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ABSTRACT 
 

A rehabilitation and repair technique with external steel collars was investigated for 

reinforced concrete short columns through experiment and finite element analysis. 

 

Ten cantilever short columns, including two control columns without steel collars and 

eight rehabilitated columns confined externally by steel collars, have been constructed 

and tested under combined axial and lateral loading. Parameters considered in the 

experimental program include collar spacing, collar stiffness, longitudinal reinforcement 

ratio, axial compression index, pretension of collar bolts, and shear span-to-depth ratio. 

One control column was tested to failure and then repaired to study the feasibility of 

using external steel collars on previously damaged columns. The experimental results 

have shown excellent improvements in the ductility, strength, and energy dissipation 

capacity of the columns due to the presence of the collars. Three-dimensional finite 

element models were developed using the finite element program ABAQUS Explicit to 

further investigate the behaviour of these externally confined columns. Experimental 

results and finite element analysis have shown that this rehabilitation technique has great 

promise as an effective procedure for rehabilitation of deficient reinforced concrete short 

columns. 

 

Research was also conducted with other existing analytical approaches and an improved 

sectional strength model was proposed for reinforced concrete columns with external 

steel collars. Finally, design guidelines were proposed for the rehabilitation of reinforced 

concrete columns along with design examples to illustrate the design guidelines.
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yF  The axial yield force of the collar element at the location where the next 

hinge will form during a specific analysis stage 

cf   Stress of unconfined concrete at strain ε  

'
cf   Specified compressive strength of concrete based on standard cylinders 

''
cf   Peak compressive stress of the Todeschini curve 

ccf   Stress of confined concrete at strain ccε  

'
ccf   Peak stress of the confined concrete of the columns 

'
ccsgf  Peak stress of the confined concrete of the columns consideration of strain 

gradient effects within the cross-section 

'
cof   Strength of the unconfined concrete 

escf   Effective stress of external steel collars 

jf   Yield strength of external jacket 

jef   Effective strength of external jacket 

'
lf   The effective lateral confining pressure 

pif   Initial stress in the external presstressing strand/wire 

pyf   Yield strength of the external presstressing strand/wire 

shf   Stress of the transverse reinforcement 



'
tf  Tensile strength of concrete, taken as '' 1.0 ct ff =  for normal strength 

concrete 

uf   Ultimate strength of steel 

yf   Yield strength of steel or shear reinforcement 

yhf   Specified yield strength of the transverse reinforcement 

yjf   Yield strength of external steel jacket 

yscf   Yield strength of external steel collar 

FG   Fracture energy of concrete 

H  Height of column subjected to double curvature, equals to twice the height 

for column in single curvature 

1H   Distance to the point of application of lateral from the base of the column  

2H   Distance to the point of application of vertical load from the column base 

3H   Distance between two pin connections of the vertical loading assembly 

h   Section depth of the column in the direction of shear force 

ch   Cross-sectional dimension of the column core 

xh   Spacing of longitudinal reinforcement in the cross-section 

scI   Moment of inertia of external steel collar 

K   Confinement efficiency factor 

distK  Confinement distribution effectiveness factor related to the spacing and 

thickness of collars along the longitudinal axis of column 



effK  Confinement effectiveness factor related to the amount of confined core 

cross-section due to the concrete spalling 

sgK  Confinement effectiveness factor related to the strain gradient effect at the 

cross-section 

yK  Elastic secant stiffness at first yield of the specimen 

k  Factor to calculate shear strength contribution from concrete considering 

ductility level 

1k  Empirical constant used in confinement concrete model proposed by 

Triantafillou et al. (2006) 

2k  Empirical constant used in confinement concrete model proposed by 

Triantafillou et al. (2006) 

nk   Factor to calculate minimum shear reinforcement in CSA/A23.3-04 

pk   Factor to calculate minimum shear reinforcement in CSA/A23.3-04 

M   Applied moment at the column section 

fM   Factored moment 

iM  The bending moment in the collar during i th stage of plastic analysis 

pM  The plastic bending moment of the collar element at the location where the 

next hinge will form during a specific analysis stage 

mM   Modified moment at the critical section 

esaM max,  Maximum moment from equivalent rectangular stress block sectional 

analysis 



expmax,M  Average maximum moment from experiment in the push and pull 

directions 

lsaM max,  Maximum moment from layered sectional analysis 

uM   Factored moment at the critical section 

ln  Number of longitudinal bars that are laterally supported by the corner of 

hoops or by hooks of seismic crossties 

P   Axial compressive load applied to the column 

fP   Factored axial load applied to the column 

0P   Theoretical nominal axial capacity of the column without eccentricity 

esaPmax,  Maximum axial load from equivalent rectangular stress block sectional 

analysis 

lsaPmax,  Maximum axial load from layered sectional analysis 

uP   Factored axial compressive load applied to the column 

R   Horizontal force applied to the column 

dR   The ductility-related force reduction factor for base shear 

r  Ratio between the rotation induced displacement and the total 

displacement of the column in the experiment 

cr  Radius at the corners of rectangular section 

s  Centre-to-centre spacing of transverse reinforcement 

1s   FRP anchor spacing in x  direction 

2s   FRP anchor spacing in y  direction 



's   Clear spacing between steel collars 

ps   Centre-to-centre spacing of external prestressing strand/wire 

scs   Centre-to-centre spacing of steel collars 

xs   Spacing requirement in CSA/A23.3-04 for the transverse reinforcement 

zs   Crack spacing parameters 

zes   Equivalent crack spacing parameters 

t   The thickness of steel collar parallel to column longitudinal axis 

ft   Thickness of FRP 

jt   Thickness of external jackets 

1u   Elongation of the longitudinal bars in the footing 

2u   Elongation of the longitudinal bars in the footing 

V   Shear force at the column section 

1V   Load level for the first five cycles in the experimental program 

cV   Shear strength contribution from concrete 

cfV   Final concrete shear strength contribution at high displacement ductility 

ciV   Initial concrete shear strength contribution at low displacement ductility 

dfV   Final shear strength for high displacement ductility 

flexureesaV ,  Lateral force corresponding to flexural strength from equivalent 

rectangular stress block sectional analysis 

shearesaV ,  Shear strength from equivalent rectangular stress block sectional analysis 

fV   Factored shear demand 



iV   Initial shear strength for low displacement ductility 

jV   Shear strength contribution from external jackets 

flexurelsaV ,  Lateral force corresponding to flexural strength from layered sectional 

analysis 

shearlsaV ,  Shear strength from layered sectional analysis 

maxV   Peak lateral force 

aciVmax,  Peak lateral force from ACI318-05 

csaVmax,  Peak lateral force from CSA/A23.3-04 

esaVmax,  Maximum lateral force from equivalent rectangular stress block sectional 

analysis, which is taken as the smaller value of flexureesaV ,  and shearesaV ,  

expmax,V  Average peak lateral force from experiment in the push and pull directions 

pushV exp,max,  Peak lateral force from experiment in the push direction 

feaVmax,   Peak lateral force from finite element analysis 

lsaVmax,  Maximum lateral force from layered sectional analysis, which is taken as 

the smaller value of flexurelsaV ,  and shearlsaV ,  

responseVmax,  Peak lateral force from Response 2000 program 

mcVmax,  Peak lateral force from moment-curvature sectional flexural analysis 

stmVmax,  Peak lateral force from strut-and-tie model 

nVmax   The normalized shear strength 

nV   Nominal shear strength 



pV   Shear strength contribution from axial compressive load 

pcV  Shear strength enhancement in concrete induced by external prestressing 

strand/wire 

prV   Shear strength contribution from external prestressing strand/wire 

psV  Shear strength enhancement in shear reinforcement induced by external 

prestressing strand/wire 

rV   Factored shear strength 

sV   Shear strength contribution from shear reinforcement 

scV   Shear strength contribution from external steel collar 

sfV  Final shear strength contribution from internal shear reinforcement at high 

displacement ductility 

siV  Initial shear strength contribution from internal shear reinforcement at low 

displacement ductility 

sjV   Shear strength contribution from external steel jacket 

yV  Estimated shear force corresponding to the first yield of the longitudinal 

bars ignoring influence of collars 

uV   Factored shear force at the critical section 

w   The thickness of steel collar perpendicular to column longitudinal axis 

cw   Crack width 

ccrw   Critical crack width 

'
iw   The i th clear distance between adjacent longitudinal bars 



α   Inclination angle of vertical loading assembly 

1α  Ratio of average stress in rectangular compression block to the specified 

concrete strength 

β  Factor accounting for the shear resistance of cracked concrete used in 

CSA/A23.3-04 

1β  A coefficient to calculate the depth of equivalent rectangular stress block, 

ratio of the depth of the equivalent stress block to the depth of the neutral 

axis 

γ   Equivalent viscous damping ratio 

cγ   Density of concrete 

Δ  Total displacement at the horizontal loading position 

1Δ  Lateral displacement at the vertical loading position 

2Δ  Lateral displacement at the horizontal loading position 

axialΔ   Collar deflection due to axial elongation of the adjacent sides 

bendΔ   Collar deflection from bending 

iΔ   Total collar deflection up to the i th stage of plastic analysis 

maxΔ   Maximum displacement at each displacement-control loading level 

nΔ   Collar deflection at the n th stage of plastic analysis 

totalnΔ   Total collar deflection up to the n th stage of plastic analysis 

uΔ  Ultimate displacement 

RΔ  Rotation induced displacement 



yΔ  Average yield displacement in the push and pull directions 

ycΔ  Control yield displacement in conducting the test 

ytΔ  Modified average test yield displacement in the push and pull directions 

+Δ yt  Modified test yield displacement in the push direction 

−Δ yt  Modified test yield displacement in the pull direction 

*
tΔ  Modified average test displacement in the first cycle 

*
+Δ t  Modified test displacement in the first cycle in push direction 

*
−Δ t  Modified test displacement in the first cycle in pull direction 

*
+Δ c  Control displacement in the first cycle in push direction in conducting test 

*
−Δ c  Control displacement in the first cycle in pull direction in conducting test 

