code Council (ICC) an Evaluation Service was established to set 

testing criteria and evaluate products tested within an accepted test criteria.  ES report AC125 – 

Interim Criteria for Concrete and Reinforced and Un-Reinforced Masonry Strengthening using 

Fiber-reinforced Polymer (FRP) Composite Systems is the criterion which “establishes the 

minimum requirements for the issuance of ICC-ES evaluation reports on fiber-reinforced 

composite systems used to strengthen concrete and masonry structural elements” [46].  The report 

lists the required information needed, the necessary qualification tests, the mandatory quality 

control and the process for a final report submittal.   

Within the 11-page report, definitions, system design criteria and minimum acceptable 

strengthening requirements are all outlined.  For flexural columns, the column configuration is 

required to be able to induce flexural limit states or failure modes with the extremes of 
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dimensional, reinforcing and strength parameters considered.  For shear columns, the column 

specimens are required to be constructed to induce shear limit states or failure modes.  Extremes 

of the dimensional, reinforcing and compressive strength parameters are required to be taken into 

consideration.  Testing for both the flexural and shear columns for seismic application are 

required to conform to Figure 1 in document, which is reproduced in tabular form below in Table 

2-3. 

 

Table 2-3: Test Column Matrix 

Load Displacement Number of Cycles 
0.25 Hy  1 
0.50 Hy  1 
0.75 Hy  1 
1.00 Hy µ 1 
 1.0 µ 3 
 1.5 µ 3 
 2.0 µ 3 
 3.0 µ 3 
 4.0 µ 3 
 6.0 µ 3 
 8.0 µ 3 
 10.0 µ 3 

Hy = the first yield lateral load capacity  
µ = displacement ductility level defined relative to yield or crack displacement 

 
 

The limits state used to determine first yield (Hy) is to be based on material properties 

and an extreme concrete fiber compression strain of 0.003 for the flexural columns and only 

based on material properties for the shear columns.   

The report states that the listed acceptance criterion was issued in order to provide 

guidelines for the evaluation of alternative systems where the codes do not provide requirements 

for testing and determination of structural capacities, reliability and serviceability.  The report not 

only addresses concrete columns, but concrete beams, walls, slabs as well as masonry structural 
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elements. 

 
2.2.3 Highway Innovative Technology Evaluation Center Procedure [11] 

The University of California – San Diego, under contract with the Highway Innovative 

Technology Evaluation Center of the Civil Engineering Research Foundation published a report 

TR-2001/11 – FRP Composite Wrap Durability Evaluation.  This criterion “outlines requirements 

for structural evaluation and testing of FRP composite wrap systems for seismic retrofit of 

columns” [11].  The report lists the required test procedure and criteria of a system for the 

purpose of structural evaluation.  This protocol was used earlier to assess 4 different composite 

retrofit systems.  Within the submitted report, a system design criteria and minimum acceptable 

strengthening requirements are outlined.   

The report lists the minimum specimen testing requirements as presented in Table 2-4 for 

reinforcement layouts as well as column geometries. A set of criteria for evaluation of the 

strengthening system after cyclic testing is also presented.  Ductility limit states are utilized to 

provide a standardized testing procedure tailored to each test column with a different cross 

section and/or reinforcement layout.   

 
Table 2-4: Test Column Matrix 

Column Geometry Shear Flexure (Continuous) Flexure (Lap Splice) 
Circular 1 1 1 

Square/Rectangular 1 1 1 

 

Figure 2-4 presents the recommended loading history per the HITEC testing protocol 

[11]. In the “Load Control” segment of the column testing scheme, load levels are based on the 

experimental column’s theoretical yield force level, Vy.  Load cycles are stepped at 25% 

increments of Vy, with each step being a full push-pull cycle.  The concluding load-control cycle 

displacements, ∆y1 and ∆y2, under an applied force of 1.0 Vy are used to establish the effective 
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yield deflection of the specimen according to Equation 2.1.  This effective yield measurement is 

necessary in calculating the retrofitted column’s final ductility.  

 

y

yi2y1y
iy

V
V)

2
(1

∆+∆
=∆==µ  (Equation 2.1) [11] 

 

The subsequent testing sequence to ascertain the specimen’s ductility is completed in 

displacement control.  This repetitive sequence phase requires that three full push-pull cycles be 

completed at each level.  These levels are stepped displacement increments of the calculated ∆yi 

per Equation 2-1 with µ = 1 = ∆yi.  These increments should be no larger than 1.5 times that of the 

previous level in order to ensure column stability [11]. 

Because of the properties of reinforced concrete are mainly based on dimensions and 

concrete to reinforcement ratios, the size of the testing element is critical in being able to 

adequately model the behavior of a full-size field element.  Small scale testing does not produce 

satisfactory results for analyzing column ductilities because it is also difficult to scale down all 

the components of reinforced concrete without compromising the structural response of the 

material.  Previous laboratory experiments have shown that a minimum 1/3 scale test element is 

necessary to provide appropriate experimental results for laboratory testing [9].  This scale also 

allows for the ease of scaling the column’s reinforcement.  Column reinforcement and detailing in 

test specimens should reflect the reinforcement deficiencies that are present in the field structures 

that are in present need of strengthening.   Table 2-5 lists the parameters for the necessary “as-

built” characteristics of a test column for a qualified experimental specimen.  
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Figure 2-4: Recommended Loading Sequence  

 
 Table 2-5: Specimen Max/Min Parameters [11] 

Parameter Minimum Maximum 
Circular Column Diameter 30 cm (12 in) 183 cm (72 in) 

Rectangular Column Aspect Ratio 1:1 2:1 

Flexure Span (H/D) > 4 - 

Shear Span (H/D) - < 3 

Vertical Reinforcement Ratio, ρ 1 % 3% 

Horizontal Reinforcement Ratio, ρ - < 1% 

Lap Splice Length 20 dbl 40 dbl 

Axial Load Ratio, P/ (f'c * Ag) 10% 30% 
ρ = As/ bd      Ag = cross sectional area of specimen 
dbl = diameter of reinforcement                    f'c = concrete compressive strength 
P = axial load applied to column   H/D = column height / column diamter 
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The criteria of Table 2-5 set the design capacity for the as-built specimens reflective of 

field columns with sub par seismic resistant ability.  This is necessary since the performance of 

the strengthening system for additional shear capacity, lap splice clamping, and plastic hinge 

confinement cannot be evaluated unless the forces required for an as-built failure have been 

exceeded.  

For the purpose of the current investigation, the laboratory specimens were fabricated and 

tested pursuant to the HITEC protocol outlined in Section 2.2.3.   

 

2.3 Implemented Test Procedure 

2.3.1 Specimen Design 

Following the HITEC criteria, a minimum of six (6) 50% scale concrete test columns 

were constructed.  60 cm (2 ft.) diameter circular columns and 44 cm (17 in.) square columns 

were chosen for the experimental testing portion of this research on the novel composite jacketing 

system.  The 60 cm column diameter corresponds to the prototype column diameter of 1.2 meters 

at 50 % scale.  44 cm square columns were chosen such that its diagonal is 62 cm and will 

therefore provide for a direct comparison with the circular columns in the appropriate set. 

With the column geometries chosen for the laboratory testing, the design of the column 

reinforcement was determined based on the column parameters in Table 2-4.  Since the 

reinforcement ratio is limited to less than 3 % for the test procedure, 19 mm diameter (#6 rebar) 

reinforcement was used for the column cages.   The column hoop reinforcement was designed to 

scale according to the same transverse reinforcement design (M13 hoops @ 30 cm on center) 

present in most pre-1970 superstructure elements.  This was achieved with M6 (#2) hoops at 12 

cm (5 in.) on center throughout the column.   

Table 2-6 summarizes the parameters used for the laboratory testing and Figure 2-5 
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through Figure 2-10 depict the resulting construction details of these test columns, presenting the 

elevation and cross-sectional layouts of the reinforcement as well as overall dimensions.  

 
Table 2-6: Specimen Design Parameters [11] 

Parameter Shear Flexural 
(Continuous) 

Flexural  
(Lap Splice) 

Circular Column Diameter 61 cm 61 cm 61 cm 

Rectangular Column Aspect Ratio 1:1 1:1 1:1 

Shear/Flexure Span (H/D) 4 6 6 

Circular 2.1% 2.1% 2.1% Vertical 
Reinforcement  
Ratio Square 2.7 % 2.7% 2.7% 

Circular 0.02% 0.02% 0.02% Horizontal 
Reinforcement Ratio Square 0.05% 0.05% 0.05% 

Circular 11% 29% 29% Axial Load Ratio 
P/ (f'c * Ag) Square 12% 29% 29% 

 

It should be noted that an axial load is applied to simulate the load on an in-use field 

column due to deck and traffic loading.  The axial load is important, as noted in Section 2.1 and 

illustrated in Figure 2-3 with the relationship of the column’s axial load to the column’s moment 

capacity.  Over-loading or under-loading a test column will affect the ductility of the test column 

due to the interaction of a column’s moment capacity with its axial load, where higher loads 

decreases the column’s bending capacity which in turn decreases the column’s ductility.  The 

HITEC protocol placed limits on the appropriate level of axial loading as noted in Table 2-5 [11]. 

This parameter appropriately models as-built column loads without underrating the possible as-

built column’s ductility. 
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Figure 2-5: Details of the Circular Shear Column Test Specimen 

 

The circular shear column shown schematically in Figure 2-5 had an applied axial load 

during testing of 650 KN (145 kips).  This is based on an 11% axial load ratio. 
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Figure 2-6: Details of the Square Shear Column Test Specimen 

 

The square shear column shown schematically in Figure 2-6 had an applied axial load 

during testing of 460 KN (105 kips).  This is based on a 12% axial load ratio. 
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Figure 2-7: Details of the Circular Continuously Reinforced Flexure Column Test Specimen 

 

The circular flexure column shown schematically in Figure 2-7 had an applied axial load 

during testing of 1780 KN (400 kips).  This is based on a 29% axial load ratio. 
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Figure 2-8: Details of the Square Continuously Reinforced Flexure Column Test Specimen 

 

The square flexure column shown schematically in Figure 2-8 had an applied axial load 

during testing of 1155 KN (260 kips).  This is based on a 29% axial load ratio. 
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Figure 2-9: Details of the Circular Lap Reinforced Flexure Column Test Specimen 

 

The circular flexure column shown schematically in Figure 2-9 had an applied axial load 

during testing of 1780 KN (400 kips).  This is based on a 29% axial load ratio. 
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Figure 2-10: Details of the Square Lap Reinforced Flexure Column Test Specimen 

 

The square flexure column shown schematically in Figure 2-10 had an applied axial load 

during testing of 1155 KN (260 kips).  This is based on a 29% axial load ratio. 
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The experimental shear columns, circular and square as shown in Figure 2-5 and Figure 

2-6 respectively, were each designed at 2.44 meters (8 ft) high from top of base to bottom of load 

stub. The base and load stub were then designed for these columns to provide the proper restraint.  

The construction layout for the load stub is shown in Figure 2-11 and Figure 2-12.   

 

 
Figure 2-11: Schematic of Longitudinal Section of Shear Column Load Stub  

 

 
Figure 2-12: Schematic of Transverse Section of Shear Column Load Stub  
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Since these shear columns are being tested as having a fixed base and fixed cap (fixed = 

no rotation, only deflection), the base and load stub design required the necessary strength and 

capacity to transfer high deflections with no rotation to the column specimen without inducing 

failure.  This “fixed-fixed” scheme was used in order to produce the required load in the column 

necessary to replicate the introduction of a shear failure mechanism in an “as-built” column. 

For the column base, the construction details were the same for all six (6) test columns 

and are shown in Figures 2-13 to 2-15.  This is due to the fact that all the column analysis is based 

on a fixed restraint at the base.  The flexure columns detailed with continuous reinforcement 

shown in Figure 2-7 and Figure 2-8 and lap reinforced illustrated in Figure 2-9 and Figure 2-10 

required a different construction configuration.  Their heights are specified at 3.66 meter (12 ft) 

from top of base to center of load stub.  The load stub configuration for the flexure columns is 

different and rather simple in comparison with the shear columns, since its main use is to provide 

a way to connect the test column to the loading mechanism.  The flexural columns’ load stub 

construction schematics are shown in Figure 2-16 and Figure 2-17. 

 

 
Figure 2-13: Sectional Schematic of Column Base 
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Figure 2-14: Plan View Schematic of Circular Column Base 

 
Figure 2-15: Plan View Schematic of Square Column Base 
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Figure 2-16: Flexure Load Stub Plan View Schematic 

 

 
Figure 2-17: Flexure Load Stub Section Schematic 

 

With the testing protocol chosen and the column elements designed, each of the tests 

specimens can then be constructed.  This progression is presented in the following chapters based 

on the column type, since each had their own construction processes due to geometry and 

reinforcement layout.  The retrofit of each of the test columns was not dependant on the column 

types and is therefore presented below as a standard fabrication procedure.  

 

2.3.2 Retrofit Application 

The novel carbon/epoxy/expansive foam sandwich panel retrofit jackets used as part of 
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this study are produced by Merkel Composites.  The number of carbon layers and the thickness of 

the foam core were designed based on requirements of performance set by the HITEC protocol 

[11] for retrofitted specimens.  A typical cross section of the applied retrofit jacket is given by a 

schematic in Figure 2-18.   

The process of application involves a wet-layup process and the need for a jacket mold.  

The photographs in Figure 2-19 to Figure 2-29 show the jacket application process.  A steel mold 

was used for the retrofit of the experimental test columns.  The mold was first cleaned, polished 

and then a release agent was applied to the interior face of the mold before the fabric was placed 

as shown in Figures 2-18.   

 

 
Figure 2-18: Cross Section of Typical Retrofit Jacket 

 

The composite layers were constructed with a two-part epoxy resin that was weighed and 

mixed at a 2:1 ratio of resin to hardener.  This system was used to wet out the unidirectional 

carbon sheets.  The first fabric layer was draped in the mold and then pressed to remove any 

entrapped air before the next layer was added to the exterior shell construction in the jacket mold.  

This process is shown in Figure 2-20 and Figure 2-21.  The process was then repeated as required 

to obtain the necessary composite thickness of approximately 1.5 mm for each column. 
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Figure 2-19: Application of Mold Release 

 
Figure 2-20: Placement of Carbon Fabric 

 

In order to prepare the concrete substrate for application of the inner layer of the 

composite, the surface was lightly sanded by hand and then the epoxy mixture was rolled onto the 

surface as illustrated in Figure 2-22.  A unidirectional carbon fabric was then horizontally placed 

around the column circumference processed following the same procedures as used for the 

exterior skin.   

With the carbon composite skins formed, the prepared steel mold was then lifted into 

place.  Before the mold was placed, a half inch steel plate was placed at the base of the column to 

provide for the necessary jacket gap between the column and its base.  The seal between the mold 

and steel plate was provided by simple modeling clay.  This progression of lifting and placing the 

steel mold around the column is shown in Figure 2-24 and Figure 2-25. 
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Figure 2-21: Jacket 

Construction 

 
Figure 2-22: Column 

Preparation 

 
Figure 2-23: Shell 

Construction 

 

 
Figure 2-24: Placement of Steel Mold 

 
Figure 2-25: Placement of Steel Mold 
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With the steel mold in place and prior to bolting the mold halves together, the exterior 

composite shell halves were lapped at the seams.  This was accomplished by tucking one edge 

under the other as seen in Figure 2-26.  The lap length varied in the column wrapping on the 6-

columns due to the construction process from 10 cm to 20 cm.  Once this lapping was complete 

the mold was bolted together at the seams. 