*
cΔ  Average control displacement in the first cycle in conducting test 

ε   Strain of concrete 

0ε   Average longitudinal strain of concrete cylinders at peak stress 

'
cε   Strain corresponding to the peak concrete compressive stress 

feε   The effective strain in FRP jacket 

ccε   Strain of the confined concrete 

'
ccε   Strain at peak stress of confined concrete 

'
coε   Strain at peak stress of unconfined concrete 

cuε   Ultimate concrete compressive strain 

escε   Effective axial strain of the external steel collar 



latε   Lateral strain of the external collar 

nlatε   The average lateral strain at the end of i th stage of plastic analysis 

nomε   Engineering (nominal) strain in ABAQUS modeling 

trueε   True strain in ABAQUS modeling, calculated from ( )nomtrue εε += 1ln  

uε   Strain of steel at ultimate stress 

xε   Longitudinal strain of at the mid-height of the cross-section 

η   Factor in calculation of concrete compressive stress in Chapter 5 

θ  Angle of diagonal crack in concrete column measured from the 

longitudinal axis of column; the direction of the average principal 

compression with respect to the longitudinal axis 

Rθ  Rotation angle of at the interface between the column and footing in the 

experiment 

μ   Displacement ductility 

cμ   Control displacement ductility used in conducting the test 

ξ   Reduction factor for effective compressive strength of the diagonal 

compression strut that accounts for the influence of flexural ductility 

ρ   Longitudinal reinforcement ratio, calculated from gs AA=ρ  

effρ   The effective transformed content of FRP into equivalent steel content 

wρ   Tensile longitudinal reinforcement ratio, calculated from gtw AA=ρ  

vρ   Volumetric ratio of spiral steel to core concrete 

σ   Stress of concrete or steel 



activeσ   Active confining pressure 

hσ   The equivalent uniform confining pressure 

luσ   The confining pressure at failure 

maxσ   Maximum confining pressure can be developed by the collar 

nσ  The incremental (additional) collar pressure during n th stage of the plastic 

analysis 

nomσ   Engineering (nominal) stress in ABAQUS modeling 

passiveσ   Passive confining pressure 

totalσ   Total confining pressure 

'
totalσ   Total equivalent confining pressure 

trueσ   True stress in ABAQUS modeling, calculated from ( )nomnomtrue εσσ += 1  

cν   Poisson’s ratio of concrete at a given level of axial strain 

coν   Initial Poisson’s ratio of concrete 

φ  Angle of the fibre reinforced polymer ply or internal friction angle of 

concrete; material strength reduction factor to calculate factored strength 

cφ   Concrete material strength reduction factor 

pφ   Reduction factor for the shear contribution from axial compressive load 

sφ   Steel material strength reduction factor 

ψ   Dilation angle of concrete 

'ψ    Factor in calculating shear strength contribution of shear reinforcement 
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CHAPTER 1 INTRODUCTION 
 
1.1 Introduction 
 
In most parts of the world, the building stock and the civil infrastructure are aging and in 
constant need of maintenance, repair and upgrading. Moreover, much of our building 
infrastructure was constructed prior to significant advances in earthquake engineering. 
With the development of the knowledge about seismic action and re-zoning of seismic 
activity, many reinforced concrete structures built before the 1970s in regions of high 
seismic risk are in need of upgrading. The design codes used at that time did not fully 
account for the seismic load effect and did not contain stringent detailing requirements to 
ensure ductile behaviour, which is critical to prevent structural collapse under sustained 
seismic loading. As a result, many structures in regions of high and moderate seismicity 
have been rendered “seismically deficient” by modern standards and are therefore in 
urgent need of rehabilitation. In these regions, the major part of the seismic threat to 
human life and property comes from those old existing structures. Situations unrelated to 
seismic performance, such as deterioration and damage of materials, adding more floors 
to existing structures, or changing the function of the structures, can also render the 
original structure deficient. Although a method of rehabilitation for many types of 
deficiencies is discussed in this report, the emphasis is on seismic rehabilitation. 
 
Columns are critical elements in any structural system and their performance during a 
seismic event can dominate the overall outcome. Existing reinforced concrete building 
columns can be particularly vulnerable due to various design and detailing deficiencies. 
Deficiencies that often characterize the old existing reinforced concrete frame structures 
include: (1) insufficient transverse reinforcement to confine the column core and to 
restrain buckling of longitudinal reinforcement; (2) inadequate lap splices located 
immediately above floor levels where inelastic actions may be concentrated with large 
flexural demand; (3) insufficient shear strength to develop the column flexural capacity, 
or the potential degradation of column shear strength with increasing flexural ductility 
demand; (4) inadequate column strength to develop a strong-column, weak-beam 
mechanism; and (5) deficient beam-to-column joint dimensions and details. 
 
Recent earthquakes have highlighted the urgency and importance of rehabilitating 
seismically deficient structures to achieve an acceptable level of performance. In 
earthquakes such as the 1933 Long Beach earthquake, 1940 El Centro earthquake, 1971 
San Fernando earthquake, 1989 Loma Prieta earthquake, 1994 Northridge earthquake, 
and 1995 Kobe earthquake, severe damage was observed in poorly detailed structures and 
some even collapsed, demonstrating the vulnerability of these systems. In order to 
prevent greater loss from the many similar buildings in stock, rehabilitation is required to 
improve their seismic performance. 
 
1.2 Rehabilitation Techniques 
 
Different rehabilitation techniques have been developed over the years, and rehabilitation 
with steel collars is one of them. 
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1.2.1 General 
 
Seismic rehabilitation has emerged as a major topic in earthquake engineering and has 
become a prominent research field that receives considerable emphasis throughout the 
world, especially in countries with significant seismic risk (CEB-FIB 2003). Over the 
past 20 years, many research projects have been carried out on the rehabilitation of 
existing structures, and significant advancements have been made in the research and 
development of innovative materials and technologies for improving the seismic 
performance of existing structures through rehabilitation processes. Many rehabilitation 
techniques have been proposed, studied, and implemented, but some are extremely costly 
and require invasive work that is highly disruptive to the building occupants. Ideally, an 
effective rehabilitation technique shall possess such characteristics as being easy to 
implement, minimizing disruption to the use of the structure, not requiring highly 
specialized skills, minimizing labour costs, and resulting in efficient performance. 
 
Rehabilitation can be achieved, in part, by reducing the load effects input to the existing 
structure, or by improving the strength, stiffness, and/or ductility of the structure. 
Rehabilitation techniques fall under two main categories: structural system-level 
rehabilitation and member-level rehabilitation (Moehle 2000; Bai and Hueste 2003). 
Installation of structural systems, such as adding structural walls, damping devices, base 
isolators, steel braces, or steel shear plates, has an impact on the overall structural 
response to earthquakes. It involves global modifications to the whole structural system 
so that the design demand, often represented by target displacement, on the existing 
structural system is less than its capacity. The second approach is a member-level 
approach, such as the use of concrete, fibre-reinforced polymer composite, or steel 
jacketing, to improve the performance of individual deficient elements such as columns, 
beams, and walls. In this approach, the objective is to increase the strength and 
deformation capacity of the deficient components so that they can reach their designated 
performance level (Moehle 2000). 
 
1.2.2 Rehabilitation by Steel Confinement Collars 
 
Considering the various factors such as effectiveness, amount of time and material 
involved, and the disruption of the use and operation of the structure, a simple and 
effective, minimally intrusive rehabilitation scheme using steel plate shear walls and steel 
collars has been proposed by Hussain and Driver (2001) and Driver et al. (2001), as 
shown in Figure 1-1. 
 
Research on steel plate shear walls conducted at the University of Alberta and elsewhere 
has confirmed the technical and economical attributes that make the steel plate shear wall 
system desirable as a lateral load resisting system, which has been used in some new 
structures. Those attributes include superior ductility, robust resistance to degradation 
under severe cyclic loading, and high capacity of energy dissipation. Driver et al. (2001) 
proposed that steel plate shear walls can also be used to rehabilitate deficient reinforced 
concrete frame structures as well as new structures. The concept is to take advantage of 
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the high strength, high ductilility, and high energy dissipation capacity of the steel plate 
shear wall to improve the performance of existing deficient reinforced concrete frame 
structures in strength/ductility/energy dissipation. 
 
There are some challenges that arise due to the use of steel plate shear walls in reinforced 
concrete frame structures, however, such as the connection between the concrete and 
steel, the ductility incompatibility between ductile steel plate shear walls and non-ductile 
concrete columns, and the fact that the tension field of the steel shear panel induces a 
high shear demand on the neighbouring columns. In order to solve these problems, an 
external steel collar system has been proposed for the existing frame columns by Hussain 
and Driver (2001, 2003, 2005a, 2005b). The external steel collars perform multi-
functions in the rehabilitation system. Besides providing a means of connecting the steel 
to the concrete, they also enhance the strength and improve the ductility of the concrete 
columns. Steel collars were also found to be effective on their own as a rehabilitation 
scheme. 
 
Hussain and Driver (2001, 2003, 2005a, 2005b) conducted experimental and analytical 
research on collared columns under concentric axial loading, as well as under axial and 
lateral loading where the flexural behaviour of the rehabilitated system was the focus. 
The rehabilitation method, using external steel collars as the confinement elements, was 
shown to be an effective rehabilitation method and benefits in both strength and ductility 
were demonstrated. The external steel collars used in the research were cut from steel 
hollow structural sections, as shown in Figure 1-2. Welding was needed in the fabrication 
and assembly of the collars, however, which made the process somewhat complicated, 
time consuming, and costly. Hence, a relatively simple, economical alternative was 
developed as a solid steel collar cut from thick steel plates that requires no welding, as 
shown in Figure 1-3. Chapman and Driver (2006) studied reinforced concrete columns 
rehabilitated with solid steel collars under concentric and eccentric axial loading and 
reported significant enhancement in both the strength and ductility of the columns. 
 
1.2.3 Collar Application to Short Columns 
 
Seismic rehabilitation of existing structures is often focussed on enhancing the ability to 
develop highly ductile flexural hinges in the frame under cyclic load input. However, in 
many cases columns also need to be capable of resisting cyclic shear. Cases where shear 
may be influential occur in short columns that are incorporated into structural systems 
either purposely or as a result of structural changes not considered in the original design. 
Examples include short columns in parking facility frames where storey levels vary, 
columns between window and other openings, and columns shortened by masonry infills, 
as shown in Figure 1-4. A typical case is a column whose clear height is reduced by stiff 
structural elements that limit the deformation of the column over a portion of its length 
(Woodward and Jirsa 1984). It has also been pointed out (Driver et al. 2001) that 
deficient reinforced concrete frames can be rehabilitated by installing thin vertical steel 
plates to create a hybrid steel plate shear wall, a condition that can induce high local 
shears on the columns. 
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Although Hussain and Driver (2001, 2003, 2005a, 2005b) studied the behaviour of 
collared reinforced concrete columns under axial load or combined lateral and axial loads, 
all columns were relatively slender columns with a shear span-to-depth ratio greater than 
2.5. Previous research has shown that although the flexural capacity of a column can be 
estimated with good accuracy, the shear capacity can be difficult to predict. Failure of 
existing reinforced concrete columns in shear usually takes place at low deformations and 
is associated with a large and sudden drop in lateral and axial load resistance. Moreover, 
the shear strength of a column subject to cyclic lateral load tends to degrade faster than its 
flexural strength. The risk of premature shear failure remains in existing reinforced 
concrete columns that do not meet current earthquake-resistant design criteria (Lynn et al. 
1996; Jaradat et al. 1998; Kim et al. 2001; Lehman et al. 2004; Biskinis et al. 2004). 
Since the brittle shear mode failure normally gives no warning, it should be avoided in 
the design and rehabilitation of concrete columns. Hence, research on the behaviour of 
collared reinforced concrete short columns under combined axial and cyclic lateral 
loading is needed. 
 
1.3 Objectives and Scope 
 
An ongoing research program at the University of Alberta is directed at understanding the 
performance of the proposed rehabilitation scheme for reinforced concrete columns using 
external steel collars. Experimental and analytical studies in earlier phases of the overall 
research program have already shown that steel collars provide an effective rehabilitation 
method for reinforced concrete slender columns (Hussain and Driver 2001, 2003, 2005a, 
2005b; Chapman and Driver 2006). Improvements in both strength and member ductility 
were demonstrated for concentric and eccentric axial loading conditions, and under 
simulated seismic loading that led to plastic hinging and eventual flexural failure. 
 
The current study was developed to further the understanding of the external steel collar 
rehabilitation scheme, with specific focus on the behaviour of reinforced concrete short 
columns. Research was conducted on the rehabilitation and repair of seismically deficient 
reinforced concrete short columns with steel collars under combined axial and cyclic 
lateral loading through analytical and experimental approaches. Design guidelines on the 
rehabilitation of deficient reinforced concrete frame columns are also proposed. This 
research also adds some experimental data to the general research pool on the behaviour 
of reinforced concrete short columns that may benefit other research, including the 
calibration of damage models. 
 
The overall goal of this research was to capture the effectiveness of this rehabilitation 
method so that it can be applied in practice through rehabilitation and repair approaches. 
The objective was to propose a strength model and guidelines that can be adopted in the 
rehabilitation design of concrete columns with external steel collars. To achieve this 
objective, five items were established in the research scope: 
 
(1) Evaluate through experiment the feasibility of and benefits resulting from the 

rehabilitation technique with external steel collars applied to short columns; 
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(2) Experimentally investigate the main parameters affecting the performance of collared 
reinforced concrete short columns; 

 
(3) Study the rehabilitation technique with external steel collars on reinforced concrete 

short columns through finite element (numerical) simulation, including a parametric 
analysis; 

 
(4) Perform analyses on collared reinforced concrete short columns adopting different 

analytical approaches, such as code provisions and a strut-and-tie model, and propose 
a strength model suitable for use in design or evaluation; and 

 
(5) Outline the general design guidelines for a practical rehabilitation scenario, using 

examples to demonstrate their application. 
 
The current research includes three main phases. In phase one, the behaviour of collared 
reinforced concrete short columns under simulated seismic loading was studied 
experimentally. In phase two, analytical studies on the behaviour of collared reinforced 
concrete short columns under simulated seismic loading were conducted through finite 
element simulation and with some conventional computational approaches. In phase three, 
design guidelines were developed to assist practicing design engineers in conducting a 
rehabilitation design of deficient reinforced concrete columns with external steel collars. 
 
1.4 Format and Organization 
 
This report is organized into eight chapters, and this section provides an overview of the 
remaining content. 
 
Chapter 2 presents a literature review on previous experimental and numerical studies on 
the behaviour of reinforced concrete short columns, including rehabilitated columns. 
Shear strength models for columns are reviewed. Concrete confinement models are also 
presented. 
 
Chapter 3 outlines the experimental program, which is focussed on reinforced concrete 
short columns with external steel collars that are subjected to combined axial and cyclic 
lateral loading. The results of the experimental program are presented in Chapter 4, 
where the effects of the test parameters are discussed and conclusions are drawn from 
comparisons among the specimens. 
 
In Chapter 5, a finite element modelling approach is adopted for the study of the 
behaviour of collared reinforced concrete short column. After validation of the finite 
element model with the experimental results, a parametric study is conducted. 
 
Other analytical approaches are adopted to predict the behaviour of collared reinforced 
concrete short column in Chapter 6, including the CSA/A23.3-04 and ACI318-05 code 
provisions, software Response 2000, and a strut-and-tie model. A strength model is 
proposed to predict the shear and flexural capacities of collared reinforced concrete 
columns. 
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Chapter 7 presents design guidelines for the rehabilitation of deficient reinforced concrete 
columns with external steel collars. Consideration is given to flexural and axial 
strengthening, as well as shear strengthening. Design examples are provided to illustrate 
the application of the design guidelines. 
 
Chapter 8 summarizes the conclusions drawn from the current experimental and 
analytical studies. Recommendations for future research are also presented. 
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Figure 1-1 Rehabilitation of reinforced concrete frame using steel plate shear wall with 

steel collar connections (adapted from Driver et al. 2001) 

 

                            
          (a) Bolted steel HSS collars                                (b) Welded steel HSS collars 

Figure 1-2 Steel hollow structural section (HSS) collars 

(Hussain and Driver 2005b) 
 

                            
                         (a)  Plan                                                               (b) Elevation 

Figure 1-3 Bolted solid steel collars 
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Figure 1-4 Reinforced concrete short columns 
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CHAPTER 2 LITERATURE REVIEW 
 
2.1 Introduction 
 
Severe damage and even collapse of non-ductile reinforced concrete frames during past 
earthquakes have demonstrated the potential vulnerability of these systems and the need 
for effective rehabilitation schemes. Over the past two decades, various rehabilitation 
techniques have been proposed and implemented. Previous research has shown that 
although the moment capacity of frame members can generally be estimated with good 
accuracy, the shear capacity can be difficult to predict. Shear deficiency can sometimes 
lead to a brittle and sudden shear failure, and short columns can be particularly 
vulnerable. This chapter summarizes key research pertaining to the behaviour of normal 
strength reinforced concrete short columns as well as different rehabilitation techniques 
intended to improve the shear behaviour of as-built columns. Some prominent shear 
strength models are also summarized in this chapter. 
 
The understanding and knowledge of the shear transfer mechanisms in various types of 
concrete structural elements has progressed significantly. The main types of shear 
transfer are: (1) Shear stress in the uncracked concrete; (2) crack interface shear transfer; 
(3) dowel action; (4) arch action; (5) shear reinforcement (ACI-ASCE Committee 426, 
1974). The ASCE-ACI Committee 445 on Shear and Torsion (1998) pointed out another 
mechanism, residual tensile stresses transmitted directly across cracks. Opinions vary 
about the relative importance of each mechanism in the total shear strength, resulting in 
different models for the prediction of shear strength. As for the shear reinforcement, in 
addition to the shear it carries directly, it aids several other kinds of shear transfer 
mechanisms. That is, when an inclined crack crosses the shear reinforcement, the 
reinforcement can contribute significantly to the capacity of the member by increasing or 
maintaining the shear transferred through crack interface interlock, dowel action of 
longitudinal reinforcing bars, and arch action, by the restriction of the widening of the 
crack (ACI-ASCE Committee 426, 1974). 
 
Columns are critical elements in any structural building system and their performance 
during a seismic event can dominate the overall performance of the structure since single 
column failures can lead to additional failures and potentially result in total building 
collapse. Previous research showed that shear-dominated behaviour is most common in 
columns having shear span-to-depth ratio less than 2.5 (Woodward 1980; Ghee et al. 
1989; Wong et al. 1993; Priestley et al. 1994a; 1994b; Jaradat et al. 1998). The shear 
span-to-depth ratio, referred to herein as the “aspect ratio” for simplicity, is calculated as 

( )VDM , where M  is the moment at the critical section, V  is the shear force at the 
critical section, and D  is the overall dimension of the cross-section parallel to the shear. 
The columns are made more vulnerable to damage when their spans are shortened by 
structural elements that are stiff and hence limiting the deformation of the column over a 
portion of its length, such as those adjacent to balcony parapets or masonry infill. This is 
known as the “short column” effect and it tends to make columns less ductile. If the 
structure contains both short and long columns, the load will be concentrated in the 
shorter columns due to their higher flexural stiffness. Hence, short columns are often 
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damaged in earthquakes due to this effect. In reinforced concrete members, it is desirable 
to ensure higher shear capacity than the corresponding flexural capacity in order to 
develop the relatively ductile flexural failure mode according to capacity design 
philosophy. As a result, study of the various parameters that influence the shear 
behaviour of reinforced concrete columns is necessary. 
 
The research on shear strength has developed from the early truss model to modified truss 
models. The modified truss model includes the strut-and-tie models, and includes models 
with Compression Field Theory or Modified Compression Field Theory to describe the 
stress–strain response. The early truss model approximated the shear behaviour of 
reinforced concrete members by neglecting tensile stress in the diagonally cracked 
concrete and by assuming the shear would be carried by diagonal compressive stresses in 
the concrete. The diagonal compressive stresses were assumed to incline at 45º to the 
longitudinal axis (ASCE-ACI Committee 445 on Shear and Torsion, 1998). 
 
The ASCE-ACI Committee 445 on Shear and Torsion (1998) presented a thorough 
review of the historical development of shear capacity models for reinforced concrete. 
Truss models were used as conceptual tools in the analysis and design of reinforced 
concrete beams for shear postulated independently by Ritter in 1899 and Mörsch in 1902. 
Mörsch later extended the use of truss models to torsion in 1920 and 1922. In the truss 
model, a reinforced concrete beam can be idealized as a parallel chord truss with 
compression diagonals inclined at 45º with respect to the longitudinal axis of the beam 
after it cracks due to diagonal tensile stress. The diagonal compressive concrete stresses 
push apart the top and bottom faces of the member, while the tensile stresses in the shear 
reinforcement pull them together. Equilibrium requires these two effects to be equal. 
According to the truss model, the shear capacity is reached when the shear reinforcement 
yields, or when the concrete compression diagonals crush, which is usually prevented by 
setting an upper limit to the maximum average shear stress in design code provisions. 
This approach is conservative due to the choice of inclination of the compression 
diagonals measured from the longitudinal axis as 45º. 
 
The ASCE-ACI Committee 445 on Shear and Torsion (1998) also pointed out that Talbot 
has concluded the shear strength varies with the amount of reinforcement and 
length-to-depth ratio of the beam as early as 1909. Short, deep beams give higher shear 
strength results than long slender ones, and beams with a high percentage of 
reinforcement give higher results than beams with a small amount of reinforcement. 
 
Different from the classical truss model, later research and practice led to the modified 
truss models that added a concrete contribution in the tension term of the shear 
reinforcement capacities, assuming either 45º or a variable angle of inclination of the 
diagonals. The inclination of the truss diagonals is allowed to deviate from 45º within 
certain limits based on the theory of plasticity (ASCE-ACI Committee 445 on Shear and 
Torsion, 1998). 
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2.2 Experimental Research on Short Reinforced Concrete Columns 
 
Many reinforced concrete structures built in high seismic regions before the 1970s are 
considered deficient due to reinforcing details that do not ensure ductile member response 
under severe seismic loading. It is important to identify the particular structural 
deficiency of the existing structure during the evaluation process in order to select an 
appropriate means of rehabilitation. Reported in this section are experimental studies of 
the behaviour of short reinforced concrete columns with normal strength concrete under 
combined axial compression and lateral loading. The aspect ratio of the short column is 
set as around 2.5 in this thesis. 
 