 

 
Figure 2-26: Lapping of the Jacket Seams 

 
Figure 2-27: Pouring of Expandable Foam Core 

 

With the carbon jacket shells constructed within the steel mold, the mold in place and 

bolted together, an expanding resin to foam system was prepared for installation as the retrofit 

jacket foam core center.  The core material was comprised of a two-part urethane type resin 

system with each component weighed to ensure the proper 2:1 ratio.  Once the mixture was 

combined and mixed, it was immediately poured into the void between the two carbon shells.  

The core component had a quick set time of 90 seconds requiring the immediacy of placement.  A 

demonstration of this placement is presented in Figure 2-27.   

Once the foam mixture was in place, a 4-hour cure was used before the removal of the 

steel mold shown in Figure 2-28.  During this cure time, the foam component expands and also 
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undergoes an exothermic reaction.  This reaction has the added benefit of forcing resin into the 

fabric skins, post curing the carbon shells, and increasing the compaction of the fabric layers, 

thereby increasing the mechanical properties of the composite.  Once the jacket has cured, the 

removal of the mold may take place.  This is shown in Figure 2-29.  At this time, the column 

strengthening system is complete.   

 

 
Figure 2-28: Curing of Jacket 

 
Figure 2-29: Removal of Steel Mold 

 

Each square and circular column jacket was formed with the same process as described 

above and with the same circular steel mold.  This provided the same retrofit procedure for all 

six-test columns with only the addition of extra core material in the square jackets as illustrated in 

Figure 2-30. 
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Figure 2-30: Retrofitted Column Cross Section Schematics 

 
 

2.3.3 Testing Procedure 

The testing procedure requires different loading values for the laboratory experiments 

because each column varies in its reinforcement layout.  For each column a need for determining 

the specimen’s non-strengthened ductility will be required.  To establish a test specimen’s 

theoretical curvature and displacement ductility per the testing protocol, moment curvature 

analysis was used based on the specific reinforcement and cross sectional properties used for the 

test.   An example of the moment curvature and ductility calculations performed for each column 

is shown in Figure 2-31.  

The details in the example are denoted by numerical annotation, as listed below: 
 

1. This table identifies the column properties.  

a. Height is the column height defined as the clear height dimension (top of base to 

bottom of load stub),  

b. f’c is the concrete compressive strength determined by cylinder compression tests,  

c. fy is the yield strength of the internal steel reinforcement,  

d. db is the diameter of the column reinforcement bars, and  

e. As is the area of tension reinforcement of a given cross section.   
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Figure 2-31: Example of Column Testing Sequence Calculation for As-Built Test Specimens 

1 2 3 

5 

4 

8 

7 

6 
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All of these items were determined based on the HITEC parameters in Table 2-5 and Table 2-6 as 

part of the specimen configurational parameters. 

 
2.  This table lists the calculated cross sectional section properties determined according to 

accepted reinforced concrete column design procedures [39].   

a. c is the depth of the compression area of the column when axially loaded,  

b. d is the distance from the extreme compression fiber to the centroid of the tension 

reinforcement,  

c. d’ is the distance from the extreme compression fiber to the centroid of the 

compression reinforcement,  

d. b is the cross-sectional width, and  

e. a is the design variable for the depth of the equivalent rectangular stress block 

distributed over a compression zone bounded by edges of the cross section and a 

straight line located parallel to the neutral axis at a distance β1c from the maximum 

compressive strain.   

3. This table lists the calculated strength properties of the test column wherein 

a. Ig is the gross moment of inertia,  

b. Ic is the cracked moment of inertia based on a 70% standard reduction of the gross 

moment of inertia,  

c. E is the Young’s modulus for concrete (E = 57000 √f’c for normal weight 

concrete),  

d. P is the applied axial load based on the HITEC protocol axial load ratio, and  

e. M is the available moment capacity within the column with the noted axial loading 

(determined using accepted concrete column design [39] with an interaction 
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diagram as shown in Figure 2-3). 

4. These equations calculate the first yield of the column under the loading listed in the values 

of annotation 3 [38]. 

5. These equations calculate the probable post yield deflection and curvature responses of the 

column under the loading listed in the values of annotation 3 [38]. 

6. These values represent the calculated column ductilities based on deflection and curvature 

[38]. These become the base line for the retrofitted column ductility performance reviewed 

at the end of testing to determine if strengthening procedure meets the standards set by the 

testing protocol. 

7. This table presents the values used in the laboratory testing as part of the cyclic loading 

sequence described in Figure 2-4 while under load control.   

8. This table presents the values used in the laboratory testing as part of the cyclic loading 

sequence described in Figure 2-4 while under displacement control loading levels.   

 
The values of annotation 7 and 8 are based off the moment-curvature analysis and 

ductility measurement, respectively. Figures 2-32 through Figure 2-37 present the load testing 

sequence calculations for each of the test columns.  

With the testing protocol set, the test elements designed, the strengthening process in 

place and the procedure of the experimental testing assigned each column was then tested.  The 

subsequent chapters present the testing results. 
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Figure 2-32: Circular Shear Column Testing Sequence Calculations 
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Figure 2-33: Square Shear Column Testing Sequence Calculations 
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Figure 2-34: Circular Continuously Reinforced Flexural Column Testing Sequence Calculations 



62 
 
 

 
 
 

 
 

Figure 2-35: Square Continuously Reinforced Flexural Column Testing Sequence Calculations 
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Figure 2-36: Circular Lap Reinforced Flexural Column Testing Sequence Calculations 
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Figure 2-37: Square Lap Reinforced Flexural Column Testing Sequence Calculations 
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3. Experimental Tests and Results for Shear Columns 
 

3.1 Introduction 

 The objective of the test program was to evaluate a new composite jacketing system for 

its suitability as a retrofit alternative.  The evaluation was conducted pursuant to the published 

HITEC procedure [11] to enable assessment of whether the new system could meet standardized 

requirements.   

 In this chapter, the testing and evaluation of the carbon fabric - expansive foam core 

sandwich panel jacket applied to the two (2) reinforced concrete shear test columns with circular 

and square cross sections is outlined.  Each of these columns was tested under increasing cyclic 

quasi-static lateral loads to ascertain if the retrofit jacket allowed each column to: 

1. Attain or exceed the HITEC protocol specifications for improved ductility; 

2. Ensure stability under repetitive cycling at a pre-specified displacement, and  

3. Provide adequate energy absorption during cycling as evident by the area within the 

hysteresis loops. 

 

3.2 Test Specimens Construction 

 Laboratory experiments for the expansive foam sandwich panel jacketed systems were 

conducted under the guidelines of Report No. 2001/10 “FRP Composite Column Wrap Durability 

Evaluation” submitted to HITEC and outlined in Chapter 2 [11].  Since the objective of the 

testing is to evaluate the composite retrofit system, such that the appropriate retrofit standards are 

met, the concrete columns were constructed to model a general field superstructure column that 

would require retrofitting.  The test columns were therefore built to the required HITEC protocol 

specifications in order to ensure that the system could be comprehensively assessed.   
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With the retrofitted columns being the focus of the testing, both the load stub and base 

were designed to carry the applied test loads without failure.  This was to ensure that the failure 

mechanism of each test was within the column retrofit area or in the connection region between 

the column and base/load stub.  Because the interior steel reinforcement in the column is expected 

to yield, only the column longitudinal reinforcement bars were strain-gauged.  A total of thirty-six 

gages were applied to the shear column reinforcement bars, as illustrated in Figure 3-1 and Figure 

3-2. 

 
Figure 3-1: Schematic Showing Strain Gage Location on Circular Shear Column Reinforcing Cage 
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Figure 3-2: Schematic Showing Strain Gage Location on Square Shear Column Reinforcing Cage 

 

 With formwork built, concrete mix on-site and reinforcement prepared (strain-gauged) 

for testing, each of the shear columns was then constructed at the testing site.  Stages of 

construction were photographed and included: 

1. Completed reinforcement cages 

2. Completed column concrete placement 

3. Jacket application (as shown in Chapter 2) 
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 The first construction stage involved the production of a square and circular column 

reinforcing cage.  These column cages were formed with straight vertical bars and transverse 

hoops tied together.  These column cages were constructed in tandem with the column bases.  The 

reinforcement strength was tested at this time with reinforcement bars taken from the same batch 

as those used in the construction of the column cages.  These results are listed in Table 3-1.  Yield 

strength was measured at the stress level where the material strain changes from elastic 

deformation to plastic deformation, causing it to deform permanently (0.2%) and the ultimate 

strength is taken as the level of maximum stress that the reinforcement bar could withstand. 

 

 
Figure 3-3: Shear Column Cages 

 
Figure 3-4: Shear Column Base 
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Table 3-1: Reinforcement Tension Test Data 

Sample 1 2 3 Average 

6 mm Diameter Horizontal Bar 

Yield Strength (MPa) 387.7 400.3 404.5 397.5 

Ultimate Strength (MPa) 456.5 466.3 462.1 461.6 

19 mm Diameter Vertical Bar 

Yield Strength (MPa) 476.2 477.2 473.0 475.5 

Ultimate Strength (MPa) 764.2 766.8 762.9 764.7 

 

 Once the column base cages were encased within the column’s casting formwork, 

concrete was poured as shown in Figure 3-5.  The concrete poured was specified to have 

minimum 28 day compression strength of 20.7 MPa (3000 psi).  Nine test cylinders were cast at 

this time as well to enable determination of the progression in the concrete compression strength 

until the day of testing.  Figure 3-6 shows a finished base and Table 3-2 lists the resulting 

concrete compression strength taken from the test cylinders.  

 

 
Figure 3-5: Column Base Concrete Pour 

 
Figure 3-6: Finished Column Base Concrete 
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Table 3-2: Shear Column Base Concrete Compression Strength 

 1 2 3 Average 

7-Day Strength (MPa) 24.3 25.2 23.6 24.4 

28-Day Strength (MPa) 37.7 37.4 37.6 37.6 

D.O.T. Strength (MPa) 43.0 43.7 42.7 43.2 

 

Once the column bases were poured, the formwork for the column was added around the 

reinforcement cages.  Once in place the concrete was poured.  This is illustrated in Figure 3-7 and 

Figure 3-8.  Figure 3-7 shows the large hopper that was used to lift the concrete over the formed 

square column to allow for the placement of concrete from the top of the formwork.  Figure 3-7 

shows the use of a concrete vibrator which was dropped into the concrete filled column to ensure 

proper consolidation (removal of voids and air bubbles).  

 

 
Figure 3-7: Shear Column Concrete 

Placement 

 
Figure 3-8: Vibrating Shear Column Concrete for 

proper consolidation 
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The resulting concrete column was specified to have minimum 28 day compression 

strength of 20.7 MPa.  Table 3-3 lists the compression values of the concrete cast in cylinders for 

the concrete shear columns.  The day of testing (D.O.T.) strength is less than the 28-Day strength 

due to the fact that the columns were tested less than 28 days after beginning cast.  Even though 

the concrete compression strength exceeded the minimum of 20.7 MPa, this does not necessarily 

invalidate the testing.  A minimum concrete strength was given for test specimen protocol, but 

not a maximum.  As these values are more than double the specified 28 day compression strength, 

this will affect the required axial pre-load on the columns.  This pre-load is a function of 

compression strength and cross sectional area of the column.  For the circular shear column the 

pre-load was 650 kN creating an axial load ratio of 5.4%.  This is below the minimum 

requirement of 10% due to the fact that the pre-load value was based on 7-day concrete strength.  

The square column was pre-load 460 kN producing an axial load ratio of 5.5% which is also 

below the minimum 10% axial load ratio. 

 

Table 3-3: Shear Column Concrete Compression Strength 

 1 2 3 Average 

7-Day Strength (MPa) 26.7 27.2 26.5 26.8 

28-Day Strength (MPa) 43.5 47.5 45.3 45.4 

D.O.T. Strength (MPa) 41.9 44.0 43.2 43.0 

 

Due to the load stub complexity required on the shear columns, additional concrete was 

required to be placed prior to the conclusion of the test column construction.  The load stubs were 

constructed such that the size and reinforcement due would support the testing procedure and test 

set-up required to induce a shear failure within the column.  Figure 3-9 and Figure 3-10 show the 

amount of reinforcement steel present in the shear load stubs.  The already cast circular column 

body can be seen in the center of Figure 3-10.  After the load stubs were constructed and form 
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work added, concrete was placed to complete the two shear test columns.  Table 3-4 below 

summarizes the concrete compressive strength from cylinders cast for the shear load stubs. 

 

 
Figure 3-9: Shear Specimen Load Stub Cage 

 
Figure 3-10: Shear Specimen Load Stub Cage 

 

 
Table 3-4: Shear Column Load Stub Concrete Compression Strength 

 1 2 3 Average 

7-Day Strength (MPa) 28.3 26.8 27.0 27.3 

28-Day Strength (MPa) 32.1 31.9 30.4 31.5 

D.O.T. Strength (MPa) 41.8 38.9 43.9 41.5 

 

 With the construction of the shear test columns completed, the columns were scheduled 

to be wrapped with the experimental strengthening jackets 19 days after column concrete had 

been poured.  This process is outlined in Chapter 2 since the process is common in all six of the 

test columns.  With the retrofit jackets construction complete, thirty-two, 50 mm long strain 

gauges were applied to the jacket.  These gauges were placed horizontally in the hoop direction 

on each face of the column in the same dimensional pattern as the reinforcement gauges in Figure 

3-1 and Figure 3-2.  These strain gauges were applied with a self-leveling adhesive to ensure a 

good bond to the carbon/epoxy jacket.  Figure 3-11 and Figure 3-12 show the completed 

application of the jacket strain gages. 



73 
 

 

 
Figure 3-11: Jacket Gages at Located at North 

Load Face of Shear Column 

 
Figure 3-12: Jacket Strain Gages at North 

and West Faces of Shear Column 

 

 
3.2.1 Test Program 

 Each experimental shear test column was tied down to the laboratory’s strong floor via 

six (6) high strength bars.  Each of the bars was stressed to 445 kN (100 kips) to ensure stability 

of the base during testing.  A schematic for the shear test set-up is given in Figure 3-13.   
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Figure 3-13: Typical Test Set-Up for Shear Columns 

 

 For the two experimental shear columns, the test set-up comprised of a shear test frame 

which was attached to the top of a column's load stub by means of eight (8) high strength bars 

pre-stressed to 445 kN (100 kips) each.   This frame restrained the rotation at the top of the 

column, modeling a fixed support condition.  A rotation-restricted condition is necessary to 

induce forces on the test column required for a structural shear failure.  The load setup applied to 

the frame to restrict the column motion to strictly linear displacement was also used to simulate 

bridge superstructure self-weight.  This compression load is given in Chapter 2 below Figure 2-5 

and Figure 2-6 and was maintained through the (2) vertical actuators in conjunction with the 

testing program software.  A 978 kN (220 kip) capacity actuator with a 22 cm (9-inch) stroke, 

reacting against the strong wall was attached to the leg of the frame providing the cyclic seismic 

horizontal load simulation.   Figure 3-14 and Figure 3-15 are given to show this test set-up for the 

shear test columns. 
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Figure 3-14: Overview of Shear Test Set-Up 

 

 
Figure 3-15: Overview of Shear Test Set-Up 

 

 With the test column connected to the load frame, the testing of the shear column began.   

In the following section, the testing and general observations for the circular and square shear 

column are reviewed. 
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3.3 Circular Shear Column 

3.3.1 Observations 

 The retrofit circular shear column with continuous column reinforcement was constructed 

and was wrapped with the experimental retrofit jacket and then tested approximately 24 days after 

the specimen had been cast.   