Jirsa et al. (1980) studied the influence of load history on the shear behaviour of short 
reinforced concrete columns through tests of 18 specimens simulating a short column 
between stiff floors. The columns had a cross-section of 300×300 mm and an overall 
height of 910 mm with two end blocks to facilitate loading and maintain end restraint. 
The internal longitudinal and transverse reinforcement were designed to represent the 
typical practice in column design at that time. The nominal strength of the concrete was 
35 MPa, with values ranging from 30 to 41 MPa. The geometry and reinforcement was 
kept constant throughout the experimental program but the loading history was different. 
In each case the lateral deformations were applied to a given level of multiples of yield 
displacement for three reversals and then the deformation was increased or the 
deformation path was changed. The following lateral deformation and axial load histories 
were considered: (1) No axial load with unidirectional or bidirectional lateral deformation 
path; (2) Constant compressive or tensile axial loads with unidirectional or bidirectional 
lateral deformation path; (3) Alternate tensile or compressive axial loads with 
unidirectional or bidirectional lateral deformation path. Based on the tests, the researchers 
concluded that the load history affects the rate of stiffness and strength degradation. 
Bidirectional lateral histories in which the deformations were applied alternately in each 
direction produced a slightly more rapid degradation than unidirectional loadings. 
Constant compressive axial load appeared to accelerate shear deterioration. Constant 
axial tension decreased shear deterioration but substantially reduced the shear capacity 
and the stiffness. Alternating axial tension and compression produced results similar to 
that of constant compression. 
 
Woodward (1980) tested 11 short reinforced concrete columns, each representing a 
column bounded by large framing members that restrain end rotation. The columns were 
subjected to slowly-applied cyclic displacements of the upper end relative to the lower 
end to simulate the action of a building column subjected to seismic excitation. The 
overall geometry of the specimen was kept unchanged. The test column was 910 mm in 
overall height with a 300×300 mm cross-section and 25 mm clear cover to the tie 
reinforcement, which was a 2/3-scale model of a prototype column 1370 mm in overall 
height with a 460×460 mm cross-section and 38 mm of clear cover. The amount of 
longitudinal and transverse reinforcement relative to each other was changed to study the 
effect of the ratio of shear capacity to flexural capacity on the member behaviour. 
Constant compressive axial load with a value of approximately 50 percent of the axial 
load at balanced strain conditions for each column was applied. Diagonal (in plan) lateral 
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displacement was applied to produce biaxial displacement. Three cycles of reversed 
displacement were applied along each diagonal at each displacement level. Test results 
showed that the shear capacity of a short column is largely dependent on the capacity of 
the concrete to resist shear force before inclined cracking develops. After cracking, the 
shear resistance of the column was strongly related to the effectiveness of aggregate 
interlock along the inclined cracks. In the short columns tested, there was a lower limit on 
the amount of transverse reinforcement that was required before an increase in the 
maximum lateral load of the column was observed. Varying the amount of transverse 
reinforcement while remaining below this limit did not cause a proportionate increase in 
the shear capacity. No single parameter uniquely determined the behaviour of these short 
columns, but there existed a hierarchy of parameters that affect the column behaviour to 
different degrees. 
 
Kokusho et al. (1986) conducted an experimental study of aseismic shear behaviour of 
reinforced concrete columns under high axial load. A total of 18 scaled-down specimens 
simulating the low storey columns in a 25-storey building were tested.  Three shear 
span-to-depth ratios, 1.0, 1.5, and 2.0, and five axial force ratios were examined.  Three 
of the specimens had little shear reinforcement. The cross-section of all specimens was 
200×200 mm. The axial compressive load was applied first and kept constant, and 
monotonic loading of lateral displacement was applied later until the rotation angle of the 
columns reached a prescribed limit. Test results showed that the ultimate shear strength 
of the column increases with an increase of the axial compressive force if the axial 
compression index is not greater than 0.4, but under higher axial compressive load the 
ultimate strength increases little because compressive failure of the concrete occurs. The 
axial compression index is calculated from ( )gc AfP ' , where P  is the axial compressive 

load applied to the column, '
cf  is the compressive strength of concrete, and gA  is the 

gross cross-sectional area of the column. Tests showed that the greater the aspect ratio, 
the larger the deformation capacity, and the lower the amount of shear reinforcement, the 
lower the deformation at shear failure. It was suggested that in order to maintain aseismic 
integrity in columns subjected to a high axial compressive load, an effective arrangement 
of shear reinforcement is required so that every corner and alternate longitudinal bar has 
lateral support. 
 
Kobayashi et al. (1986) performed an experimental study on the ultimate shear strength 
of reinforced concrete columns subjected to bi-directional lateral loads. All the specimens 
had a 150×150 mm cross-section and an aspect ratio of 2.0. Test results indicated that 
ultimate shear strength under bi-directional lateral load was lower than that under 
uni-directional lateral load. 
 
Ghee et al. (1989) tested 25 circular columns under axial load and cyclic lateral inelastic 
displacement. The columns, tested as simple vertical cantilevers, had a diameter of 
400 mm, which was considered to provide approximately one-third scale models of 
typical bridge columns. The target 28-day compressive strength of concrete was 30 MPa. 
Results indicated that the shear strength was dependent on the axial compression index, 
the column aspect ratio, the amount of transverse spiral reinforcement, and the 
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displacement ductility factor, μ . At low displacement ductility, a summation of a 
concrete contribution to shear strength plus a 45º truss mechanism involving the 
transverse spiral reinforcement and the diagonal concrete compression struts could be 
used to predict the column shear capacity. The researchers pointed out that the then 
current U.S. and New Zealand code design equations for the concrete contribution were 
found to be very conservative. At displacement ductilities, μ , of 2>μ , the shear 
strength degraded gradually with increasing ductility, and the inclination of the diagonal 
compression struts of the truss mechanism to the longitudinal axis decreased. Based on 
the test results, the researchers proposed design equations relating the degradation of 
shear strength to the displacement ductility factor. 
 
Wong et al. (1993) tested sixteen 400 mm diameter circular cantilever columns with an 
aspect ratio of 2.0 and different transverse spiral reinforcement ratios ranging from 0.4% 
to 2.5% to investigate the strength and stiffness of shear-resisting mechanisms under 
various displacement patterns and axial compressive load intensities. All test columns 
had a longitudinal reinforcement ratio of %2.3=ρ , where ρ  is the total longitudinal 
reinforcement area, sA , divided by the gross cross-sectional area of the column, gA . 

Three levels of axial compressive load were applied: 0, gc Af '19.0 , and gc Af '39.0 . Four 
types of lateral displacement patterns were studied: uniaxial and three patterns of biaxial 
loading. Test results showed that elastic shear deformations in short circular columns 
with small or no axial compressive load were significant. In comparison with the uniaxial 
displacement pattern, biaxial displacement pattern (one cycle consisted of North-South 
path followed by an East-West path) resulted in more severe degradation of stiffness and 
strength and, in turn, also energy dissipation. However, the reduction of initial shear 
strength and ductility capacity of short columns subjected to a biaxial displacement 
history was not significant. The value of the ultimate displacement was, on average, less 
than that obtained in identical units subjected to a uniaxial loading history. Axial 
compressive load increased shear strength enhancement, but tended to decrease the 
ductility. Strength loss in columns subjected to a large axial compressive load was sudden 
and without warning, mainly due to the development of a wedge mechanism formed by 
the crossed diagonal cracks and axial compressive load. Assessments in ACI 318-89 of 
shear carried by the concrete were conservative at low ductility levels. All test specimens 
satisfying ACI 318-89 code requirements for non-seismic shear strength developed a 
displacement ductility of four or higher even under the most severe displacement patterns. 
 
Lynn et al. (1996) constructed eight full-scale specimens typical of pre-1970s 
reinforcement detailing practice. The specimens were subjected to constant axial 
compressive load and increasing cyclic lateral displacement increments until failure. All 
columns were 456×456 mm in cross-section and 2940 mm in overall height with two stiff 
and strong ends that enforced double curvature in the columns. Normal weight aggregate 
concrete with compressive strengths ranging from 26 to 33 MPa was used and the axial 
compressive load was either gc Af '12.0  or gc Af '35.0 . It was observed that those columns 
that reached the calculated flexural strength before the calculated shear strength exhibited 
a relatively ductile response, while those that did not reach the flexural strength exhibited 
brittle failure. Loss of axial load capacity (failure of the specimen) occurred at or after 
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significant loss of lateral force resistance. Axial load failure occurred soon after the loss 
of lateral force resistance when the response was governed by shear. Axial load resistance 
was maintained until eventually shear failure occurred when the response was initially 
governed by lap-splice deterioration and axial compressive loads were small. Axial load 
capacity was maintained to relatively large displacement levels when the response was 
predominantly flexural. 
 
Jaradat et al. (1998) investigated the flexural and shear performance of old existing 
columns for the purpose of seismic assessment and rehabilitation design through the 
testing of eight reduced-scale circular specimens. All the specimens had a diameter of 
250 mm, while the aspect ratios ranged from 2.0 to 3.5. The compressive strengths of 
concrete were 26 MPa and 29 MPa for two different batches of concrete. All specimens 
were subjected to constant axial compressive load and increasing cyclic lateral 
displacement with three cycles at each level. It was found that increasing the amount of 
longitudinal reinforcement resulted in shear failure in the short specimens due to the 
increase in the shear demand required to develop the flexural strength. In the specimens 
that had flexure-dominated failures, greater amounts of longitudinal reinforcement 
resulted in less pinching in the hysteresis curves. A decrease in the aspect ratio resulted in 
an increase in the column shear demand. Specimens with larger aspect ratios dissipated 
more energy and experienced less pinching in the hysteresis curves. Increasing the splice 
length at the column base resulted in a slight increase in column strength and a delay in 
the onset of splice degradation. 
 
2.3 Confinement of Reinforced Concrete Columns 
 
The benefit of confinement to strength and ductility can be shown when the concrete 
stress approaches the uniaxial capacity and the volume of the concrete increases due to 
the internal cracking. Enclosing confining elements exert reaction pressure to the core 
concrete, which in turn increases its strength and ductility. Extensive research on the 
confinement of reinforced concrete columns to enhance strength and ductility has been 
conducted over the years. Confinement can be provided through such mechanisms as 
internal reinforcement, external reinforcement, external jackets (made of concrete, steel, 
or fibre reinforced polymers, etc.), or external prestressing. The structural behaviour of 
reinforced concrete columns can be improved through the confinement provided to the 
concrete core and the lateral support provided to the longitudinal bars. Numerous 
analytical models have been proposed to predict the stress-strain behaviour of confined 
concrete, accounting for the confinement effect exhibited through different confining 
systems. Though these models showed reasonable accuracy through validation with 
experimental results, there appears to be little consensus as to a specific confinement 
model that yields accurate results consistently. Discussions of only a few recent 
confinement studies from the literature are presented in the following sections. A more 
complete review can be found in Hussain and Driver (2005b) and Chapman and Driver 
(2006). 
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2.3.1 Confinement Models 
 
Hussain and Driver (2005b) and Chapman and Driver (2006) presented detailed reviews 
of existing confinement models in previous phases of this research program. Only the 
more recent additions to the literature are presented here. 
 