 Based on the listed material properties in Table 3-1 and Table 3-3, which were 

determined from earlier material testing, the theoretical yield force Vy = 319 kN (72 kips) and 

ideal flexural capacity Vyi = 511 kN (115 kips) were calculated using the procedure presented in 

Chapter 3 for each of the shear columns.  The pseudo-superstructure load applied to the column 

was 592 kN (133 kips) in addition to the 58 kN (13 kip) weight of the testing frame acting as the 

columns axial load.  Assuming an elasto-plastic response approximation, the experimental first 

yield displacement ∆y = 1.006 cm (0.396 in) was expected based on the above values.  

 The theoretical ductilities corresponding to curvature and deflection for the constructed, 

non-retrofitted column was then determined from the above calculated column design values.  

(See Chapter 2 Figure 2-32 for calculations).  The resulting "as-built" column ductilities based on 

deflection (µ∆ = ∆u/∆y) and column curvature (µφ = φu/φy) are listed in Table 3-5.  According to 

the HITEC protocol, the retrofitted column must exceed these calculated values by the specified 

amounts of: µφ = 2.0 x "as-built" and µ∆ = 1.5 x "as-built".  

 

Table 3-5: Resulting "As-Built" Ductilities 

   φy  =   0.00005 µφ  = 3.79 
   φu   =   0.00020   
   ∆y  =   1.040 cm µ∆  = 2.51 
   ∆u   =   2.609 cm   
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 With the "as-built" theoretical column ductilities calculated, the loading sequence for the 

test was established.  The circular shear column testing was begun under load control.  The 

column was stiffer than anticipated at the end of the load control cycles.  Neither the experimental 

deflection nor column reinforcement strains came close to the theoretical values under its Vy 

loading (a load of 319 kN should yield a deflection of 1.01 cm).  Once reinforcement gauge 

readings reached 2000 µε (strain when reinforcement stress has reached its yield point: ε = fy/E) it 

was determined that the steel reinforcement had yielded.  At the Vy loading the rebar strains were 

slightly less than 50% of the yield strain (900 µε) as seen in Figure 3-15.  The strain gauges on 

North Face were damaged during construction with only one gauge functioning at testing; 

therefore the South Face readings measurements were available to determine reinforcement 

yielding. 
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Figure 3-16: Reinforcement Test Strains at Vy Loading 

 

Figures 3-17 through Figure 3-19 show how the rebar strain changed under load control 

cycles at different locations along the column. 
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Mid-column reinforcement strains in Figure 3-18 are minimal and show that a reverse in 

positive to negative strains under positive direction loading.  This confirms that column is 

behaving in the expected fixed-fixed column representation.   This is seen in the column’s 

curvature and bending stresses moving toward zero at the column’s midpoint and then reversing 

in direction along the top half of the column to become a mirror image of the bottom half. 
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Figure 3-17: South Face Reinforcement Test Strains under Force Loading 

Strain Gage Located at 152 cm Above Column Base
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Figure 3-18: South Face Reinforcement Test Strains under Force Loading 
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Once the testing was cycled at Vy loading, it was then switched to deflection control.  At 

this time reinforcement yielding was expected at the first ductility level (µ = 1.0).  This did occur 

as shown in Figure 3-20, which verifies that the calculated column values are within the 

appropriate range for further analysis of the test column’s retrofitted behavior.  
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Figure 3-19: South Face Reinforcement Test Strains under Force Loading 
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Figure 3-20: South Face Reinforcement Test Strains at µ = 1 
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Under deflection load control the reinforcement strains continued to increase.  Figure 3-

21 through Figure 3-26 show the strain at ductility level 6 displacements at different locations of 

the column. 
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Figure 3-21: South Face Reinforcement Test Strains at µ = 6.0 
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Figure 3-22: South Face Reinforcement Test Strains at µ = 6.0 
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Figure 3-23: South Face Reinforcement Test Strains at µ = 6.0 
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Figure 3-24: East Face Reinforcement Test Strains at µ = 6.0 
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Figure 3-27 and Figure 3-28 show the column during load controlled and deflection 

controlled testing.   
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Figure 3-25: West Face Reinforcement Test Strains at µ = 6.0 
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Figure 3-26: West Face Reinforcement Test Strains at µ = 6.0 
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Figure 3-27: Shear Column during Load 

Controlled Cycling 

 
Figure 3-28: Column under 4.8 cm 

Deflection Cycling 

 

Under load controlled cycling the strengthening jacket exhibited minor flexure cracking 

in the plastic hinge regions (first 45 cm from the top and bottom of the column).  The jacket also 

began to emit noticeable noise under the deflection controlled cycles as the jacket fibers fractured 

and as the carbon fabric began to separate at the column hinge region.  Under a level of 4.8 cm 

applied deflection, equivalent to ductility Level 4, the retrofit jacket began to experience obvious 

fractures and separation of the construction seam at the top of the column as illustrated in Figure 
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3-29.  Within the next few cycles, visible crushing at the bottom of the jacket was also seen as 

shown in Figure 3-30.   

 

 
Figure 3-29: Jacket Splitting at Seam 

 
Figure 3-30: Jacket Splitting at Seam 

 

At the first cycle at ductility Level 6 loading, the allowable push of 979 kN (220 kips) for 

the test actuator was attained before the set test deflection of 7.4 cm (2.9 inches).  The second and 

third cycles did reach the desired displacement of 7.4 cm due to deterioration of the column’s 

load carrying capacity.  A sign of impeding failure is the column inability to maintain the load 

required during repetitive cycling through a specified ductility level (i.e. a noticeable drop in the 

load needed to induce the same displacement measurement).  Figure 3-31 through Figure 3-33 

show the deflection to strain relationship of the jacket at different locations for ductility level 6. 
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Figure 3-31: North Face Jacket Test Strains at µ = 6.0 
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Figure 3-32: South Face Jacket Test Strains at µ = 6.0 
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During the first cycle of ductility Level 8 loading, a brittle shear failure occurred.  The 

failure produced a loud sound as the jacket ruptured.  This rupture is shown in Figure 3-34. Large 

pieces of the interior foam core came loose from the fractured carbon shell as the jacket ruptured.  

A missing section of the jacket’s interior foam layer is pictured in Figure 3-35. 

 

 
Figure 3-34: Jacket Failure 

 
Figure 3-35: Jacket Failure 
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Figure 3-33: East Face Jacket Test Strains at µ = 6.0 
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3.3.2 Test Results 

 Stability under cyclic loading during the circular shear testing was measured to the 

displacement length of 7.28 cm (2.87 inches) with the column failure occurring at a deflection of 

7.68 cm (3.02 inches).  A hysteresis plot of the circular shear columns applied load to the 

resulting column displacement is seen in Figure 3-36.   This graph shows a stable push-pull 

response with the positive push data mirroring the negative pull data about the zero load and zero 

displacement axes.  The area outlined within the data point of graph is smooth elliptical shape 

with no abrupt jumps or drops in data to indicate instability. 
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Figure 3-36: Circular Shear Column Load vs. Displacement Test Results 

  

 The test column's final retrofitted ductility calculation utilized the 7.28 cm measurement 

given that this was the displacement length the test specimen achieved during the last stable 

loading cycle.  Table 3-6 lists the final results collected from the circular shear column 

experiment used in the retrofit system analysis. 
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Table 3-6: Circular Shear Column Final Test Results 

Maximum Test Load 979 kN 
Failure Initiation Load 832 kN 
Maximum Displacement 7.28 cm 

 

 The results from the experiment for the circular shear column were compiled to establish 

the column’s retrofitted ductilities in terms of displacement and curvature.  These values were 

then evaluated against the “as-built” ductilities in Table 3-7 to determine if the retrofitted column 

surpassed the baseline set by the HITEC guidelines.  The retrofitted shear column failed at a 

forced displacement of 7.28 cm, as noted in Table 3-6, which results in a deflection ductility of  

µ∆ = 7.24 and a curvature ductility of µφ = 12.56.  These results listed in Table 3-7, show that the 

retrofitted ductilities exceeded the criteria set by the HITEC protocol. 

 

Table 3-7: Circular Shear Column Ductility Comparison 

Ductility "As-Built" Retrofit Ductility Increase 
   µ∆ 2.51 7.24 2.88 
   µφ 3.79 12.56 3.31 

 

With the additional ductility provided by the retrofit jacket, the shear column exceeded 

the required specifications set by the HITEC protocol to qualify as an acceptable retrofit 

procedure.  The tested column deformed elastically to the set failure load and exceeded the 

increased ductility requirements.   

Improved performance and increased ductility would be expected from this system if the 

production of the jacket were adjusted to increase the half-inch gap between the base/load stub 

and jacket to 2.5 cm or 3.8 cm (1 or 1-1/2 inches).  The increase of this gap can improve 

performance given that the jacket failure began at the base of the column where an inadequate 

base to jacket gap was provided.  Increasing the jacket to base/load stub gap would also ensure 
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that the load stub and base are not integrated into the ductility/stiffness of the column thus 

allowing the column to perform independently of the supporting elements. 

 Strengthening the jacket seam would also increase the performance of the retrofit system.  

Viewing the jacket strains at ductility level 6.0 in Figure 3-37, it is apparent that the material had 

not reached its maximum strain capacity since the measurements are well below failure strains 

associated with a typical carbon fiber.  Table 3-8 provides a summary of the all the peak strains at 

ductility levels associated with the testing.   

 

Table 3-8: Peak Test Strains (µε) 

 Level Vy Level 1.0 Level 1.5 Level 2.0 Level 3.0 Level 4.0 Level 6.0 
   Rebar 935 2093 2692 4292 10531 14508 FAIL 
   Jacket 81 185 672 1145 1646 1940 2838 
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Figure 3-37: Jacket Strains at Level 6 Load Cycle 

 

 The column’s internal reinforcement underwent considerable strain while the jacket 

strains remained relatively low.  With the jacket failure not due to material failure, the 

construction seam appeared to be the failure mechanism becoming visible with the splitting of the 
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jacket seam prior to column failure.  Finding a better means of constructing the jacketing system 

to improve the performance of the seams would enhance the retrofit abilities of the system.  If the 

early failure of the jacket due to poor seam construction was prevented, the system performance 

would likely be maximized.  

   

3.4 Square Shear Column  

3.4.1 Observations 

 The retrofit test of a square shear column with continuous column reinforcement was 

constructed and was wrapped with the experimental retrofit jacket approximately 21 days after 

the specimen had been cast.   

 Based on the listed material properties in the above Table 3-1 and Table 3-3, which were 

determined from earlier material testing, the theoretical yield force Vy = 160 kN (36 kips) and 

ideal flexural capacity Vyi = 258 kN (58 kips) were calculated using the procedure presented in 

Chapter 2 for the square shear columns.  The pseudo-superstructure load applied to the column 

was 400 kN (90 kips) in addition to the 58 kN (13 kip) weight of the testing frame acting as the 

columns axial load.  Assuming an elasto-plastic response approximation, the experimental first 

yield displacement ∆y = 1.61 cm was expected based on the above values.  

 The theoretical ductilities corresponding to curvature and deflection for the constructed, 

non-retrofitted column was then determined from the above calculated column design values.  

(See Chapter 2 Figure 2-33 for calculations).  The resulting "as-built" column ductilities are based 

on the deflection (µ∆ = ∆u/∆y) and column curvature (µφ = φu/φy) are listed in Table 3-9.  

According to HITEC protocol, the retrofitted column must exceed these calculated values by the 

specified amounts of µφ = 2.0 x "as-built" and µ∆ = 1.5 x "as-built".  
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Table 3-9: Resulting "As-Built" Ductilities 

   φy  =   0.00008 µφ  = 3.94 
   φu   =   0.00032   
   ∆y  =   1.612 cm µ∆  = 2.59 
   ∆u   =   4.168 cm   

 

 With the "as-built" theoretical column ductilities calculated, the loading sequence for the 

test was established.  The square shear column testing was begun under load control.  The column 

displayed additional stiffness than anticipated at the end of the load control cycles.  Neither the 

experimental deflection nor column reinforcement strains came close to the theoretical values 

under its Vy loading (a load of 160 kN should yield a deflection of 1.61 cm).  At the Vy loading 

the rebar strains were slightly less than 50% of the yield strain (750 µε) as seen in Figure 3-38.    
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Figure 3-38: Reinforcement Test Strains at Vy Loading 

Figure 3-39 through Figure 3-44 show how the rebar strain changed under load control 

cycles at different locations along the column. 
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Strain Gage Located at 61 cm Above Column Base
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Figure 3-39: South Face Reinforcement Strains under Force Loading 

 

 

Strain Gage Located at 91 cm Above Column Base
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Figure 3-40: South Face Reinforcement Strains under Force Loading 
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Strain Gage Located at 122 cm Above Column Base

-200

-150

-100

-50

0

50

100

150

200

-5
00

-4
00

-3
00

-2
00

-1
00 0

10
0

20
0

30
0

40
0

50
0

Rebar Strain (µε)

Lo
ad

  (
kN

)

 
Figure 3-41: South Face Reinforcement Strains under Force Loading 

 

 

Strain Gage Located at 152 cm Above Column Base

-200

-100

0

100

200

-5
00

-4
00

-3
00

-2
00

-1
00 0

10
0

20
0

30
0

40
0

50
0

Rebar Strain (µε)

Lo
ad

  (
kN

)

 
Figure 3-42: South Face Reinforcement Strains under Force Loading 

 

Mid-column reinforcement strains in Figure 3-42 are minimal and show a reverse in 

positive to negative strains under positive direction loading.  This confirms that column is 

behaving in the expected fixed-fixed column representation.   This is seen by the column’s 
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curvature and bending stresses moving toward zero at the column’s midpoint and then reversing 

in direction or sign along the top half of the column to become a mirror image of the bottom half. 
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Figure 3-43: South Face Reinforcement Strains under Force Loading 

 

 

Strain Gage Located at 213 cm Above Column Base
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Figure 3-44: South Face Reinforcement Strains under Force Loading 
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Strain Gage Located at 228 cm Above Column Base
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Figure 3-45: South Face Reinforcement Strains under Force Loading 

 

 Once the testing was cycled at Vy loading, it was changed to deflection control.  At this 

time, reinforcement yielding was expected at the first ductility level (µ = 1.0).  Figure 3-46 shows 

this occurred, which verifies that the calculated column values are within the appropriate range 

for further analysis of the test column’s retrofitted behavior.  
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Figure 3-46: Reinforcement Test Strains at µ=1.0 
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South Face reinforcement strain measurements taken from the bottom of the column (61 

cm from base) continue to increase at each increasing ductility level cycle.  Figure 3-47 to Figure 

3-51 show the strain in the reinforcement at ductility level 8 at different locations of the column. 
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Figure 3-47: South Face Reinforcement Test Strains at µ=8.0 

 

Strain Gage Located at 152 cm Above Column Base
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Figure 3-48: South Face Reinforcement Test Strains at µ=8.0 
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Strain Gage Located at 228 cm Above Column Base
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Figure 3-49: South Face Reinforcement Test Strains at µ=8.0 

 

 

 

Strain Gage Located at 213 cm Above Column Base
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Figure 3-50: West Face Reinforcement Test Strains at µ=8.0 
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Strain Gage Located at 183 cm Above Column Base
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Figure 3-51: East Face Reinforcement Test Strains at µ=8.0 

 

 Figure 3-52 and Figure 3-53 are pictures of the column during deflection load control 

testing.   

 

 
Figure 3-52: Shear Column during testing 

 
Figure 3-53: Column under 9.7 cm Deflection 
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Under deflection load control the jacket exhibited minor flexure cracking in the plastic 

hinge regions (first 45 cm from top and bottom of column). Under a 7.28 cm applied deflection at 

ductility Level 6, the retrofit jacket began to experience noticeable fractures and a separation of 

the construction seam as illustrated in Figure 3-54  with visible crushing at the bottom of the 

jacket.  Also seen in Figure 3-55 is splitting at the top of the jacket at the location of a patch 

applied during the jacket construction.   

 

 
Figure 3-54: Jacket Splitting at Seam 

 
Figure 3-55: Jacket Splitting at Seam 

 

 During the cycling of ductility Level 8 loading, a noticeable drop in the load required to 

reach the designated level of displacement was experienced.  This is considered to be a failure 

mode according to the HITEC procedure.  When the displacement loading has decreased to 85% 

of the maximum capacity load, the retrofit column is considered to have failed.   Figure 3-56 to 

Figure 3-59 show the jacket strains versus displacement at ductility 8 at various locations on 

column. 
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Strain Gage Located at 15 cm Above Column Base
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Figure 3-56: South Face Jacket Test Strains at µ=8.0 

 

 

 

Strain Gage Located at 91 cm Above Column Base
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Figure 3-57: South Face Jacket Test Strains at µ=8.0 
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Strain Gage Located at 228 cm Above Column Base
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Figure 3-58: South Face Jacket Test Strains at µ=8.0 
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Figure 3-59: West Face Jacket Test Strains at µ=8.0 
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3.4.2 Test Results 

 The tested square shear column deformed elastically to the failure displacement level of 

9.710 cm (3.823 inches). The failure was seen in the drop of loading required to displace the 

column during its cyclic loading.  A hysteresis plot of the square shear column’s applied load to 

the resulting column displacement is seen in Figure 3-60. This graph shows a stable push-pull 

response with the positive push data mirroring the negative pull data about the zero load and zero 

displacement axes.  The area outlined within the data point of graph is smooth elliptical shape 

with no abrupt jumps or drops in data to indicate instability. 
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Figure 3-60: Shear Column Load vs. Displacement Test Results 

 

Table 3-10: Square Shear Column Final Test Results 

Maximum Test Load 467 kN 

Failure Initiation Load 396 kN 

Maximum Displacement 9.71 cm 
Table 3-10 lists the final results collected from the square shear column experiment used 

in the retrofit system analysis.  The results from the square shear column were compiled to 
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establish the column’s retrofitted ductilities in terms of displacement and curvature.  These values 

were then evaluated against the “as-built” ductilities in Table 3-11 to determine if the retrofitted 

column surpassed the baseline set by the HITEC guidelines.  The retrofitted shear column failed 

at a forced displacement of 9.71 cm, noted in Table 3-10, which results in a deflection ductility of 

µ∆ = 6.05 and a curvature ductility of µφ = 10.35.  These results listed in Table 3-11, show that the 

retrofitted ductilities exceeded the criteria set by the HITEC protocol. 

 

Table 3-11: Square Shear Column Ductility Comparison 

Ductility "As-Built" Retrofit Ductility Increase 
   µ∆ 2.59 6.05 2.34 
   µφ 3.94 10.35 2.63 

 

 
With the additional ductility provided by the retrofit jacket, the shear column exceeded 

the required specifications set by the HITEC protocol to qualify as an acceptable retrofit 

procedure.  The tested column deformed elastically to the set failure load and exceeded the 

increased ductility requirements.   

 Improved performance and increased ductility would be anticipated from this system if 

the jacket seam of the retrofit system could be further strengthened.  Viewing the jacket strains at 

ductility level 8.0 in Figure 3-61, it is apparent that the material did not reach its maximum strain 

capacity since the measurements are well below failure strains associated with a typical carbon 

fiber/epoxy system.   
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Figure 3-61: Jacket Strains at Level 8 Load Cycle 

 

 Table 3-12 provides a summary of the all the peak strains at ductility levels associated 

with the testing.   

 
Table 3-12: Peak Test Strains (µε) 

 Level Vy Level 1.0 Level 1.5 Level 2.0 Level 3.0 Level 4.0 Level 6.0 Level 8.0 
   Rebar 734 2432 3060 9734 13178 17115 FAIL FAIL 
   Jacket 77 174 259 349 629 949 1379 3670 

 

 
 The column’s steel reinforcement experienced considerable strain while the jacket strains 

remained relatively low, just as with the circular shear column.  With the jacket failure not due to 

material failure, the construction seam appeared once again to be the failure mechanism as 

observed in Figure 3-54.  Finding a better means of constructing the jacketing system to improve 

the performance of the seams would enhance the retrofit abilities of the system.  If the early 

failure of the jacket due to poor seam construction was prevented, the system performance would 

likely be maximized.  



105 

4. Experimental Tests and Results for Continuously Reinforced Flexure Columns 
 

4.1 Introduction 

 The objective of the test program was to evaluate a new composite jacketing system for 

its suitability as a retrofit alternative.  The evaluation was conducted pursuant to the published 

HITEC procedure [11] to enable assessment of whether the new system could meet standardized 

requirements.   

 In this chapter, the testing and evaluation of the carbon fabric - expansive foam core 

sandwich panel jacket applied to each of the continuously reinforced flexure concrete test 

columns with circular and square cross sections is outlined.  Each of these columns was tested 

under increasing cyclic quasi-static lateral loads to ascertain if the retrofit jacket allowed each 

column to: 

1. Attain or exceed the HITEC protocol specifications for improved ductility; 

2. Ensure stability under repetitive cycling at a pre-specified displacement, and  

3. Provide adequate energy absorption during cycling as evident by the area within the 

hysteresis loops. 

 

4.2 Test Specimens Construction 

 Laboratory experiments for the expansive foam sandwich panel jacketed system were 

conducted under the guidelines of Report No. 2001/10 “FRP Composite Column Wrap Durability 

Evaluation” submitted to HITEC and outlined in Chapter 2 [11].  The test columns were therefore 

built to the specified HITEC protocol requirements in order to ensure the strengthening of the 

columns will met the retrofit standards. 

 With the retrofitted columns being the focus of the testing, both the load stub and base 

were designed to carry the applied test loads without failure.  This was to ensure that the failure 
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mechanism of each test was within the column retrofit area or at the connection area between the 

column and base/load stub.  Because the interior tension reinforcement in the column was 

expected to yield, only the column longitudinal reinforcement bars were strain-gauged.  A total of 

twenty (20) gages were applied in the load direction of the flexure column reinforcement bars, as 

illustrated in Figure 4-1 and Figure 4-2. 

 

 

Figure 4-1: Schematic Showing Strain Gage Location on Circular Shear Column Reinforcing 
Cage 
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Figure 4-2: Schematic Showing Strain Gage Location on Square Flexure Column Reinforcing 
Cage 

 

 With formwork built, concrete mix on-site and reinforcement prepared (strain-gauged) 

for testing, each of the flexure columns was then constructed at the testing site.  Construction of 

the columns was photographed at various stages of construction, including: 

1. Completed reinforcement cages (as shown in Chapter 3) 

2. Completed column concrete placement (as shown in Chapter 3) 

3. Jacket application (as shown in Chapter 2) 
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 The first construction stage involved the production of a square and circular column 

reinforcing cage.  These column cages were formed with straight vertical bars and transverse 

hoops tied together.  These column cages were constructed in tandem with the column bases.   

The reinforcement strength was tested at this time using reinforcing bars taken from the 

same batch as those used in the construction of the column cages.  These results are listed in 

Table 4-1.  Yield strength was measured at the load level which the material strain changes 

from elastic deformation to plastic deformation, causing it to deform permanently (0.2%) 

and the ultimate strength is taken as the maximum stress that the reinforcement bar could 

withstand. 

 
Table 4-1: Reinforcement Tension Test Data 

Sample 1 2 3 Average 

6 mm Diameter Horizontal Bar 

Yield Strength (MPa) 387.7 400.3 404.5 397.5 

Ultimate Strength (MPa) 456.5 466.3 462.1 461.6 

19 mm Diameter Vertical Bar 

Yield Strength (MPa) 476.2 477.2 473.0 475.5 

Ultimate Strength (MPa) 764.2 766.8 762.9 764.7 

 

 Once the column base cages were encased within the column’s casting formwork, 

concrete was poured.  The concrete poured was specified to have minimum 28 day compression 

strength of 20.7 MPa (3000 psi).  Nine test cylinders were cast at this time as well to enable 

determination of the progression in the concrete compression strength until the day of testing.  

Table 4-2 lists the resulting concrete compression strength taken from the test cylinders.  
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Table 4-2: Continuous Reinforced Flexure Column Base Concrete Compression Strength 

 1 2 3 Average 

7-Day Strength (MPa) 24.3 25.2 23.6 24.4 

28-Day Strength (MPa) 33.2 32.7 34.5 33.5 

D.O.T. Strength (MPa) 43.2 41.8 41.3 42.1 

 

 Once the column bases were poured, the formwork for the column was added around the 

reinforcement cages.  Once in place the concrete was placed by means of a large hopper used to 

lift the concrete over the formed column.  This allowed for the placement of concrete from the top 

of the formwork.  After placement of the concrete a vibrator was dropped into the now filled 

column to ensure proper consolidation (removal of voids and air bubbles).  

The resulting concrete column was specified to have a minimum 28 day compression 

strength of 20.7 MPa.  Table 4-3 lists the compression values of the continuously reinforced 

concrete columns.  Even though the concrete compression strength exceeded the minimum of 

20.7 MPa, this does not necessarily invalidate the testing.  A minimum concrete strength was 

given for test specimen protocol, but not a maximum.  As these values are approximately double 

the specified 28 day compression strength, this will affect the required axial pre-load on the 

columns.  This pre-load is a function of compression strength and cross sectional area of the 

column.  For the circular flexure column the pre-load was 1780 kN creating an axial load ratio of 

17.5% which is within the HITEC requirement limits.  The square column was pre-load 1155 kN 

producing an axial load ratio of 16.6% which is also within the HITEC requirement limits [11]. 

 

Table 4-3: Continuous Reinforced Flexure Column Concrete Compression Strength 

 1 2 3 Average 

7-Day Strength (MPa) 28.3 28.9 28.4 28.5 

28-Day Strength (MPa) 35.8 36.6 35.6 36.0 

D.O.T. Strength (MPa) 39.8 40.8 37.9 39.5 
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 With the construction of the continuously reinforced flexure test columns completed, the 

columns were scheduled to be wrapped with the experimental strengthening jackets 17 days after 

column concrete had been poured.  (This process is outlined in Chapter 2 since the process is 

common in all six of the test columns.)  With the retrofit jackets construction complete, twenty, 

50 mm long strain gauges were applied to the jacket.  These gauges were placed horizontally in 

the hoop direction on each face of the column in the same dimensional pattern as the 

reinforcement gauges in Figure 4-1 and Figure 4-2.  These strain gauges were applied with a self-

leveling adhesive to ensure a good bond to the carbon jacket.  Figure 4-3 and Figure 4-4 show the 

completed application of the jacket strain gages. 

 

 
Figure 4-3: Jacket Gages Located at Seam 

 
Figure 4-4: Close Up of Jacket Strain Gage Area 

 

 

4.2.1 Test Program 

 Each experimental continuously reinforced flexure test column was tied-down to the 

laboratory’s strong floor via six (6) high strength bars.  Each of the bars was stressed to 445 kN 
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(100 kips) to ensure stability of the base during testing.  A schematic for the flexure test set-up is 

given in Figure 4-5.   

 

 

Figure 4-5: Typical Test Set-Up for Flexural Columns 

 

 For the two experimental continuously reinforced flexure columns, the test set-up was 

comprised of a 978 kN (220 kip) capacity actuator with a 22 cm (9-inch) stroke, reacting against 

the strong wall which was attached to the top of a column's load stub by means of four (4) high 

strength bars.   Atop the load stub was a frame supporting two (2) load cells used to apply a 

compression load to simulate bridge superstructure self-weight.  This pre-described compression 

load is given in Chapter 2 below Figure 2-7 and Figure 2-8.  Figure 4-6 and Figure 4-7 show this 

test set-up for the continuously reinforced flexural test columns. 
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Figure 4-6: Overview of Flexure Test Set-Up 

 
Figure 4-7: Overview of Flexure Test Set-Up 

 

 With the test column connected to the load frame, the testing of the flexure columns 

began.   In the following section, the testing and general observation for each of the continuously 

reinforced flexural columns: circular and square are reviewed. 

 

4.3 Circular Continuously Reinforced Flexural Column 

4.3.1 Observations 

 The circular column with continuous column reinforcement was constructed, wrapped 

with the experimental retrofit jacket and then tested approximately 68 days after the specimen had 

been cast.   

 Based on the listed material properties in Table 4-1 and Table 4-3, which were 

determined from earlier material testing, the theoretical yield force Vy = 192 kN (43 kips) and 

ideal flexural capacity Vyi = 307 kN (69 kips) were calculated using the procedure presented in 
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Figure 2-31 for circular continuously reinforced flexural column.  The pseudo-superstructure load 

applied to the column was 1780 kN (400 kips) acting as the columns axial load.  Assuming an 

elasto-plastic response an experimental first yield displacement of ∆y = 2.323 cm (0.914 in) was 

expected based on the above values.  

 The theoretical ductilities corresponding to curvature and deflection for the constructed, 

non-retrofitted column were then determined from the calculated column design values.  (See 

Chapter 2 Figure 2-34 for calculations).  The resulting "as-built" column ductilities based on 

deflection (µ∆ = ∆u/∆y) and column curvature (µφ = φu/φy) are listed in Table 4-4.  According to 

HITEC protocol, the retrofitted column must exceed these calculated values by the specified 

amounts of µφ = 2.0 x "as-built" and µ∆ = 1.5 x "as-built".  

 

Table 4-4: Resulting "As-Built" Ductilities 

   φy  =   0.00005 µφ  = 3.58 

   φu   =   0.00019   

   ∆y  =   2.323 cm µ∆  = 2.39 

   ∆u   =   5.560 cm   
 

 With the "as-built" theoretical column ductilities calculated, the loading sequence for the 

test was established.  The circular continuously reinforced flexural column testing was begun 

under load control.  The strains on column’s south face reinforcement approached the theoretical 

values under its Vy loading (a load of 192 kN should yield a deflection of 2.323 cm).  Once 

reinforcement gauge readings reached 2000 µε (strain when reinforcement stress has reached its 

yield point: ε = fy/E) it was determined that the column reinforcement had yielded.  At the Vy 

loading the rebar strains were slightly less than the yield strain (1843 µε) as seen in Figure 4-8.   
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Figure 4-8: Reinforcement Test Strains at Vy Loading 

 

Figures 4-9 through Figure 4-13 show changes in the rebar strain as a function of load 

control cycles at different locations along the column.  
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Figure 4-9: South Face 1 Reinforcement Test Strains under Force Loading 
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Figure 4-10: South Face 1 Reinforcement Test Strains under Force Loading 
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Figure 4-11: South Face 1 Reinforcement Test Strains under Force Loading 
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Strain Gage Located at 91 cm Above Column Base
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Figure 4-12: South Face 1 Reinforcement Test Strains under Force Loading 
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Figure 4-13: South Face 1 Reinforcement Test Strains under Force Loading 
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After the end of the load control cycles, it was determined that ductility level 1.0 had 

been reached.  This is shown in Figure 4-14 which illustrates that the predicted displacement of 

2.323 cm (0.914 in) was reached under a 192 kN loading.  A 100% of Vy loading a displacement 

of 2.832 cm was recorded.  This larger displacement indicts that the un-retrofitted column’s 

ductility may be slightly less than calculated. 