Triantafillou et al. (2006) conducted an experimental study of confined cylinders and 
short rectangular columns with textile-reinforced mortar jackets, and proposed a 
confinement model through the introduction of experimentally-derived jacket 
effectiveness coefficients. The typical approach assuming that the confined strength and 
ultimate strain depend on the confining stress at failure was adopted as follows: 
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where '

ccf  is the peak stress of confined concrete, '
cof  is the unconfined concrete material 

strength. luσ  is the confining pressure at failure, '
ccε  is the confined concrete strain at 

peak stress, '
coε  is the unconfined concrete strain at peak stress, 1k , and 2k  are empirical 

constants and can be derived experimentally. m  and n  are taken as 1 for simplicity to 
assume that the relationship between confined strength and ultimate strain and their 
unconfined counterparts is linear. b  and h  are the section dimension of the column, cr  is 
the radius at corners of rectangular section. jt  and jef  are the thickness and effective 
strength of jackets. 
 
Yan and Pantelides (2006) proposed a confinement model based on plasticity theory 
using the William-Warnke five-parameter concrete model and the Pantazopoulou-Mills 
theory of degradation of concrete elastic modulus. The Popovics concrete model for 
hardening behaviour and the Saenz model for softening behaviour were applied in the 
formulation. The confinement model was implemented adopting an incremental approach 
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to account for the variable fibre reinforced polymer (FRP) confinement and dilation 
behaviour with the axial loading history. The model was verified using medium scale and 
large scale tests of FRP-confined concrete compression members with bonded FRP 
jackets or post-tensioned FRP shells and showed good agreement with experimental 
results. 
 
2.3.2 Confinement Study by Hussain and Driver (2005b) 
 
Through their literature review, Hussain and Driver (2005b) pointed out that the existing 
available confinement models lack an explicit flexural stiffness parameter for the 
confining element and most of those models were developed under the assumption of 
constant confining pressure. Hence, they may be unable to predict the behaviour of 
concrete confined by external steel collars because of the significant flexural stiffness that 
these collars possess. Hussain and Driver (2005b) conducted finite element studies of 
collared reinforced concrete columns to establish confining behaviour of the collars in 
terms of average confining pressure versus average lateral strain. The average confining 
pressure was obtained by dividing the total force in the connection elements (the 
outrigger elements between the concrete surface nodes and the external steel collars 
nodes) located in a strip by the strip area. The average lateral strain was obtained by 
dividing the average horizontal displacements of the concrete surface nodes by half the 
width of the column. The axial and flexural stiffnesses of the external steel collars were 
incorporated into the proposed model. The active confining pressures applied through 
prestressing the collar bolt connections were generated by applying a negative 
temperature change to the corner bolts of the collars. 
 
After obtaining the average confining pressure versus average lateral strain relationships, 
the lateral strain was related to the axial strain, and the confining pressure was related to 
the axial stress through a confinement model. While the available existing confinement 
model dealt with constant confining pressure, an incremental-iterative procedure was 
required since the confining pressure under external steel collars was variable through the 
loading history. Hence, the analysis was performed in increments of axial load and in 
each increment a constant confining pressure was assumed. As the process repeated, the 
entire stress versus strain curve of the confined concrete was traced. 
 
2.3.3 Confinement Study by Chapman and Driver (2006) 
 
Based on the work presented by Hussain and Driver (2005b), Chapman and Driver (2006) 
proposed a procedure to determine the confining pressures induced by the collars through 
a simplified plastic analysis that eliminates the need for finite element modelling. The 
predicted load history was partially extended into the descending branch of column 
response after the peak load. The approach was distinct from other models because of the 
simple, yet effective, behavioural modelling of the collars based on a generalized plastic 
analysis. The plastic analysis allowed both the axial stiffness and flexural stiffness of the 
collars to be incorporated into the confinement model and provided representative 
confining pressures that increase as the column was loaded. Moreover, the model can be 
used with or without active confinement. The model was applied to 17 concentrically 
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loaded columns with external steel collars and good agreement was achieved between 
experimental and predicted column axial load–axial strain histories. The analytical model 
presented by Chapman and Driver (2006) is used in Chapter 6 to predict the stress versus 
strain response of the collared concrete columns tested as part of this research project. 
 
The first step for the general procedure of this model is the development of independent 
behavioural representations for the steel collar and the confined concrete based on a 
simple rational approach. Once these independent relationships have been established, an 
equilibrium confining pressure can be calculated based on displacement compatibility, 
which expresses the interaction between the two elements. Then an idealized relationship 
between the collar lateral deflection and confining pressure is developed that is 
independent of the concrete behaviour. This assumed uniform confining pressure is then 
modified to the equivalent uniform confining pressure through the introduction of a 
confinement efficiency factor to represent the effects of collar spacing and confinement 
effectiveness. A revised confinement effectiveness factor that accounts for the axial strain 
gradient across the column cross-section could be included if the column is not 
concentrically loaded. Once the equivalent uniform confining pressure is obtained, the 
peak stress of confined concrete is calculated according to equations for constant 
confining pressure. An incremental iterative approach is used that assumes a constant 
confining pressure within each small increment. Finally, the established unconfined 
concrete stress–strain relationship is modified to apply to confined concrete. The 
procedure requires the axial strain in the column as an input value. As the axial strain is 
incremented, points along the confined concrete stress–strain curve are formulated. 
Within each increment, initial values for unknown parameters are assumed and iteration 
is performed until convergence is reached. 
 
A solution strategy was presented by Chapman and Driver (2006) that outlines the 
detailed steps required to generate the stress versus strain history of concrete columns 
confined with external steel collars, summarized as follows: 
 
[Step 1] Plastic analysis of the external steel collars themselves produces intermediate 
values of an idealized uniform confining pressure, nσ , using Eq. 2-2, and resulting lateral 
strains at the centre of the collar segments, nlatε , corresponding to the formation of 
plastic hinges using Eqs. 2-3a through 2-3f. A maximum value of collar pressure, maxσ , is 
also calculated using Eq. 2-4 that limits the level of passive confining pressure, passiveσ , 
that can be generated by the collar system. 
 
[Step 2] The equilibrium passive confining pressure, passiveσ , can be calculated from 
Eq. 2-5a, which includes four variables ( ccε , cυ , cE , scE ) determined as follows: 
1. The concrete axial strain, ccε , is an input variable that is incremented upward to 
generate the load history. 
2. The secant Poisson’s ratio, cυ , is calculated from Eq. 2-5b. The value of hσ  in 
Eq. 2-5c is taken as the total equivalent confining pressure, 'totalσ . 
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3. The concrete secant modulus, cE , is the ratio between concrete stress and strain 

ccccf ε  taken at '%40 cf . 
4. The collar secant modulus, scE , is the ratio between collar pressure and lateral strain 

latcollar εσ , and is calculated from the curve generated in Step 1 once the value of column 
lateral strain is known. 
 
[Step 3] The equivalent uniform confining pressure, '

totalσ  , based on the total confining 
pressure ( activeσ + passiveσ ) can be calculated from Eqs. 2-6a and 2-6b, using values for the 
confinement efficiency factor, K , from Eqs. 2-6c to 2-6e. 
 
[Step 4] The peak confined concrete strength, '

ccf , and strain at peak stress, '
ccε , are 

calculated from Eqs. 2-7a and 2-7b, respectively. 
 
An iterative process is used because the variables cυ , cE , and scE  are all functions of 
confining pressure. Initially, values for the unconfined concrete properties ( coυ  and coE ) 
and the starting value of scE  (before the first plastic hinge forms) are used for the 
unknowns. Next, the values for equilibrium passive confining pressure, passiveσ  , and peak 

confined concrete strength, '
ccf , are calculated according to Eqs. 2-5a and 2-7a, 

respectively. The values for cυ , cE , and scE  are then updated. Iterations (Steps 2 to 4) 
are performed until convergence is achieved. This process is readily executed using a 
spreadsheet. 
 
[Step 5] The confined concrete stress, ccf , at each increment of axial strain, ccε , is 
calculated using Eqs. 2-8a to 2-8d. 
 
[Step 6] The process (Steps 2 to 5) is repeated with increasing levels of axial strain, ccε . 
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where nσ  is the incremental (additional) collar pressure during the n th  stage of the 
plastic analysis, iF  is the axial tension force in the collar during i th  stage of the plastic 
analysis, t  is the thickness of the collar beam element (along the column longitudinal 
axis), h  is the length of the collar beam element and the column width, yF  and pM  are 
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the axial yield force and plastic bending moment of the collar element at the location 
where the next hinge will form during a specific analysis stage, C  is a coefficient related 
to the elastic bending moment and is equal to 12 initially (stage 1=n ) , and eight after 
the first plastic hinge has formed (stage 2=n  or 3=n ). iM  is the bending moment in 
the collar during i th  stage of the plastic analysis. nlatε  is the average lateral strain at the 
end of each analysis stage, totalnΔ  is the total collar deflection at the end of each analysis 
stage, which is calculated by adding deflections from previous analysis stages, iΔ  , to the 
deflection during the current stage, nΔ , which itself includes components from bending, 

bendΔ , and axial elongation of the adjacent sides, axialΔ . scE  is the secant modulus of the 
collar, scI  and scA  are the moment of inertia and cross-sectional area of the collar, 
respectively. maxσ  is the maximum collar pressure that can be developed by that collar 
and the collar pressure remains constant at this maximum value as the collar beam 
element continues to deflect outward. This is the limit of the passive confining pressure 
the collar can provide to the concrete, passiveσ . cν  is the secant Poisson’s ratio of concrete 
at the applied axial strain, ccε  is the axial strain for confined concrete. hσ  is the uniform 
confining pressure imposed on the concrete surface in the two directions orthogonal to 
the original uniaxial strain. cE  is the secant modulus of the concrete. coν  and '

ccε  are the 
initial Poisson’s ratio and strain at the peak stress of confined concrete. '

cof  is the 
unconfined concrete material strength. '

totalσ  is the equivalent uniform confining pressure, 
which is calculated from the total confining pressure totalσ  through the confinement 
efficiency factor K . activeσ  is the active confining pressure due to bolt pretensioning. The 
confinement efficiency factor K  involves a semi-empirical distribution factor that 
spreads the confinement stress at the collar level over the height of the column distK , 
which is related to the clear spacing of the collar, 's , and the collar thickness, t . The 
factor effK  provides a penalty to the confining pressure for areas of the column 
cross-section that are ineffectively confined where spalling takes place. A revised 
confinement effectiveness factor considering strain gradient effect factor as well may be 
included in this confinement efficiency factor if the column is not concentrically loaded. 

'
ccf  is the peak stress of confined concrete, '

coε  is the unconfined concrete strain at peak 
stress, ccf  is the general value for confined concrete stress, and coE  is the initial concrete 
tangent modulus. 
 