 

 

 
Under deflection load control the reinforcement strains continued to increase.  Figure 4-

15 through Figure 4-19 show the strain at ductility level 6 displacement at different locations of 

the column. 

 

-300

-225

-150

-75

0

75

150

225

300

-3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5

Displacement (cm)

Lo
ad

 (k
N

)

Vy Load = 192 kN

∆
y =

 2
.3

23
 c

m
   

 

 

Figure 4-14: Profile at Force Loading Reached at µ = 1 
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Figure 4-15: South Face 2 Reinforcement Test Strains at µ = 6.0 
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Figure 4-16: South Face 2 Reinforcement Test Strains at µ = 6.0 
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Figure 4-17: South Face 2 Reinforcement Test Strains at µ = 6.0 

Strain Gage Located at 91 cm Above Column Base
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Figure 4-18: South Face 2 Reinforcement Test Strains at µ = 6.0 
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Figure 4-20 and Figure 4-21 show the column during deflection induced control testing.   

 

 
Figure 4-20: Continuously Reinforced 

Circular Flexural Column during testing 

 
Figure 4-21: Continuously Reinforced Circular 

Flexural Column during testing 
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Figure 4-19: South Face 2 Reinforcement Test Strains at µ = 6.0 
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Under displacement control cycling, the jacket exhibited minor flexural cracking in the 

plastic hinge regions (extending to a height of 73 cm from the bottom of the column) most 

noticeably along the jacket seam as shown in Figure 4-22.  Under a 9.291 cm applied deflection 

equivalent to ductility Level 4, the retrofit jacket began to experience an obvious separation of the 

construction seam illustrated in Figure 4-23.   

 

 
Figure 4-22: Jacket Splitting at Seam 

 
Figure 4-23: Jacket Splitting at Seam 

 

After the first cycle at ductility Level 6 loading, a noticeable decrease in structural 

integrity was witnessed with decrease in load.  The strain along the column jacket was reviewed 

to determine if softening of the column’s load capacity was due to the failure of the column 

behind the strengthening jacket.  Figure 4-15 and Figure 4-16 showed that the longitudinal 

reinforcement in the column’s plastic hinge region had failed by this point in testing.  Figure 4-24 
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through Figure 4-27 show the deflection to strain relationship of the jacket at 30 cm from base of 

column under ductility 6. 

 

 

 

Strain Gage Located at 30 cm Above Column Base

-20

-15

-10

-5

0

5

10

15

20

-1000 0 1000 2000 3000

Jacket Strain (µε)

D
isp

la
ce

m
en

t (
cm

)

 

Figure 4-24: South Face Jacket Test Strains at µ = 6.0 

Strain Gage Located at 30 cm Above Column Base

-20

-15

-10

-5

0

5

10

15

20

-1000 0 1000 2000 3000

Jacket Strain (µε)

D
isp

la
ce

m
en

t (
cm

)

 

Figure 4-25: North Face Jacket Test Strains at µ = 6.0 
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During the first cycle at ductility Level 8 loading jacket/confinement failure occurred 

through splitting as shown in Figure 4-28.  A close-up of the crushing of concrete column with 
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Figure 4-26: East Face  Jacket Test Strains at µ = 6.0 
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Figure 4-27: West Face Jacket Test Strains at µ = 6.0 
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exposed internal reinforcement is shown in Figure 4-29 and it is clear that premature failure of the 

seam caused failure of the column.  The effect of the seam on the failure can be clearly seen 

through the vertical crack in the concrete which coincides with the vertical end of the inner 

carbon fabric layer.  This would have been avoided had the overlap region in the composite been 

longer, thereby avoiding an abrupt end of column testing resulting from the seam failure. 

 

 
Figure 4-28: Jacket Failure 

 
Figure 4-29: Close up of Jacket Failure 

 

 

4.3.2 Test Results 

 Stability under cyclic loading during the continuously reinforced circular flexural column 

testing was measured to the displacement length of 16.55 cm (6.517 inches) with the column 

failure occurring with a 15% drop in load during the level 6 ductility cycle.  A hysteresis plot of 

the circular flexure is seen in Figure 4-30.  This graph shows a stable push-pull response with the 
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positive push data mirroring the negative pull data about the zero load and zero displacement 

axes.  The area outlined within the data point of graph is smooth elliptical shape with no major 

jumps or drops during an induced cycle to indicate instability.  A slight dip in the load under the 

first cycle of ductility level 5 is observed as the jacket seam began to fail.  There was also a 

considerable loss of load carrying capacity noticed during the ductility level 6 cycles. 
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Figure 4-30: Flexure Column Load vs. Displacement Test Results 

  

 The test column's final retrofitted ductility calculation utilized the 16.55 cm measurement 

given that this was the displacement length the test specimen achieved during the last loading 

cycle.  Table 4-5 lists the final results collected from the continuously reinforced circular flexural 

column experiment used in the retrofit system analysis. 
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Table 4-5: Continuously Reinforced Circular Flexural Column Final Test Results 

Maximum Test Load 323 kN 

Failure Initiation Load 275 kN 
Maximum Displacement 16.55 cm 

 

 The results from the experiment for the circular flexure column were compiled to 

establish the column’s retrofitted ductilities in terms of displacement and curvature.  These values 

were then evaluated against the “as-built” ductilities in Table 4-4 to determine if the retrofitted 

column surpassed the baseline set by the HITEC guidelines.  The retrofitted column failed at 

forced displacement of 16.55 cm, as noted in Table 4-5, which results in a deflection ductility of 

µ∆ = 7.13 and a curvature ductility of µφ = 12.35.  These results listed in Table 4-6, show that the 

retrofitted ductilities exceeded the criteria set by the HITEC protocol. 

 

Table 4-6: Continuously Reinforced Circular Flexural Column Ductility Comparison 

Ductility "As-Built" Retrofit Ductility Increase 
   µ∆ 2.39 7.13 2.98 
   µφ 3.58 12.35 3.45 

 

With the additional ductility provided by the retrofit jacket, the continuously reinforced 

circular column exceeded the required specifications set by the HITEC protocol to qualify as an 

acceptable retrofit procedure.  The tested column deformed elastically to the set failure load and 

exceeded the increased ductility requirements.   

Improved performance and increased ductility would be expected from this system if the 

production of the jacket were adjusted to strengthen the jacket’s seam.  Viewing the jacket strains 

at ductility level 6.0 in Figure 4-24 to Figure 4-27, it is apparent that the material had not reached 

its maximum strain capacity since the measurements are well below failure strains associated 

with a typical carbon fiber.   
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Table 4-7 is a summary of the all the peak strains at ductility levels associated with the 

testing.   

 

Table 4-7: Peak Test Strains (µε) 

 Level 1.0 Level 1.5 Level 2.0 Level 3.0 Level 4.0 Level 5.0 Level 6.0 

   Rebar 1863 2675 6694 10236 18582 FAIL FAIL 

   Jacket 269 408 698 1446 1893 2248 2276 
 

 
 The column’s internal reinforcement was stressed to failure while the jacket strains 

remained relatively low in comparison to the expected minimum strain level of the carbon/epoxy 

material of 10000 µε.  Jacket failure was due to a split along the seam which was un-reinforced.  

Improvements in the seam would enhance overall performance and maximize system level 

performance. 

   

4.4 Square Continuously Reinforced Flexural Column 

4.4.1 Observations 

 The square column with continuous column reinforcement was constructed, wrapped 

with the experimental retrofit jacket and then tested approximately 72 days after the specimen had 

been cast.   

 Based on the listed material properties in Table 4-1 and Table 4-3, which were 

determined from earlier material testing, the theoretical yield force Vy = 112 kN (25 kips) and 

ideal flexural capacity Vyi = 178 kN (40 kips) were calculated using the procedure presented in 

Figure 2-31 for square continuously reinforced flexural column.  The pseudo-superstructure load 

applied to the column was 1155 kN (260 kips) acting as the columns axial load.  Assuming an 
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elasto-plastic response, an experimental first yield displacement of ∆y = 3.979 cm (1.567 in) was 

expected based on the above values.  

 The theoretical ductilities corresponding to curvature and deflection for the constructed, 

non-retrofitted column was then determined from the calculated column design values.  (See 

Chapter 2 Figure 2-35 for calculations).  The resulting "as-built" column ductilities based on 

deflection (µ∆ = ∆u/∆y) and column curvature (µφ = φu/φy) are listed in Table 5-8.  According to 

HITEC protocol, the retrofitted column must exceed these calculated values by the specified 

amounts of µφ = 2.0 x "as-built" and µ∆ = 1.5 x "as-built".  

 

Table 4-8: Resulting "As-Built" Ductilities 

   φy  =   0.00009 µφ  = 3.25 

   φu   =   0.00029   

   ∆y  =   3.979 cm µ∆  = 2.22 

   ∆u   =   8.820 cm   
 

 

 With the "as-built" theoretical column ductilities calculated, the loading sequence for the 

test was established.  The square continuously reinforced flexural column testing was begun 

under load control.  The strains along the column’s south face reinforcement approached the 

theoretical values under its Vy loading (a load of 112 kN should yield a deflection of 3.979 cm).  

Once reinforcement gauge readings reached 2000 µε (strain when reinforcement stress has 

reached its yield point: ε = fy/E) it was determined that the column reinforcement had yielded.  At 

the Vy loading the rebar strains were slightly less than the yield strain (1691 µε) as seen in Figure 

4-31.   Figure 4-32 through Figure 4-36 show how the rebar strain changed under load control 

cycles at different locations along the column.  
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Figure 4-31: Reinforcement Test Strains at Vy Loading 
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Figure 4-32: South Face 1 Reinforcement Test Strains under Force Loading 
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Figure 4-33: South Face 1 Reinforcement Test Strains under Force Loading 
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Figure 4-34: South Face 1 Reinforcement Test Strains under Force Loading 
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After the end of the load control cycles, it was determined that ductility level 1.0 had not 

been reached.  Figure 4-37 shows the strain in South Face 1 reinforcement at different location as 

the column was put through each cycle.  From this graph, it is noted that readings show that the 

gage 15 cm from base shows yield in the reinforcement by the end of the ductility level 1 cycle.  
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Figure 4-35: South Face 1 Reinforcement Test Strains under Force Loading 
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Figure 4-36: South Face 1 Reinforcement Test Strains under Force Loading 
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Under deflection load control the reinforcement strains continued to increase.  Figure 4-

38 through Figure 4-42 show the strain at ductility level 6 displacements at different locations of 

the column. 
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Figure 4-37: Load vs. Displacement showing Force Loading reached µ = 1 
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Figure 4-38: South Face 2 Reinforcement Test Strains at µ = 8.0 
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Figure 4-39: South Face 2 Reinforcement Test Strains at µ = 8.0 
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Figure 4-40: South Face 2 Reinforcement Test Strains at µ = 8.0 
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Figure 4-41: South Face 2 Reinforcement Test Strains at µ = 8.0 
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Figure 4-42: South Face 2 Reinforcement Test Strains at µ = 8.0 
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Figure 4-43 and Figure 4-44 show the column during the pre-specified deflection induced 

control testing in a pull then a push cycle position.   

 

 
Figure 4-43: Continuously Reinforced Square 

Flexural Column during testing 

 
Figure 4-44: Continuously Reinforced Square 

Flexural Column during testing 

 

Under displacement control cycling, the jacket exhibited minor flexure cracking in the 

plastic hinge regions (first 73 cm from the bottom of the column) most noticeably along the top of 

the plastic hinge in the hoop direction during the level 3 ductility cycle as shown in Figure 4-45.  

Under a 19.89 cm applied deflection at ductility Level 5, the retrofit jacket showed an obvious 

separation of the construction seam along the overlap region as illustrated in Figure 4-46.   
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Figure 4-45: Horizontal Jacket Splitting 

 
Figure 4-46: Jacket Splitting at Seam 

 
 

After the second cycle of ductility at level 8 loading, the jacket failed and separated from 

column.  The strain along the column jacket was reviewed to determine if the rupture of the 

strengthening jacket was due to material failure.  Figure 4-38 to Figure 4-39 showed that the 

longitudinal reinforcement in the column’s plastic hinge region had failed by this point in testing.  

Figure 4-47 through Figure 4-50 show the response of the jacket strains at a height of 15 cm from 

base of column under ductility 8. 
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Figure 4-47: South Face Jacket Test Strains at µ = 8.0 
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Figure 4-48: North Face Jacket Test Strains at µ = 8.0 
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Figure 4-49: East Face  Jacket Test Strains at µ = 8.0 
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Figure 4-50: West Face  Jacket Test Strains at µ = 8.0 
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As previously noted, during the second cycle at ductility Level 8 loading, a 

jacket/confinement failure occurred.   This jacket split is shown in Figure 4-51 and a close-up of 

the jacket with the exposed internal carbon jacket layer is shown in Figure 4-52.  Unlike in the 

previous circular column case, failure was caused by the failure at the composite splice region 

with some fracture in the carbon/epoxy itself. 

 

 
Figure 4-51: Square Column Jacket Failure 

 
Figure 4-52: Close up of Jacket Failure 

 

 

4.4.2 Test Results 

 Stability under cyclic loading during the continuously reinforced square flexural column 

testing was measured at the displacement length of 23.874 cm (9.399 inches) with the column 
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failure occurring with the failure of the strengthening jacket causing a significant drop in load 

capacity.  A hysteresis plot of the square flexure column is seen in Figure 4-53.  This graph shows 

a stable push-pull response with the positive push data mirroring the negative pull data about the 

zero load and zero displacement axes up until ductility level 6.  The area outlined within the data 

point of graph is smooth elliptical shape with no major jumps or drops during an induced cycle to 

indicate instability.  There was a considerable loss of load carrying capacity noticed during the 

ductility level 8 cycles which indicates column instability.  Testing was terminated after second 

cycle due to this hysteresis response. 
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Figure 4-53: Flexure Column Load vs. Displacement Test Results 

 

 

 The test column's final retrofitted ductility calculation utilized the 21.929 cm 

measurement given that this was the displacement length achieved during the last completed 

loading cycle.  The column did not finish all three (3) cycles of ductility level 8 and hysteretic 
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stability could not be maintained.  Table 4-9 lists the final results collected from the continuously 

reinforced circular flexural column experiment used in the retrofit system analysis. 

 

Table 4-9: Continuously Reinforced Square Flexural Column Final Test Results 

Maximum Test Load 162 kN 
Failure Initiation Load 138 kN 
Maximum Displacement 21.929 cm 

 

 
 The results from the experiment for the circular flexure column were compiled to 

establish the column’s retrofitted ductilities of displacement and curvature.  These values were 

then evaluated against the “as-built” ductilities in Table 4-8 to determine if the retrofitted column 

surpassed the baseline set by the HITEC guidelines.  The retrofitted column failed at a forced 

displacement of 21.929 cm, as noted in Table 4-9, which results in a deflection ductility of µ∆ = 

5.51 and a curvature ductility of µφ = 9.35.  These results listed in Table 4-10, show that the 

retrofitted ductilities exceeded the criteria set by the HITEC protocol. 

 

Table 4-10: Continuously Reinforced Circular Flexural Column Ductility Comparison 

Ductility "As-Built" Retrofit Ductility Increase 
   µ∆ 2.22 5.51 2.48 
   µφ 3.25 9.35 2.88 

  

 
With the additional ductility provided by the retrofit jacket, the continuously reinforced 

square column exceeded the required specifications set by the HITEC protocol to qualify as an 

acceptable retrofit procedure.  The tested column deformed elastically to the set failure load and 

exceeded the increased ductility requirements.   