2.4 Column Rehabilitation Techniques 
 
Column failures have caused the most significant failures of reinforced concrete 
structures. To prevent the column failure mechanism during earthquakes, columns should 
never be the weakest components in the whole structure. As a result, column 
rehabilitation is often critical to the seismic performance of a rehabilitated structure. 
Clearly, it would be desirable if speedy, economic, effective, and simple strengthening 
techniques were available. Practical methods available for strengthening existing 
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reinforced concrete columns include adding concrete jackets, steel jackets, FRP jackets, 
external prestressing wires, strands, or belts, and steel collars. Previous research on these 
rehabilitation techniques as applied to normal strength reinforced concrete columns under 
combined axial compression and lateral loading are reviewed in this section. 
 
2.4.1 Concrete Jackets 
 
Bett et al. (1988) tested three short columns under constant axial compressive load and 
reversed cyclic lateral loads. All three test specimens had a cross-section of 304×304 mm 
and an overall height of 912 mm, which gives an aspect ratio of 1.5, and were constructed 
with normal weight concrete and deformed reinforcement according to typical practice of 
column design in the 1950s and early 1960s. Two columns were strengthened with 
shotcrete jackets before testing. One specimen was strengthened with a shotcrete jacket 
only. The other, however, had the same basic shotcrete jacket plus longitudinal bars at 
each midface connected by supplementary cross ties inserted through drilled holes in the 
column and cemented with epoxy adhesive. The third column was repaired after being 
tested to failure. Test results showed that the specimen representing an existing column 
performed poorly under cyclic lateral deformations exceeding 0.5 percent drift. The 
rehabilitated specimens demonstrated improved behaviour. The modification of the 
rehabilitation through providing additional midface longitudinal bars in the jacket 
connected by cross-ties grouted with epoxy adhesive did not significantly affect the 
column’s stiffness or strength under monotonic loading, but it did improve the stability of 
strength and stiffness response under cycles of reversed lateral displacement exceeding 2 
percent drift. 
 
Rodriguez and Park (1994) reported the results of an experimental study of the 
improvement in seismic behaviour of reinforced concrete columns repaired and/or 
rehabilitated by concrete jacketing. The tests consisted of both as-built control columns 
typical of those constructed prior to the 1970s and columns rehabilitated by concrete 
jacketing with added longitudinal and transverse reinforcement. The cross-section of the 
columns was 350×350 mm. A stub was present at the mid-height of each specimen to 
represent a portion of the beams oriented in the two perpendicular directions and the slab 
at the beam–column joint. The concrete jacketing consisted of a 100 mm thickness of 
additional reinforced concrete, with eight or 12 new longitudinal reinforcing bars and 
new square or octagonal transverse reinforcement. Results of the simulated seismic load 
tests showed that the strength and stiffness of the jacketed columns were as high as 
three times those of the as-built control columns, and very good ductility and energy 
dissipation were observed in the jacketed columns. However, this technique of 
rehabilitation was found to be labour-intensive and time-consuming. 
 
Fukuyama et al. (2000) conducted tests of eight specimens to study the effectiveness of 
jacketing with reinforced concrete, steel plates or carbon fibre sheets in enhancing the 
shear strength and ductility of deficient columns. The overall column height of all 
specimens was 900 mm and the original cross-section was 350×350 mm. Two specimens 
represented the restored columns: one specimen was rehabilitated with a reinforced 
concrete jacket, and the cross-section was enlarged by the placement of high-fluidity 
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concrete and welded wire fabric; the other specimen was repaired by adding new 
longitudinal reinforcing bars along the buckled longitudinal reinforcing bars and adding 
steel plates along the perimeter of the column with the gap between the steel plate and 
original concrete grouted with high-fluidity concrete. Two specimens were rehabilitated 
by replacing the cover concrete with new concrete and shrinkage-compensating mortar. 
Both specimens were jacketed with steel plates along the perimeter of the original 
existing column, with two layers of carbon fibre sheets, and with preformed carbon fibre 
reinforced polymer (CFRP) plates and the gap between the preformed CFRP plates and 
column concrete was filled with shrinkage-compensating mortar. Cyclic shear force was 
applied to the column while the axial compressive load was kept constant at gc Af '3.0 . 
Test results demonstrated that the shear strength and ductility of the repaired columns can 
be restored to a performance level that exceeds that of the pre-damaged columns. The 
shear strength of columns having rehabilitated cover concrete with 
shrinkage-compensating mortar was restored back to the original performance level. The 
displacement ductility of jacketed columns with steel plates, carbon fibre sheets or 
preformed CFRP plates was enhanced substantially. 
 
Takiguchi and Abdullah (2001) tested six columns with inadequate shear strength that 
had been rehabilitated with circular or square ferrocement jackets containing four to six 
layers of wire mesh. The cross-section of the specimens was 120×120 mm and 600 mm 
in overall height, with two end blocks. Cement slurry was used as infill mortar and for the 
ferrocement jacket. Constant axial compressive load and cyclic lateral load were applied 
to all the specimens. Test results indicated that all strengthened columns showed 
extremely stable and ductile response, regardless of the amount of axial compressive load 
and strengthening scheme. 
 
2.4.2 Steel Jackets 
 
Priestley et al. (1994a, 1994b) investigated the effectiveness of steel jackets for 
rehabilitating columns with inadequate shear strength. Eight circular columns with 
diameter of 610 mm and six rectangular columns with cross-section of 406×610 mm 
were constructed to simulate the critical moment-to-shear ratio of typical squat bridge 
columns. Columns were constructed with aspect ratio of 2 or 1.5. Circular jackets and 
elliptical jackets were used for rehabilitating the circular and rectangular columns, 
respectively. Both rehabilitated circular and rectangular columns were tested with steel 
jackets over the full length. All test specimens were subjected to a standard cyclic loading 
pattern, which consisted of an initial force-controlled stage, followed by displacment 
control after first yield of the longitudinal reinforcement was attained. The test results of 
14 large-scale model columns under constant axial compressive load and cyclic shear in 
double curvature showed that the steel jacketed columns developed stable hysteresis 
loops with much higher load-carrying capacities and ductilities. Test results indicated that 
steel jacketing of circular columns by circular steel jackets, and of rectangular columns 
by elliptical steel jackets, was extremely effective in enhancing shear strength and 
flexural ductility of shear-deficient columns; the brittle shear failure that occurred in the 
as-built models, simulating the existing columns, was completely prevented by steel 
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jacket rehabilitation. Simple analytical shear strength models were developed based on 
the experimental results. 
 
Aboutaha et al. (1996) investigated the use of rectangular steel jackets for strengthening 
typical building columns with inadequate lap splices designed and constructed in the 
1950s and 1960s in the United States. A total of 11 large columns were tested including 
four as unrehabilitated control specimens. Six of the seven rehabilitated columns were 
rehabilitated with solid steel jackets, with and without adhesive anchor bolts used to 
stiffen the steel jacket and improve confinement of the splice, and the other column was 
rehabilitated with steel collars made of channel sections. The rectangular solid steel 
jackets were prefabricated in two L-shaped panels in plan and assembled around the 
column, and the ends of these two L-shaped panels were fillet welded together over the 
full height of the steel jacket. The steel collars were made of four C4×7.25 steel channels. 
The channels were connected at the column corners using half-inch diameter A325 bolts. 
The gap between the steel jacket or steel collar and the concrete column was filled with 
non-shrink cementitious grout. Anchor bolts were installed in pre-drilled holes in the 
concrete using an adhesive compound to connect the jacket to the concrete column. 
Anchor bolts were provided only on one side of the column rehabilitated with steel 
channel collars to assess their benefit. The following variables were examined: concrete 
strength, width of column, number and location of adhesive anchor bolts, spacing 
between adhesive anchor bolts, and height of steel jackets. The test results demonstrated 
that such columns can be effectively rehabilitated with thin rectangular steel jackets 
augmented by a small number of adhesive anchor bolts. Rehabilitated columns showed 
significant improvements in cyclic loading performance, but the column rehabilitated 
with steel channel collars experienced an early splice failure during the test, and 
ultimately showed only a small improvement in strength and ductility over the 
unrehabilitated column. Hence, no further tests were conducted on steel channel collars. 
Design recommendations were proposed to rehabilitate the lap-splice deficient columns 
with rectangular steel jackets based on these test results and a simple analytical model. 
 
Xiao and Wu (2003) proposed using partially stiffened steel jackets to rehabilitate square 
or rectangular reinforced concrete columns. Five one-third scale model columns were 
tested under a constant axial compressive load of gc Af '3.0  and cyclic lateral force in a 
double-curvature condition. All the columns had an overall height of 1016 mm with a 
cross-section of 254×254 mm and aspect ratio of 2. The reinforcement details simulated 
existing columns built based on pre-1971 design codes. Four of the five columns were 
rehabilitated using partially stiffened steel jackets. To rehabilitate an existing column, 
relatively thin steel plates were welded to form a rectilinear jacket for shear strength 
enhancement, and additional confinement elements (stiffeners) with various 
configurations were welded to the potential plastic hinge regions at the column ends to 
ensure a ductile behaviour. From the tests, the rehabilitation method was found to be very 
effective for improving the seismic behaviour of existing deficient columns. All three 
model columns rehabilitated by rectilinear steel jackets with stiffeners developed 
excellent hysteretic behaviour with ultimate drift ratios exceeding 8%. However, the 
specimen rehabilitated with a welded steel jacket without stiffeners for shear strength 
enhancement was not able to develop satisfactory ductility. 
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Saiidi et al. (2004) conducted four 0.3-scale model column tests on a shake table. One 
specimen represented an as-built control column and the other three were rehabilitated 
with jackets, of which one was fabricated with steel, one with glass fibre reinforced 
polymer (GFRP), and the third with carbon fibre reinforced polymer (CFRP). The 
cross-section of all columns was an irregular octagon, with constant width and variable 
depth over the flares (i.e., tapered columns). The cross-section of the oval steel jacket 
varied along the height to follow the column profile. The space between the jacket and 
the original column was filled with a high-strength and low-shrinkage pressurized grout 
The GFRP and CFRP fabrics were installed directly onto the columns and followed the 
column shape. Then, a thin layer of epoxy was applied to the fabrics. The jacket thickness 
was designed to resist the difference between the shear demand and the original column 
capacity using the provisions of the U.S. Federal Highway Administration Rehabilitation 
Manual (FHWA 1995) assuming a 45º shear crack angle. The behaviour of the column 
rehabilitated by a steel jacket was compared with those of the two columns rehabilitated 
by FRP jackets and the as-built control column. Test results indicated that all the jackets 
accomplished their primary goal of enhancing the shear strength and the displacement 
ductility capacity of the columns. The jackets changed the mode of failure from 
shear/flexural failure to flexural failure. The seismic performance of the steel-jacketed 
column was similar to that of the columns with FRP jackets. 
 
2.4.3 FRP Jackets 
 
Advanced composite materials have been applied to the rehabilitation of reinforced 
concrete columns due to the many advantages of the material, such as light weight, and 
high stiffness and strength-to-weight ratios. The concept of confinement systems utilizing 
FRP materials was first developed in Japan during the early 1980s as a structural 
rehabilitation alternative to steel systems. Later using carbon fibres and epoxy resin as the 
FRP constituents, rehabilitation applications extended for building and bridge columns, 
and chimneys. Several composite jacketing and wrapping systems have been developed 
and validated in laboratory or field conditions. 
 
Priestley and Seible (1995) reported an experimental investigation of circular and 
rectangular columns rehabilitated with fibreglass/epoxy composite jackets. The column 
cross-section was 610 mm diameter or 730×489 mm, with aspect ratios ranging from 1.5 
to 2.0. Test results showed that the composite material bonded to the external surfaces of 
columns, with the fibres running primarily in the transverse direction, provides a similar 
action to internal transverse reinforcement in restraining the opening of diagonal tension 
cracks and hence in enhancing shear strength. Rehabilitated columns maintained stable 
hysteresis behaviour up to much higher ductility levels than achieved for as-built control 
columns. A model of shear enhancement provided by composite material jackets was 
developed. In the experimental program, one of the as-built circular columns that had 
previously been tested and had failed in shear was repaired and re-tested to investigate 
the feasibility of repairing the badly damaged columns with composite material jackets. 
The repaired column was able to maintain its strength with a larger ductility level than 
that of the original column. 
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Xiao and Ma (1997) investigated a prefabricated composite jacketing system for 
rehabilitating reinforced concrete columns. The rehabilitation system consists of a series 
of prefabricated E-glass fibre reinforced composite cylindrical shells with slits. When a 
column was rehabilitated, the shells were opened and clamped around the column in 
sequences with their slits staggered. Adhesive was applied to bond the shells to each 
other and to the column to form a continuous jacket. Three half-scale model columns 
with a diameter of 610 mm and an overall height of 2440 mm were tested with aspect 
ratio of 2. One was tested under the as-built condition and two others were tested after 
being rehabilitated using prefabricated composite jacketing. Constant axial compressive 
load and cyclic horizontal load were applied to the model columns. Test results indicated 
that rehabilitated columns demonstrated improved behaviour over that of the as-built 
column. The researchers reported that using prefabricated composite jacketing can delay 
the failure, significantly improve the hysteretic response, and increase displacement 
ductility. 
 
Xiao et al. (1999) tested three half-scale circular columns under cyclic shear in double 
curvature and constant axial compressive load to study the rehabilitation effectiveness of 
two similar prefabricated composite jacketing methods for enhancing seismic shear 
resistance of short circular columns. All specimens had the same cross-section of 610 mm 
diameter and were 1830 mm tall with two end blocks, hence with aspect ratio of 1.5. All 
specimens were subjected to a number of lateral cyclic loads while the axial compressive 
load was maintained constant. The test results validated the rehabilitation design 
approach proposed by the research. The full-height prefabricated glass fibre reinforced 
composite jackets prevented completely the shear failure and converted the poor 
hysteretic behaviour as observed for the as-built column into a ductile and stable 
performance. The difference of the response between the individual shell jackets and the 
continuous shell jacket was small. Besides improving the hysteretic performance and 
ductility, the use of prefabricated composite jacketing for rehabilitating existing columns 
did not have much influence on the stiffness, nor did it cause a dramatic enhancement in 
the flexural strength of the columns. 
 
Ma et al. (2000) conducted a full-scale test of a parking structure column rehabilitated 
with carbon fibre reinforced composites under constant axial compressive load and cyclic 
shear force and moment. The column had a 410×410 mm cross-section and an overall 
height of 2340 mm, giving an aspect ratio of 2.875 due to the double-curvature condition. 
The rehabilitated column developed a stable flexural behaviour with excellent ductility 
and energy dissipation capacity. Premature failure due to brittle shear failure or lap-splice 
degradation was prevented through the rehabilitation. 
 
Li and Sung (2003, 2004) tested three 0.4-scale reinforced concrete circular bridge 
columns that were 1750 mm in overall height and 760 mm in diameter with aspect ratio 
of 2.3. The columns were rehabilitated with carbon fibre reinforced composite jacketing. 
A constant axial compressive load of gc Af '147.0  and cyclic horizontal load were applied 
to the cantilever columns. Test results showed that the rehabilitation significantly 
improved the seismic performance of the reinforced concrete columns in terms of 
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strength, ductility and energy dissipation capacity. The failure mode of the column 
changed from shear failure to flexural failure since composite jacketing enhanced the 
shear capacity significantly. 
 
Galal et al. (2005) tested seven reinforced concrete short columns under combined cyclic 
lateral load and constant axial compressive load, rehabilitated with CFRP or GFRP 
jackets. The cross-section of all the specimens was 305×305 mm, and the overall height 
was 915 mm. The aspect ratio was 1.5 and nominal conrete compressive strength was 
25 MPa. Test results showed that anchoring of the FRP jackets to the columns was very 
effective in increasing the shear strength and energy dissipation capacity of the short 
columns. 
 
2.4.4 External Prestressing 
 
Frangou et al. (1995) investigated a rehabilitation technique involving post-tensioning 
metal strips around the column (by using standard strapping machines used in the 
packaging industry) and subsequently securing them in place by metal clips. Two groups 
of tests were conducted including 18 cylindrical specimens of 100 mm diameter and 
200 mm in height tested axially in compression, and 28 prisms of 100×100 mm 
cross-section and 200 mm in overall length tested in bending. Test results demonstrated 
that this simple and economical technique was successful in effectively strengthening the 
specimens and preventing brittle shear failure. 
 
Budek et al. (2002) tested nine model concrete bridge columns using prestressing strand 
as transverse reinforcement. Five of these columns with an aspect ratio of 2.0 were tested 
quasi-statically to examine shear behaviour at two axial compressive load levels and 
incorporating either single-wire or seven-wire transverse reinforcement. The observed 
response of the tested columns indicated that more stable and enhanced strength and 
ductility can be attained as compared with conventionally reinforced columns. Energy 
dissipation capacity was also improved. Moderate volumetric ratios of high-strength wire 
provided satisfactory performance under shear-critical conditions. 
 
Saatcioglu and Yalcin (2003) investigated external prestressing of reinforced concrete 
columns for improved seismic shear strength. This technology consists of external 
prestressing of columns in the transverse direction by means of individual hoops that 
consist of prestressing strands and specially designed anchors. Seven full-scale columns 
were tested under constant axial compressive load and incrementally increased lateral 
displacement reversals. The columns had either a circular section with a diameter of 
610 mm or a square section with a cross-section of 550×550 mm. The aspect ratios were 
2.43 and 2.70 for circular and square columns, respectively. The columns were designed 
to represent pre-1970s design practice. Two columns were tested without any 
rehabilitation and were used as control columns. One square and four circular columns 
were rehabilitated by external prestressing prior to testing. This technique provided active 
and passive lateral confinement against the lateral expansion of the concrete under 
compression. It also provided a clamping force in reinforcement splice locations to 
improve the bond between the steel and concrete. In shear-critical columns, transverse 
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prestressing must be overcome before the concrete can develop diagonal tension caused 
by the shear; thereore, prestressing improved the shear resistance of the column. The tests 
demonstrated significant enhancement in lateral drift capacity: from 1% in shear-critical 
control columns up to 5% in rehabilitated columns. The results showed that the seismic 
rehabilitation strategy by external prestressing was very effective in enhancing the 
seismic behaviour of the existing reinforced concrete columns. 
 
Nesheli et al. (2004) proposed a new seismic rehabilitation technique through prestressed 
external aramid fiber belts. Five shear-critical reinforced concrete square columns with an 
aspect ratio of 1.5 (750 mm in overall height and 250 mm in depth with two stubs at the 
top and bottom of the column) and inadequate steel hoops were rehabilitated and tested 
under reversed cyclic lateral load and constant axial compressive load. The aramid fiber 
belts used were two-ply, where each ply had a width of 17 mm, a thickness of 0.612 mm, 
and a cross-sectional area of 10.4 mm2. Two values of spacings of aramid fibre belts 
(200 mm or 65 mm), and two levels of prestressing (half or one-third of the tensile 
strength of the aramid fiber material) were considered in the experimental program. Test 
results showed that the proposed rehabilitation technique was a highly effective 
rehabilitation method for reinforced concrete columns with inadequate shear resistance or 
poor bond strength. Brittle shear failure was prevented while energy dissipation capacity 
and displacement ductility were improved. 
 
2.4.5 Steel Collars 
 
Hussain and Driver (2001, 2003, 2005a, 2005b) conducted experimental and analytical 
research on collared columns under concentric axial loading, as well as under axial and 
flexural-dominant lateral loading. Eleven square columns (300×300×1500 mm) were 
tested under concentrical loading, consisting of two control columns with conventional 
internal transverse reinforcement (with either closely or widely spaced transverse hoops) 
and nine rehabilitated collared columns with external hollow structural section (HSS) 
collars. All eleven columns had the same longitudinal reinforcement details, but the nine 
collared columns were intentionally designed not to have internal transverse 
reinforcement in the test region. Different collar sizes and spacings were studied as well 
as two different collar corner connections (bolted or welded). As shown in Table 2-1, the 
peak load and peak strain of collared columns were greatly enhanced from the control 
columns with conventional internal transverse reinforcement. Experiments showed that 
collared columns exhibited significant improvement over the control columns in terms of 
strength and ductility due to the confinement provided through external collars. The 
performance of the collared columns was also investigated under combined axial and 
cyclic lateral loading. Nine columns (300×300×2100 mm; with aspect ratios of 2.5 and 
6.3) were tested under constant axial compressive load and reversed cyclic lateral load, 
with five cycles being applied at each displacement level. Among the nine columns, one 
was a control column with conventional internal transverse reinforcement, while the other 
eight were rehabilitated columns with external welded HSS collars and no internal 
transverse reinforcement in the test region. The effects of collar spacing, collar size, axial 
compression index, and aspect ratio were studied. As shown in Table 2-2, the peak 
moment and peak drift of collared columns were greatly enhanced from the control 
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column with conventional internal transverse reinforcement. All the collared columns 
exhibited more ductile behaviour under severe cyclic loading than the control column. 
Less concrete spalling was observed during the test of the collared columns than for the 
control columns. Stable hysteresis loops with significant energy dissipation were 
obtained for collared columns. Columns with the larger aspect ratio had improved 
strength retention, energy dissipation, and ductility. The rehabilitation method was shown 
to be effective and benefits in both strength and ductility were demonstrated. 
 