Improved performance and increased ductility would be expected from this system if the 

production of the jacket were adjusted to strengthen the jacket’s seam.  Viewing the jacket strains 
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at ductility level 8.0 in Figure 4-47 to Figure 4-50, it is apparent that the material had not reached 

its maximum strain capacity since the measurements are well below failure strains associated 

with a typical carbon/epoxy material.   

Table 4-11 provides a summary of the all the peak strains at ductility levels associated 

with the testing.   

 

Table 4-11: Peak Test Strains (µε) 

 Level 1.0 Level 1.5 Level 2.0 Level 3.0 Level 4.0 Level 5.0 Level 6.0 

   Rebar 2239 3145 10575 13003 15594 FAIL FAIL 

   Jacket 411 556 279 591 842 1555 2026 
 

 
 The column’s internal reinforcement was stressed to failure while the jacket strains 

remained relatively low.  With the jacket failure not due to material failure, the construction seam 

is the failure mechanism of concern.  Visibly, the splitting of the seam was witnessed during 

testing and was the starting point for the jacket failure.  While the joint held better in this case, 

this is still the weak link and further study is indicated to ensure that the jacket segments do not 

separate under cyclic load.  
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5. Experimental Tests and Results for Lapped Reinforced Flexure Columns 
 

5.1 Introduction 

 The objective of the test program was to evaluate a new composite jacketing system for 

its suitability as a retrofit alternative.  The evaluation was conducted pursuant to the published 

HITEC procedure [11] to enable assessment of whether the new system could meet standardized 

requirements.   

 In this chapter, the testing and evaluation of the carbon fabric - expansive foam core 

sandwich panel jacket applied to each of the lapped reinforced flexure concrete test columns with 

circular and square cross sections is outlined.  Each of these columns was tested under increasing 

cyclic quasi-static lateral loads to ascertain if the retrofit jacket allowed each column to: 

1. Attain or exceed the HITEC protocol specifications for improved ductility; 

2. Ensure stability under repetitive cycling at a pre-specified displacement, and  

3. Provide adequate energy absorption during cycling as evident by the area within the 

hysteresis loops. 

 

5.2 Test Specimens Construction 

 The construction was completed as described in previous chapters with the only 

difference being the existence of a lap splice.  The test columns were built to the required HITEC 

protocol specifications in order to ensure that a clear comparison of the response for the 

retrofitted column could be made with the requirements. 

 With the retrofitted columns being the focus of the testing, both the load stub and base 

were designed to carry the applied test loads without failure.  This was to ensure that the failure 

mechanism of each test was within the column retrofit area or within the connection region 

between the column and base/load stub.  Because the interior steel reinforcement in the column is 
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expected to yield, only the column longitudinal reinforcement bars were strain-gauged.  A total of 

twenty (20) gages were applied in the load direction of the column reinforcement, as illustrated in 

Figure 5-1 and Figure 5-2. 

 

 

Figure 5-1: Schematic Showing Strain Gage Location on Lapped Reinforced Flexural Circular 
Column Reinforcing Cage 
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Figure 5-2: Schematic Showing Strain Gage Location on Lapped Reinforced Square Flexure 
Column Reinforcing Cage 

 

 
 The first construction stage involved the production of a square and circular column 

reinforcing cage.  These column cages were formed with straight vertical bars and transverse 

hoops tied together.  These column cages were constructed in tandem with the column bases.  

Reinforcing bar strength was given previously in Table 4-1. 
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 Once the column base cages were encased within the column’s casting formwork, 

concrete was poured.  The concrete poured was specified to have minimum 28 day compression 

strength of 20.7 MPa (3000 psi).  Nine test cylinders were cast at this time as well to enable 

determination of the progression in the concrete compression strength until the day of testing.  

Table 5-2 lists the resulting concrete compression strength taken from the test cylinders.  

Placement of the forming and pouring of the concrete followed previously documented 

procedures (Chapter 3 and Chapter 4). 

 

Table 5-1: Lapped Reinforced Flexure Column Base Concrete Compression Strength 

 1 2 3 Average 

7-Day Strength (MPa) 24.3 25.2 23.6 24.4 

28-Day Strength (MPa) 37.7 37.4 37.6 37.6 

D.O.T. Strength (MPa) 51.8 50.2 51.9 51.3 

  

 
The resulting concrete column was specified to have a minimum 28 day compression 

strength of 20.7 MPa.  Table 5-2 lists the compression values of the concrete in the lapped 

reinforced concrete columns.  Even though the concrete compression strength exceeded the 

minimum of 20.7 MPa, this does not necessarily invalidate the testing.  A minimum concrete 

strength was given for test specimen protocol, but not a maximum.  As these values are 

approximately double the specified 28 day compression strength, this will affect the required 

axial pre-load on the columns since this pre-load is a function of compression strength and cross 

sectional area of the column.  For the circular flexure column the pre-load was 1780 kN creating 

an axial load ratio of 13.5% which is within the HITEC requirement limits.  The square column 

was pre-load 1155 kN producing an axial load ratio of 12.8% which is also within the HITEC 

requirement limits [11]. 
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Table 5-2: Lapped Reinforced Flexure Column Concrete Compression Strength 

 1 2 3 Average 

7-Day Strength (MPa) 29.4 29.5 29.9 29.6 

28-Day Strength (MPa) 47.1 45.1 47.6 46.6 

D.O.T. Strength (MPa) 50.7 48.5 48.5 49.3 

 

 
 With the construction of the lapped reinforced flexure test columns completed, the 

columns were scheduled to be wrapped with the experimental strengthening jackets 62 days after 

column concrete had been poured.  (This process is outlined in Chapter 2 since the process is 

common in all six of the test columns.)  Unlike other retrofitted columns, the lap spliced 

reinforced column jackets did not continue to the top of the column, but were stopped 45 cm from 

the column load stub.   

With the retrofit jackets construction complete, twenty, 50 mm long strain gauges were 

applied to the jacket.  These gauges were placed horizontally in the hoop direction on each face of 

the column in the same dimensional pattern as the reinforcement gauges in Figure 5-1 and Figure 

5-2.  These strain gauges were applied with a self-leveling adhesive to ensure a good bond to the 

carbon jacket.   

 

5.2.1 Test Program 

As with the other experimental retrofitted concrete test columns, each lapped reinforced 

flexure test column was tied-down to the laboratory’s strong floor via six (6) high strength bars.  

The details of the test setup are the same as described previously in Chapter 4 for the 

continuously reinforced flexure columns.   

In the following sections, the testing and general observation for each of the lapped 

reinforced flexural columns: circular and square are reviewed. 
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5.3 Circular Lapped Reinforced Flexural Column 

5.3.1 Observations 

 The circular column with lapped column reinforcement was constructed, wrapped with 

the experimental retrofit jacket and then tested approximately 62 days after the specimen had 

been cast.   

 Based on the material properties listed in Table 4-1 and Table 5-2, which were 

determined from earlier material testing, the theoretical yield force Vy = 217 kN (49 kips) and 

ideal flexural capacity Vyi = 347 kN (78 kips) were calculated using the procedure presented in 

Figure 2-31 for the circular lapped reinforced flexural column.  The pseudo-superstructure load 

applied to the column was 1780 kN (400 kips) acting as the columns axial load.  Assuming an 

elasto-plastic response approximation, the experimental first yield displacement ∆y = 2.242 cm 

(0.883 in) was expected based on the above values.  

 The theoretical ductilities corresponding to curvature and deflection for the constructed, 

non-retrofitted column was then determined from the above calculated column design values.  

(See Chapter 2 Figure 2-36 for calculations).  The resulting "as-built" column ductilities based on 

deflection (µ∆ = ∆u/∆y) and column curvature (µφ = φu/φy) are listed in Table 5-3.  According to 

the HITEC protocol, the retrofitted column must exceed these calculated values by the specified 

amounts of µφ = 2.0 x "as-built" and µ∆ = 1.5 x "as-built". 

  

Table 5-3: Resulting "As-Built" Ductilities 

   φy  =   0.00005 µφ  = 4.00 

   φu   =   0.00020   

   ∆y  =   2.242 cm µ∆  = 2.62 

   ∆u   =   5.869 cm   
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 With the "as-built" theoretical column ductilities calculated, the loading sequence for the 

test was established.  The circular lapped reinforced flexural column testing was begun under 

load control.  The column’s south face reinforcement strains were not close to the theoretical 

values under its Vy loading (a load of 192 kN should yield a deflection of 2.242 cm).  The 

reinforcement gauge readings should have reached 2000 µε (strain when reinforcement stress has 

reached its yield point: ε = fy/E) to determined if the column reinforcement had yielded.  At the 

Vy loading the rebar strains was less than the yield strain (1421 µε) as seen in Figure 5-3.   
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Figure 5-3: Reinforcement Test Strains at Vy Loading 

 

 
Figure 5-4 through Figure 5-10 show how the rebar strain change under load control 

cycles at different locations along the column.   The splice bars are the footing dowels lapped 

over a height of 38 cm next to the vertical reinforcement bars of the column.  Only the portion on 

the splice bars lapped spliced with the column reinforcement were strain gauged. 
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Figure 5-4: North Face 1 Reinforcement Test Strains under Force Loading 
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Figure 5-5: North Face 1 Reinforcement Test Strains under Force Loading 
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Strain Gage Located at Splice Bar 30 cm Above Column Base
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Figure 5-6: North Face 1 Reinforcement Test Strains under Force Loading 
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Figure 5-7: North Face 1 Reinforcement Test Strains under Force Loading 
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Strain Gage Located at Column Bar 61 cm Above Column Base
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Figure 5-8: North Face 1 Reinforcement Test Strains under Force Loading 
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Figure 5-9: North Face 1 Reinforcement Test Strains under Force Loading 
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After the end of the load control cycles, it was determined that ductility level 1.0 had not 

been reached as the predicted displacement of 2.242 cm (0.883 in) was not reached under a 217 

kN loading.  It was noted that the maximum rebar strain was not taken from the strain gage 

closest to the column base, but just above the end of the lapped splice reinforcement.  Under 

deflection load control the reinforcement strains continued to increase.  Figure 5-11 through 

Figure 5-17 show the strain at ductility level 8 displacements at different locations of the column. 
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Figure 5-10: North Face 1 Reinforcement Test Strains under Force Loading 
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Figure 5-11: North Face 1 Reinforcement Test Strains at µ = 8.0 
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Figure 5-12: North Face 1 Reinforcement Test Strains at µ = 8.0 
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Strain Gage Located at Splice Bar 30 cm Above Column Base

-20

-10

0

10

20

-5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000

Rebar Strain (µε)

D
isp

la
ce

m
en

t (
cm

)

Rebar Failure

 

Figure 5-13: North Face 1 Reinforcement Test Strains at µ = 8.0 
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Figure 5-14: North Face 1 Reinforcement Test Strains at µ = 8.0 
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Figure 5-15: North Face 1 Reinforcement Test Strains at µ = 8.0 
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Figure 5-16: North Face 1 Reinforcement Test Strains at µ = 8.0 
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Figure 5-18: Lapped Reinforced Circular 

Flexural Column during testing 

 
Figure 5-19: Lapped Reinforced Circular 

Flexural Column during testing 
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Figure 5-17: North Face 1 Reinforcement Test Strains at µ = 8.0 
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As the testing was continued under cycles of increased enforced displacements (see 

Figure 5-18 and Figure 5-19), the column began to separate from the footing base and cracks 

began to appear in the footing as well.  Under an 8.968 cm applied deflection at ductility Level 4, 

the column began to separate from the footing base as shown in Figure 5-20.   

 

 
Figure 5-20: Lifting of the Column from the Footing during Testing 

 

 
 The exterior of the composite jacket also exhibited minor flexure cracking most 

noticeably at the top of the plastic hinge region of the composite jacket (extending to a height of 

73 cm from the bottom of the column) in the hoop direction, as shown in Figure 5-21 and Figure 

5-22 marked with a white marker.  These noticeable hoop cracks first began to appear at 

displacement ductility level 3 cycling.    
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Figure 5-21: Composite Jacket Breaking in Hoop 

Direction of Column 

 
Figure 5-22: Composite Jacket Breaking in 

Hoop Direction of Column 

 

 
After the first cycle at ductility Level 8 loading, a noticeable decrease in structural 

integrity was witnessed with decrease in load.  The strains along the column jacket was reviewed 

to determine if softening of the column’s load capacity was due to the failure of the column 

behind the retrofit composite jacket.  After reviewing rebar strains it was noted that both the 

splice bars and the 15 cm located column bars had failed during ductility level 4 cycling and were 

no longer taking additional strain increases.  Figure 5-23 through Figure 5-26 show the deflection 

to strain relationship of the composite jacket at different locations along the column under 

ductility 8.  
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Figure 5-23: South Face Jacket Test Strains at µ = 8.0 
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Figure 5-24: North Face Jacket Test Strains at µ = 8.0 
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During the third cycle at ductility Level 8 loading, column failure was deemed to have 

occurred due to 15% drop in load required to displacement the column 17.935 cm.   This load 

decrease may have been due to the lap splice clamping failure of the column’s footing splice bars 
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Figure 5-25: East Face  Jacket Test Strains at µ = 8.0 
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Figure 5-26: West Face  Jacket Test Strains at µ = 8.0 
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and column’s vertical reinforcement.  As seen in Figure 5-27, the column had begun to pull away 

from the base causing the base concrete to crack and spall.    

 

 
Figure 5-27: Concrete Base Cracking and Spalling 

 

 

5.3.2 Test Results 

 Stability under cyclic loading during the lapped reinforced circular flexural column 

testing was measured to the displacement length of 22.075 cm (8.691 inches) with the column 

failure occurring due to the 15% drop in load at the level 8 ductility cycle.  A hysteresis plot of 

the lapped reinforced circular flexure column’s applied load to the resulting column displacement 

is seen in Figure 5-28.  This graph shows a stable push-pull response with the positive push data 

mirroring the negative pull data about the zero load and zero displacement axes.  The area 

outlined within the data point of graph is smooth elliptical shape with no major jumps or drops 

during an induced cycle to indicate instability.  The decrease in load carrying capacity from the 
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maximum load achieved in level 4 was noticed during the ductility level 6 cycles and continued 

to further decrease with each additional ductility level. 
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Figure 5-28: Flexure Column Load vs. Displacement Test Results 

 

 The test column's final retrofitted ductility calculation utilized the 16.82 cm measurement 

given that this was the displacement length the test specimen achieved during the ductility level 8 

loading cycle.  Table 5-4 lists the final results collected from the continuously reinforced circular 

flexural column experiment used in the retrofit system analysis. 

 

Table 5-4: Lapped Reinforced Circular Flexural Column Final Test Results 

Maximum Load 362 kN 

Failure Initiation Load 307 kN 

Maximum Displacement 16.82 cm 
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 The results from the experiment for the circular flexure column were compiled to 

establish the column’s retrofitted ductilities in terms of displacement and curvature.  These values 

were then evaluated against the “as-built” ductilities in Table 5-3 to determine if the retrofitted 

column surpassed the baseline set by the HITEC guidelines.  The retrofitted column failed at  a 

forced displacement of 16.827 cm, as noted in Table 5-4, which results in a deflection ductility of 

µ∆ = 6.42 and a curvature ductility of µφ = 11.04.  These results listed in Table 5-5, show that the 

retrofitted ductilities exceeded the criteria set by the HITEC protocol. 

 

Table 5-5: Lapped Reinforced Circular Flexural Column Ductility Comparison 

Ductility "As-Built" Retrofit Ductility Increase 

   µ∆ 2.62 6.42 2.45 

   µφ 4.00 11.04 2.76 
 

  

With the additional ductility provided by the retrofit jacket, the lapped reinforced circular 

column exceeded the required specifications set by the HITEC protocol to qualify as an 

acceptable retrofit procedure.  The tested column deformed elastically to the set failure load and 

exceeded the increased ductility requirements.   

Viewing the jacket strains at ductility level 8.0 in Figure 5-23 to Figure 5-26, it is 

apparent that the material did not reach its maximum strain capacity since the measurements are 

well below failure strains associated with a typical carbon/epoxy systems.  Table 5-6 provides a 

summary of the all the peak strains at ductility levels associated with the testing.   

 

Table 5-6: Peak Test Strains (µε) 

 Level 1.0 Level 1.5 Level 2.0 Level 3.0 Level 4.0 Level 6.0 Level 8.0 

   Rebar 1335 2068 2666 FAIL FAIL FAIL FAIL 

   Jacket 261 301 368 430 1047 1646 1401 
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 The column’s steel reinforcement was stressed to failure while the jacket strains remained 

relatively low.  With the jacket failure not due to material failure, the jacket’s ability to provide 

additional lap splice clamping pressure appears to be in question.  Unlike the previous retrofitted 

columns, no construction seam failure was observed, therefore no visible failure of the jacketing 

system were witnessed. 

   

5.4 Square Lapped Reinforced Flexural Column 

5.4.1 Observations 

 The square column with lapped column reinforcement was constructed, wrapped with the 

experimental retrofit jacket and then tested approximately 64 days after the specimen had been 

cast.   

 Based on the material properties listed in Table 4-1 and Table 5-3, which were 

determined from earlier material testing, the theoretical yield force Vy = 128 kN (28.8 kips) and 

ideal flexural capacity Vyi = 205 kN (46 kips) were calculated using the procedure presented in 

Figure 2-31 for a square lapped reinforced flexural column.  The pseudo-superstructure load 

applied to the column was 1155 kN (260 kips) acting as the columns axial load.  Assuming an 

elasto-plastic response approximation, the experimental first yield displacement ∆y = 3.931 cm 

(1.548 in) was expected based on the values listed above.  

 The theoretical ductilities corresponding to curvature and deflection for the constructed, 

non-retrofitted column were then determined from the above calculated column design values.  

(See Chapter 3 Figure 2-35 for calculations).  The resulting "as-built" column ductilities based on 

deflection (µ∆ = ∆u/∆y) and column curvature (µφ = φu/φy) are listed in Table 5-7.  According to 

the HITEC protocol, the retrofitted column must exceed these calculated values by the specified 

amounts of µφ = 2.0 x "as-built" and µ∆ = 1.5 x "as-built".  
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Table 5-7: Resulting "As-Built" Ductilities 

φy  =    0.00009 µφ  = 3.88 

φu   =    0.00034   

∆y  =    3.931 cm µ∆  = 2.56 

∆u   =    10.054 cm   
 

 
 With the "as-built" theoretical column ductilities calculated, the loading sequence for the 

test was established.  The square lapped reinforced flexural column testing was begun under load 

control.  The testing values for theoretical column yielding were surpassed under the Vy level 

loading (a load of 128 kN should yield a deflection of 3.931 cm).  It was determined that ductility 

level 1.0 and level 1.5 ductility had been reached.  This is shown in Figure 5-29 which illustrates 

that predicted displacement of 5.897 cm (2.322 in) was reached under a 128 kN loading.  A 100% 

at Vy loading a displacement of 5.949 cm was recorded.  This larger displacement indicts that the 

un-retrofitted column’s ductility may be slightly less than calculated.  
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Figure 5-29: Load vs. Displacement showing Force Loading reached µ = 1.5 
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The column’s south face steel reinforcement strain readings also surpassed that for 

theoretical yielding.  Once the reinforcement gage reading read 2000 µε (strain when 

reinforcement stress has reached its yield point: ε = fy/E) it was determined that the column 

reinforcement had yielded.  At the Vy loading the rebar reached a strain of 2456 µε as seen in 

Figure 5-30.  
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Figure 5-30: Reinforcement Test Strains at Vy Loading 

 

 
Figures 5-31 through Figure 5-37 show how the rebar strain changed under load control 

cycles at different locations along the column.  Reinforcement along the north face was used for 

comparison as this side of the test column’s reinforcement was the first to reach yield level strain 

readings.  The splice bars are the footing dowels lapped over a height of 38 cm next to the vertical 

reinforcement bars of the column.  Only the portion on the splice bars lapped spliced with the 

column reinforcement were strain gauged. 
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Figure 5-31: North Face 2 Reinforcement Test Strains under Force Loading 
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Figure 5-32: North Face 2 Reinforcement Test Strains under Force Loading 
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Figure 5-33: North Face 2 Reinforcement Test Strains under Force Loading 
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Figure 5-34: North Face 2 Reinforcement Test Strains under Force Loading 
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Figure 5-35: North Face 2 Reinforcement Test Strains under Force Loading 
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Figure 5-36: North Face 1 Reinforcement Test Strains under Force Loading 
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It was noted that the maximum rebar strain was not taken from the strain gage closest to 

the column base, but just above the lapped splice end of the reinforcement.  Under deflection load 

control the reinforcement strains continued to increase.  Figure 5-38 through Figure 5-44 show 

the strain at ductility level 6 displacements at different locations of the column. 
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Figure 5-37: North Face 2 Reinforcement Test Strains under Force Loading 

Strain Gage Located at Splice Bar 15 cm Above Column Base

-15

-10

-5

0

5

10

15

-5000 0 5000 10000 15000 20000

Rebar Strain (µε)

D
isp

la
ce

m
en

t (
cm

)

Rebar Failure

 

Figure 5-38: North Face 2 Reinforcement Test Strains at µ = 6.0 
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Figure 5-39: North Face 2 Reinforcement Test Strains at µ = 6.0 
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Figure 5-40: North Face 2 Reinforcement Test Strains at µ = 6.0 
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Figure 5-41: North Face 2 Reinforcement Test Strains at µ = 6.0 
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Figure 5-42: North Face 2 Reinforcement Test Strains at µ = 6.0 
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Under deflection load control the strengthening jacket exhibited minor flexure cracking 

in the plastic hinge regions (extending to a height of 73 cm from the bottom of the column) most 
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Figure 5-43: North Face 2 Reinforcement Test Strains at µ = 6.0 
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Figure 5-44: North Face 2 Reinforcement Test Strains at µ = 6.0 
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noticeably along the jacket seam at the base of the column, shown in Figure 5-45.  This 

strengthening jacket fracturing was amplified by crushing of the jacket against the base as the 

column’s reinforcement splice began failing causing the column to rise up off the concrete 

footing base.  Under an 11.794 cm applied deflection at ductility Level 3, the column and base 

gap became more visibly pronounced as the column continued to further rise up off the footing 

base, illustrated in Figure 5-46.   

 

 
Figure 5-45: Jacket Splitting at Seam 

 
Figure 5-46: Jacketed Column Rising Up Creating 

Gap with Concrete Base 
 

 

 Column testing continued with increased displacement controlled loading to a 23.587 cm 

(9.287 in) calculated ductility level 6.  Figure 5-47 shows the column during this deflection load 

control testing.   
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Figure 5-47: Lapped Reinforced Square Flexural Column during testing 

 

After the first cycle at ductility Level 6 loading, a noticeable decrease in structural 

integrity was witnessed as the required load to displace the column the required 23.587 cm began 

to decline.  The strain along the column jacket was reviewed to determine if softening of the 

column’s load capacity was due to the failure of the column behind the strengthening jacket.  

Figure 5-38 and Figure 5-40 showed that the footing splice reinforcement bars in the column’s 

lapped with the column reinforcement had failed by this point in testing.  Figure 5-48 through 

Figure 5-51 show the deflection to strain relationship of the jacket at 15 cm from base of column 

under ductility 6. 
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Figure 5-48: South Face Jacket Test Strains at µ = 6.0 
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Figure 5-49: North Face Jacket Test Strains at µ = 6.0 
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Figure 5-50: East Face  Jacket Test Strains at µ = 6.0 
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Figure 5-51: West Face  Jacket Test Strains at µ = 6.0 
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5.4.2 Test Results 

 Stability under cyclic loading during the testing of the lapped reinforced square flexural 

column was measured to the displacement length of 16.94 cm (6.659 inches) with the column 

failure occurring with the 15% drop in load during the level 6 ductility cycle.  A hysteresis plot of 

the square flexure column’s applied load to the resulting column displacement is shown in Figure 

5-52.  This graph shows a stable push-pull response with the positive push data mirroring the 

negative pull data about the zero load and zero displacement axes.  The area outlined within the 

data point of graph is smooth elliptical shape with no major jumps or drops during an induced 

cycle to indicate instability.  The decrease in load carrying capacity from the maximum load 

achieved in level 5 was noticed during the ductility level 6 cycles and continued to further 

decrease with each additional ductility level. 
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Figure 5-52: Flexure Column Load vs. Displacement Test Results 
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 The test column's final retrofitted ductility calculation utilized the 16.94 cm measurement 

given that this was the displacement length the test specimen achieved during the last stable 

loading cycle.  The following Table 5-8 lists the final results collected from the lapped reinforced 

square flexural column experiment used in the retrofit system analysis. 

 

Table 5-8: Lapped Reinforced Square Flexural Column Final Test Results 

Maximum Load 163.7 kN 

Failure Initiation Load 139.1 kN 

Maximum Displacement 16.94 cm 
 

 The results from the experiment for the square flexure column were compiled to establish 

the column’s retrofitted ductilities: displacement and curvature.  These values were then 

evaluated against the “as-built” ductilities in Table 5-7 to determine if the retrofitted column 

surpassed the baseline set by the HITEC guidelines.  The retrofitted column failed at a forced 

displacement of 16.94 cm, as noted in Table 5-8, which results in a deflection ductility of µ∆ = 

4.31 and a curvature ductility of µφ= 7.13.  These results listed in Table 5-9, show that the 

retrofitted ductility in displacement exceeded the criteria set by the HITEC protocol, but the 

curvature ductility did not meet or exceed the 2.0 fold increase. 

 
Table 5-9: Lapped Reinforced Square Flexural Column Ductility Comparison 

Ductility "As-Built" Retrofit Ductility Increase 

   µ∆ 2.56 4.31 1.68 

   µφ 3.88 7.13 1.84 
 

With the minimal additional ductility provided by the retrofit jacket, the lapped 

reinforced square column in not pass the required specifications set by the HITEC protocol to 

qualify as an acceptable retrofit procedure.  The tested column did deform elastically to the set 
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failure load but did not exceed the increased ductility requirements.   

Improved performance and increased ductility would be expected from this system if the 

production of the jacket were adjusted to increase the gap from the footing base to the start of the 

jacket.  Viewing the jacket strains at ductility level 6.0 in Figure 6-59 to Figure 6-62, it is 

apparent that the material did not reach its maximum strain capacity since the measurements are 

well below failure strains associated with a typical carbon/epoxy system.   

Table 6-11 provides a summary of the all the peak strains at ductility levels associated 

with the testing.   

 

Table 5-10: Peak Test Strains (µε) 

 Level 1.5 Level 2.0 Level 3.0 Level 4.0 Level 5.0 Level 6.0 
   Rebar 2456 2470 6310 FAIL FAIL FAIL 
   Jacket 591 580 704 1478 4081 1097 

 

 The column’s steel reinforcement was stressed to failure while the jacket strains remained 

relatively minimal.  With the jacket failure not due to material failure, the construction of the 

jacket is the failure mechanism of concern.  Visibly, the splitting of the seam exacerbated by 

crushing against the concrete base was witnessed during testing and was the starting point for the 

jacket failure.  Finding a better means of constructing the jacketing system to improve the 

performance would enhance the retrofit abilities of the system.  If the early failure of the jacket 

was prevented, it is held that the system performance would be maximized. 
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6. Summary and Conclusion 
 

 

Due to the life safety issues associated with aging, deficient or under-performing 

structures in need of retrofitting, the use of rehabilitation systems has become more common 

within the civil engineering practice.  The use of fiber reinforced polymer (FRP) jackets for the 

purpose of seismic retrofit of columns has been shown to be an efficient option for rehabilitation 

in addition to numerous other strengthening options, such as base isolation procedures, steel 

jacketing systems, and the addition of an additional reinforcement cage through an encapsulating 

concrete jacket.    

A proposed retrofitting method needs to be analyzed to determine if it will perform 

properly when utilized on a deficient structure.  Performance is critical, since a strengthening 

system's main objective is to prevent catastrophic failures.  The performance of any strengthening 

system is based on how it responds to the main aspects of retrofit design.  Being aware of the 

existing column's structural weaknesses from studying past failures, the following issues become 

the main design concerns for a seismic retrofit: inadequate concrete confinement and lap splice 

length, insufficient shear strength, as well as lack of structural ductility. 

As each of the column design requirements can be addressed within a strengthening 

system, an approach of addressing each of them using a composite jacket was also presented in 

Chapter 1.  Due to the fact that a number of reviews have recently been published in literature, the 

information is not repeated herein. 

Given design requirements, and information on the material available for constructing a 

strengthening system, a manner of testing a new system is required.  Standardized testing 

procedures require that limits to be set on how the testing is conducted and a protocol was 

presented in Chapter 2 which included the requirements for the specimens that were tested, limits 

for performance as well as how these limits are defined and measured.  Three testing protocol 
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were presented with the HITEC protocol procedure chosen for the experimental testing presented 

within this report.   

Each of the (6) six tests columns were designed within the HITEC test protocol 

guidelines.  Figure 2-5 through Figure 2-10 show the schematic for each of the test columns 

constructed, retrofitted and tested.  The construction requirements, the column retrofit procedure 

and the theoretical column strengths and ductility calculation for the all test columns were also 

presented within the chapter.  As each of the test columns were constructed, retrofitted and then 

tested, much data was collected and presented for each of the tests.  This data was divided into 

three chapters with the circular and square shear columns testing and data presented in Chapter 3, 

the continuously reinforced circular and square columns provided in Chapter 4 and the lapped 

splice reinforced circular and shear column presented in Chapter 5.  

The test results presented in Chapter 3 through Chapter 5 included observations made at 

the time of fabrication and testing and include results pertinent to ductility levels, hysteretic 

stability, strain levels and failure modes.  The following discussion provides a comparison 

between the tests themselves, with existing data from similar tests with other composite jacketing 

systems and with steel jacketing systems. 

 
 

6.1 Comparison of Experimental Test Results with HITEC Protocol Requirements 

Each of the experimental shear tests for the circular and square columns showed 

increased ductility above theoretical as-built column as well as the pre-specified HITEC 

specification as presented in Chapter 3.  Figure 6-1 shows the lateral load-displacement curves for 

both of these shear test columns and their as-built responses.   
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Figure 6-1: Comparison of Tested Shear Column Lateral Load-Displacement Curves 

 

Each of the retrofitted shear columns performed beyond the requirements set under the 

HITEC testing protocol and Table 6-1 shows a comparison of test results with those of the 

theoretical values for the as-built column.  This table shows a 191% increase in the circular 

column’s ability to carry shear loading.  The applied displacement of the circular column was also 

well beyond that of the hypothetical ultimate deflection of 2.59 cm by a factor of 2.81. 

 
Table 6-1: Final Measurement Comparison for Shear Columns 

Column Type Maximum Load Maximum Displacement 
Circular Experimental 979 kN 7.28 cm 

Circular Theoretical  511 kN 2.59 cm 

Circular As-Built 560 kN 2.85 cm 

Square Experimental 467 kN 9.71 cm 

Square Theoretical  256 kN 4.16 cm 

Square As-Built 358 kN 3.30 cm 

 

 
The retrofitted square column showed a 182% increase in the column’s ability to carry 

shear loading.  The applied displacement of the square column was also well beyond that of the 
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hypothetical ultimate deflection of 4.16 cm by a factor of 2.33, emphasizing the enhancement of 

overall response through use of the novel jacketing system. 

 

Table 6-2: Ductility Comparison for Shear Columns 

Circular Shear Square Shear Ductility 
Comparisons μΔ μφ μΔ μφ 

As-Built  2.58 3.92 2.62 4.00 

Measured 7.24 12.56 6.42 11.04 

Factor of Increase 2.81 3.20 2.45 2.76 

 
 

Table 6-2 provides a summary of the increased ductility each of these columns as a result 

of the application of the composite jacket.  It should be noted that the HITEC protocol requires a 

2.0 increase in curvature ductility and a 1.5 times increase in displacement ductility.  Each 

retrofitted column was able to surpass the HITEC criteria of the 2 fold increase in curvature and a 

1.5 fold increase in displacement ductility. 

Although each of the columns performed well in terms of increases in ductility, the 

circular shear column did not fail in the predicted failure mode.  The circular shear column failed 

in a brittle manner, rather than in the ductile mode which was expected.  It is noted that even with 

the increase in ductility, the composite jacket did not provide enough shear enhancement to 

change the as-built column’s failure mode of shear failure to a ductile one.  This mode of 

unexpected failure did not meet the final criterion of the HITEC protocol that a test specimen 

should fail in a pretest predicted failure mode [11], and can be linked to the lack of well prepared 

joints in the composite jacket sections. 

When the retrofitted columns are compared to other composite jacketing systems, such as 

those in the ‘‘The HITEC Evaluation Program for Composite Column Wrap Systems for Seismic 

Retrofit’’ [11] there is a significant reduction in the ductility factor from the tested columns and 

those columns presented in the paper by D. Reynaud, V. M. Karbhari, and F. Seible.  Table 6-3 
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provides a summary of the novel experimental jacketing system with the previously tested 

composite jackets presented in the paper. 

 
Table 6-3: Comparison for Shear Columns with Other Composite Jacket Systems 

Column Type Maximum 
Displacement 

Displacement Ductility 
Factor of Increase 

Curvature Ductility 
Factor of Increase 

Circular Experimental 7.28 cm 2.8 3.2 
   Circular Example 1 13.35 cm 3.9 7.2 
   Circular Example 2 10.64 cm 4.5 5.1 
Square Experimental 9.71 cm 2.5 2.8 
   Square Example 1 11.44 cm 3.6 4.4 
   Square Example 2 10.97 cm 5.2 3.3 

 
 

Comparing the experimental novel jacketing system with that of previously tested 

composite jacketing system, there is a difference in the factor of increased ductility.  In a few 

cases the difference in increase is a magnitude of more than 2 fold as with the square Example 2 

displacement ductility of 5.2 to the experimental square column with displacement ductility of 

2.5.   

The experimental jacketing system did behave similarly to other tested composite jackets 

such that their load displacement curves displayed a non-linear relationship to failure.  When 

compared to the a steel jacketed column [4], as shown in Figure 6-2 and Figure 6-3, with its 

bilinear load to displacement relationship, the increase in load capabilities at the same 

displacement level is evident.  Unlike the steel jacket which increases its load carry capability 

with each level of ductility, there is a visible decrease in the composite jacketing systems ability 

to carry the same or increased load at each ductility level once a maximum load is achieved.  

However, it is stressed that the load level is higher and failure is more gradual. 
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Figure 6-2: Comparison of Tested Circular Shear Column Lateral Load-Displacement Curves 
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Figure 6-3: Comparison of Tested Square Shear Column Lateral Load-Displacement Curves 

 

The review of the flexural columns was combined to compare how the lapped splice 

clamping pressure and concrete confinement reinforcement of the jacket compared side by side in 
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a circular and square column layout.  Figure 6-4 is given to show how each of the flexure 

column’s load-displacement curves compared with each other. 
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Figure 6-4: Comparison of Tested Flexural Column Lateral Load-Displacement Curves 

 
 

Each of the circular columns performed similarly with the lap splice reinforced column 

reaching a higher maximum load before the clamping pressure of the column began to give way 

causing a quick decrease in load carrying ability.  This difference in maximum load achieved by 

the retrofitted lap spliced reinforced column in comparison to the continuously reinforced column 

could be due to the differences in concrete strength, the quality of the composite jacketing system 

construction and/or the difference in the theoretical as-built ductilities.  The counter-intuitive 

difference in load carrying abilities of the columns is most likely explained by jacket construction 

due to the lack of early jacket failure in the lap spliced reinforced column which the continuously 

reinforced column experienced. 
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Table 6-4: Final Measurement Comparison for Flexural Columns 

Column 
Type 

Maximum 
Experimental Load 

Theoretical As-Built 
Load Capacity, Vi 

Maximum  Experimental 
Displacement 

Theoretical As-
Built Displacement 

Continuous 
Circular   

323 kN 307 kN 16.55 cm 5.56 cm 

Continuous 
Square  

162 kN 178 kN 21.93 cm 8.82 cm 

Lap Spliced 
Circular 361 kN 347 kN 16.83 cm 5.89 cm 

Lap Spliced 
Square 163 kN 197 kN 16.94 cm 10.11 cm 

 

In Table 6-4 lists the final test loads and displacements for each of the flexural columns 

and shows a comparison of test results with those of the theoretical values for the as-built 

columns.  As seen in Table 6-5, the lapped circular column as-built ductility was not greater than 

that of the continuous circular column.  So even with greater final load and displacement values, 

the lapped circular column saw an 11% smaller ductility increase than compared to the 

continuously reinforced column.  This shows the effect of each column’s as-built ductilities on 

jacketing performance. 

The square retrofitted columns also behaved similarly.  The inability of the circular 

jacketing system on a square column to produce adequate lap splice clamping is evident in the 

early failure of the column when compared to the continuously reinforced column.  This minimal 

clamping pressure produced by the jacket was expected, but the lower than needed level of 

ductility increase is problematic and would require additional evaluation if the jacketing system is 

to be used for a non-circular lap spliced reinforced column. 

Table 6-5: Ductility Comparison for Flexural Columns 

Continuous Circular Lap Spliced Circular Continuous Square Lap Spliced Square Ductility 
Comparisons μΔ μφ μΔ μφ μΔ μφ μΔ μφ 

As-Built  2.39 3.58 2.62 4.00 2.22 3.25 2.56 3.88 

Measured 7.13 12.35 6.42 11.04 5.51 9.35 4.31 7.13 

Factor of Increase 2.98 3.45 2.45 2.76 2.48 2.88 1.68 1.84 
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Table 6-4 numerically shows that load and displacement values for each of the square 

columns were alike. There was less than a 1% difference in load from the lapped splice 

reinforcement to the continuously reinforced and 29% increase in applied displacement.  These 

results would imply that the jacketing system was able to provide additional column confinement 

but not as much lap splice clamping pressure on the lapped square column.  This is supported in 

previous research as well [41].  As seen in Table 6-5, as-built ductility of the lapped square 

column was an average 52% lower than that of the continuous circular column.  The continuously 

reinforced square column was able to meet all aspects of the HITEC protocol criteria for a 

structurally sound retrofit system; however the lapped spliced reinforced column fell below the 

required curvature ductility requirement increase of a two-fold increase.  The limited clamping 

pressure provided by the circular composite jacket on the square column was not enough to 

provide enough additional column ductility. 

The experimental retrofitted flexural column data evaluated against previously tested 

composite jacketing systems showed that there is an analogous column performance relationship 

present for relating the retrofitted ductility factors of the flexural columns (in contrast to the 

retrofitted shear columns).  Both of the experimental continuously reinforced and lapped 

reinforced retrofitted columns are compared to the existing test data of composite retrofitted 

columns in ‘‘The HITEC Evaluation Program for Composite Column Wrap Systems for Seismic 

Retrofit’’ paper [11] in Table 6-6.   

Comparison of the experimental novel jacketing system of continuously reinforced 

column provided very similar ductility increase factors for both the circular and square columns.  

In fact, the experimental jacketing system had the same or better ductility increase factors as the 

existing composite retrofit systems.  The experimental circular lap spliced retrofitted column 

performed better than other composite jacketing systems in displacement ductility but not in 

curvature ductility.  This could be due to the crushing of the jacketing against the base of the 
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column, hampering the experimental columns range of motion but did not limit the allowable 

displacement at the top of column.  Comparison of the experimental retrofitted square lap splice 

column to the existing composite jacket data showed that low curvature ductility is not 

comparable to existing composite systems.  Each of the tested composite jackets averaged a 4.3 

fold increase in curvature ductility compared to the 1.8 curvature ductility increase of the 

experimental jacketing system.  The lower level of ductility of the experimental jacketing system 

would be critical if choosing a retrofit system for providing a higher level of ductility capacity.   

 
Table 6-6: Comparison for Flexure Columns with Other Composite Jacket Systems 

Flexural Column Type Maximum 
Displacement 

Displacement Ductility 
Factor of Increase 

Curvature Ductility 
Factor of Increase 

Circular Continuously Experimental 16.55 cm 2.9 3.5 

   Circular Example 1 39.03 cm 2.4 4.6 

Square Continuous Experimental 16.83 cm 2.5 2.9 

   Square Example 1 16.76 cm 2.0 1.8 

   Square Example 2 21.34 cm 2.5 2.3 

Circular Lapped Experimental 21.93 cm 2.5 2.8 

   Circular Example 1 9.05 cm 1.4 6.0 

   Circular Example 2 24.77 cm 2.2 5.1 

Square Lapped Experimental 16.94 cm 1.7 1.8 

   Square Example 1 19.63 cm 2.4 8.7 

   Square Example 2 15.44 cm 1.9 6.8 
 
 

The experimental jacketing system did behave similarly to other tested composite jackets 

such that their load displacement curves displayed a non-linear relationship to failure.  When 

compared to the a steel jacketed column [4], as shown in Figure 6-5 and Figure 6-6, with its linear 

load to displacement relationship, the increase in load capabilities at the same displacement level 

is evident.  Unlike the steel jacket which increases its load carry capability with each level of 
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ductility, there is a visible decrease in the composite jacketing system ability to carry the same or 

increased load at each ductility level once a maximum load is achieved. 
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Figure 6-5: Comparison of Tested Circular Flexural Columns Lateral Load-Displacement Curves 
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Figure 6-6: Comparison of Tested Square Flexural Column Lateral Load-Displacement Curves 
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The steel jacket data correlates with the lateral load displacement curves of the square 

columns more than the composite retrofitted circular columns.  This is seen with the grouping of 

the retrofitting columns until ductility level 4 where each of the curves begins to disperse.  This 

also can allow for the interpretation that the experimental jacketing system can provide the 

similar level of retrofit ability as that of a steel jacketing system. 

The matrix in Table 6-5 is given to clarify which of the HITEC criteria each test column 

passed.  Both of the continuously reinforced columns, circular and square, passed all the 

requirements set in the protocol as did the square shear column.  The circular shear column did 

not pass the predicted failure mode criterion and the square lapped spliced reinforced column did 

not meet the established curvature ductility enhance factor criterion. 

 
Table 6-7: HITEC Criteria for Retrofit Strengthening System [11] 

Column Type 1.5 μΔ 
Increase 

2.0 μφ 
Increase 

Predicted 
Failure Mode 

Exceeded Design 
Displacement 

Circular Shear X X  X 

Square Shear X X X X 

Circular Continuous X X X X 

Circular Lapped X X X X 

Square Continuous X X X X 

Square Lapped X  X X 

 
 
 

6.2 Strengths of the Proposed Composite Jacketing System 

As a new and novel strengthening jacket system, the performance represented through 

testing of the (6) six retrofitted concrete columns showed that the new retrofit procedure has 

potential as a viable option.  The following aspects may be advantageous in comparison with 

other existing systems: 
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 The use of a sandwich structure comprising of in-situ formed high performance foam may 

in some cases result in decreased cost due to the need for less carbon fabric layers.  The 

economics, though, were not assessed in this study. 

 The use of an expansive foam results in a higher degree of compaction of fabric and hence 

higher efficiency of use. 

  The ability for closed processing may offer advantages related to clean-up, quality control 

and environmental aspects of resin use. 

 Minimal equipment is needed for installation beyond the use of a portable mold, mixing & 

measuring equipment. 

 Quick installation.  A column can be wrapped and cured within a 24 hour period thereby 

decreasing disruption time to a minimum. 

 

6.3 Weaknesses of the Proposed Composite Jacketing System 

While there appear to be a number of potential advantages, improvements also need to be 

made to the proposed jacketing system in order to enable more reliable performance, as below: 

 Application of the inner carbon jacket to the concrete column may benefit from the 

preparation of the concrete prior to lay-up.  Power-washing of the concrete has been noted 

in prior research as a mechanism of roughening the substrate to enhance the bonding of 

the composite material with the concrete. 

 Improvement of the installation process by means of creating a jacketing mold that is 

easier and lighter to handle and maneuver.  The heavy steel jacket mold was tricky to 

place on the column and required the use of an overhead crane to lift in place.  For field 

use this need for a crane is an additional expense in comparison to other composite 

strengthening jacket systems.  However, the use of a rigid composite or sheet steel mold 

or even a rigid polymer mold, would work just as well. 
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 Improvement of the jacket construction to enhance the performance of the jacket seams.  

This was the location on the jackets where the first signs of failure began on each of the 

columns except for the square lapped splice specimen. 

 Increasing the gap at the bottom of each jacket.  The jackets on each of the columns 

showed initiation of crushing at the lower ends under the cyclic loading.  All the columns 

demonstrated audible noises associated with cracking of foam and the composite under 

force loading as the jacket began crushing against the column footing base. 

 

6.4 Conclusions 

With the completion of testing of each of the six retrofitted column and analyzing 

applicability of the experimental composite sandwich panel jacketing system for use as a retrofit 

option, the proposed jacketing system was found to have provided increased ductility on each of 

the six columns tested.  All of the columns, with the exception of the square lapped reinforced 

column, would provide a structurally sound retrofit option.  The square lap spliced reinforced 

column jacket, due to the sub-par curvature ductility increase, should be re-evaluated before 

being used on existing as-built columns constructed with lapped splice reinforcement. 

In conclusion, the proposed composite jacketing system was found to be a possible 

retrofit choice in lieu of the multiple layered composite jacketing systems or steel jacketing.  

Understanding the extent of public and private structures in danger of failure with a strong 

seismic event, economical means to provided retrofit system is critical.  The experimental 

jacketing system has the capabilities required to offer a cost effective solution.  The unique in-situ 

application was found to be a novel approach to forming a composite sandwich panel outside of a 

manufacturing setting.  The problematic overlapping of the panel seams during construction 

created a drawback to the application and performance.   
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Improving the construction of the jacketing system opens the opportunity to further refine 

and advance the performance capabilities of the system.  Looking at alternative mean of jacket 

construction, such as a stay in place mold or providing a means to stitch the fabric seams 

together, offer additional avenues for improving the system to provide a consistent means of 

increased ductility performance.  Analysis as to whether the location of the retrofit jacket seams 

on the column effect the ductility performance may provide additional potential area of study. 
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