The external steel collars used in the research conducted by Hussain and Driver (2005b) 
were fabricated from hollow structural sections. A relatively simple alternative 
fabrication technique was developed to use solid steel collars cut from plates, as shown in 
Figure 1-3. Chapman and Driver (2006) studied reinforced concrete columns under 
concentric and eccentric axial loading rehabilitated with solid steel collars and obtained 
significant enhancement results in both strength and ductility compared to control 
columns without collars. A total of 14 square columns (300×300×1500 mm) were tested 
under axial compressive loading, with seven columns being loaded eccentrically. The 
same arrangement of internal reinforcement as used by Hussain and Driver (2005b) was 
maintained in this experimental program in order to facilitate direct comparisons. Four 
different collar spacings, two different collar sizes, two different end conditions, three 
different pretension levels in the collar bolts, and four different eccentricities were 
studied, as shown in Table 2-3. Columns with external collars showed significant 
improvements in both strength and ductility compared with conventionally reinforced 
columns through the development of passive confining pressure, as shown in Figure 2-1. 
Eccentrically loaded specimens generally had lower axial strength enhancement than 
equivalent concentrically loaded specimens, as shown in Table 2-3. 
 
2.5 Numerical Analysis 
 
Most of the studies on the shear behaviour of reinforced concrete columns reported in the 
literature are based on either experimental results and/or empirical formulae. There 
appears to be relatively fewer finite element analysis-based investigations. Reported in 
this section is a partial summary of the research using the finite element analysis 
approach for examining the behaviour of reinforced concrete columns, specifically 
pertaining to columns with normal strength concrete likely to show shear-dominant 
behaviour under combined axial and lateral loading. 
 
Ignatakis et al. (1989) conducted parametric analyses of reinforced concrete short 
columns under axial and shear loading using the finite element method. A finite element 
program RECONFIN was developed for the analytical representation of the nonlinear 
behaviour of concrete, steel reinforcement, and their mechanical interaction up to failure. 
Triangular elements were used for the concrete, while the steel reinforcement was 
represented by one-dimensional elements connected to the concrete elements with 
nonlinear linkage spring elements. A smeared cracking model was used with the 
nonlinear two-dimensional incremental constitutive law for concrete. Four main 
parameters that influence the behaviour were studied: aspect ratio, magnitude of the axial 
compressive load, concrete strength, and relative amounts of longitudinal and transverse 
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reinforcement. Twelve models of columns were analyzed and reported, and the relatively 
accurate modelling indicated the reliability of the analytical tool. It emphasized that short 
columns should be avoided if possible, especially in seismic areas, due to the explosive 
diagonal cracking observed experimentally and analytically, and because design and 
detailing procedures so far have not been able to provide adequate ductility and energy 
dissipation capacity to short columns. However, the analysis can only simulate the 
response up to failure without post-peak response. 
 
Chung and Ahmad (1995) developed a nonlinear finite element model to predict the 
complete load–deflection response of shear-critical reinforced concrete members. The 
nonlinear finite element model employed a biaxial stress–strain constitutive relationship 
for concrete based on an equivalent uniaxial approach and a simplified bilinear 
stress-strain relationship for the reinforcing steel. The deflection incremental approach 
based on the secant stiffness was used. Numerical predictions were evaluated against 
some experimental results and showed good agreement, including the post-peak 
displacement-softening behaviour. Simulation of shear behaviour of columns was not 
reported although the shear behaviour of some available deep beam experiments was 
used to verify the model. 
 
Lee et al. (1999) reported simulations of cyclically loaded reinforced concrete columns 
using the finite element program FEAP, where a plastic-damage concrete constitutive 
model and a steel model including the constitutive relations of isotropic and kinematic 
hardening, and Baushinger effect, are used along with a bond-slip model. The 
plastic-damage concrete constitutive model includes material hardening and softening, 
stiffness degradation and stiffness recovery on crack closing. The numerical simulation of 
a single column test specimen under cyclic horizontal displacement and constant vertical 
force loads showed good results compared to the experimental results. However, the two 
damage variables included in the plastic-damage model, one for tensile damage and the 
other for compressive damage, are difficult to obtain without proper experimental data. 
 
Parent and Labossière (2000) presented a finite element analysis study of reinforced 
concrete columns confined with composite materials based on the use of a bar element by 
considering the global constitutive law. All the constituents of the reinforced concrete 
column confined with composite materials were included in the global constitutive law. 
After calculation of the strain at any point on the section using the global constitutive law 
in the integration process of the stiffness matrix, stress can be calculated using the 
individual stress–strain relationship of the material, and the failure load can be obtained. 
However, the model only predicted the ultimate load under a constant axial force and the 
lateral displacement. The post-peak response and neither second-order effects nor 
damage models were included. 
 
Maekawa and An (2000) conducted finite element analyses of the shear failure and 
ductility of reinforced concrete columns using the WCOMD-SJ finite element code. The 
smeared crack approach, including distributed fixed multi-directional cracks, was 
adopted. The reinforced concrete model was developed by combining the constitutive law 
of concrete and that of reinforcement, consisting of tension stiffness, compression and a 
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shear transfer model. The analytical simulation was verified to be able to estimate the 
failure with reasonable accuracy when the expected failure mode is shear. The concrete 
exhibits different post-cracking nonlinearity in both tension and shear at different parts of 
the member, however, and shows brittleness when located in zones without 
reinforcement. Hence, it was concluded by the researchers that any finite element model 
should include both the reinforced concrete and plain concrete zone without 
reinforcement, which increased the complexity in formulating the model. 
 
Bentz (2000) developed the nonlinear sectional analysis program Response 2000, which 
incorporates the MCFT relationships. Response 2000 is a program providing a layered 
sectional analysis to determine the shear stress distribution throughout the cross-section 
and to obtain the behaviour of reinforced concrete elements subjected to shear. The 
program accepts any cross-section that is subjected to any combination of axial load, 
moment or shear. It also includes a method to integrate the sectional behaviour for simple 
prismatic beam segments to obtain full-member behaviour. One of the assumptions 
embedded in the program is that plane sections remain plane. While it is a reasonable 
assumption for relatively slender members, it is not so accurate for short span members 
where a direct load-carrying strut may exist. It can calculate an entire moment–shear 
interaction diagram for a cross-section. The program can also evaluate the load–
deflection properties and anticipated cracking for members. 
 
Bentz (2001) used two implementations of the Modified Compression Field Theory 
(MCFT) to model the behaviour of six shear-dominant reinforced concrete columns 
tested at the University of California at San Diego (UCSD): the finite element program 
TRIX97 (Vecchio 1989) and the sectional analysis program Response 2000. The finite 
element program, uses a secant stiffness based approach in the element principal 
direction to determine the element stiffness matrix, and iteration approach was adopted to 
generate convergence. The finite element program underestimated the displacement 
characteristics, though produced a good estimate of the failure load. The Response 2000 
software, discussed in Section 2.3, gave conservative results due to the lack of 
compatibility between cross-sections, which prevented redistribution of the compression. 
 
Dowell and Parker (2001) performed finite element analyses of the as-built and 
seismically rehabilitated reinforced concrete bridge columns tested at UCSD using the 
general-purpose finite element program ABAQUS (HKS 1996) along with ANACAP-U 
(ANATECH 1997) concrete and steel material models. Concrete was modelled as a 
three-dimensional continuum with strain-hardening and softening as well as tension 
cut-off. A fixed angle smeared crack approach was adopted. It also considered the 
reduction of shear stress accumulation and shear stiffness through shear shedding and 
lowering the initial shear modulus. Although the analysis showed similar failure mode 
and shape of the load-displacement response as the tests, only 77% to 83% of the 
maximum measured shear force level was attained in the simulation, probably due to the 
fixed orthogonal crack angles adopted in the concrete plasticity model. 
 
Hussain and Driver (2001) conducted a finite element study of the strength and ductility 
of externally confined rectangular and square concrete columns using the program 
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ABAQUS/Standard. Eight-node continuum elements with reduced integration were used 
for the concrete. Both vertical reinforcement and the ties, when present, were modelled 
by two-node three-dimensional truss elements. The collars were modelled using 
two-node beam elements with six degrees of freedom at each node. The external 
confining beam elements were not connected to continuum elements directly but instead 
through the introduction of truss element outriggers. The concrete material model used a 
smeared crack approach with tension stiffening based on fracture energy cracking criteria. 
The compressive material curve used in the analyses for the concrete included a straight 
line descending branch. The concrete material model consists of an isotropically 
hardened yield surface which is active when the stress is dominantly compressive and an 
independent “crack detecting surface” which determines if a point fails by cracking. The 
model was found to be reasonably accurate through verification studies based on their 
testing program, although in most cases the failure mode was primarily flexural. 
 
Ožbolt and Li (2001) carried out finite element analyses of the benchmark columns tested 
at UCSD with the special purpose finite element code MASA, a finite element code 
based on the microplane model and a smeared crack concept.  The analysis uses an 
incremental iterative solution procedure based on the constant initial or secant stiffness 
matrix approaches. Eight-node brick elements were used for concrete with reinforcement 
represented by truss or beam elements. Perfect bond between reinforcement and concrete 
was assumed. Monotonic pushover analyses and cyclic loading analyses were conducted. 
The comparisons of the analytical results with the experimental data show that the model 
can predict the observed failure mechanism with good agreement. Some numerical 
problems encountered, however, made it difficult to exactly reproduce the 
load-displacement response and decreased the computational efficiency. 
 
Girard and Bastien (2002) used the finite element program CLEF to analyze reinforced 
concrete columns under cyclic loads. Three-dimensional three-node bar elements were 
used for reinforcement with an elasto-plastic constitutive law and positive hardening. 
Concrete was modelled with three-dimensional 20-node solid elements. The concrete 
constitutive law consists of a hypoelastic model, with consideration of loading path and 
stress history-dependent material properties. The concept of an equivalent uniaxial 
stress-strain relationship was adopted and compression and tension softening were 
included, taking into account of the compressive strength of concrete and the 
confinement level. The steel-concrete interface was also considered using a special bar 
element in some cases. While the nonlinear finite element simulation compared well 
against the experimental results, one of the modeling difficulties, as pointed out by the 
authors, was the choice of the parameter value for the interface constitutive law which 
must be obtained through specific testing. 
 
Lee and Elnashai (2002) performed inelastic seismic analysis of reinforced concrete 
bridge piers using the finite element analysis program ADAPTIC, including 
flexure-shear-axial interaction. Strain hardening of reinforcement was taken into account 
in the constitutive relationships. A modified stress-strain relationship for concrete in 
compression was derived that included the confinement effect. Test specimens of short 
square columns dominated by shear were used to verify the finite element model and 
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showed good agreement. However, the shear stiffness transition model needed for the 
development of the shear-axial interaction was related to the axial force level and shear 
deformation and, hence, was difficult to obtain. 
 
Parvin and Wang (2002) proposed a highly complex nonlinear finite element model for 
FRP jacketed circular columns to study the behaviour under combined axial and cyclic 
lateral loadings. The nonlinear FEA software MARC was used. The concrete was 
modelled with three-dimensional eight-node brick elements. The nonlinear behaviour of 
the confined concrete material was simulated by employing the Mohr-Coulomb yield 
criterion combined with an isotropic hardening rule. The steel bars were modelled with 
three-dimensional truss elements. The FRP jacket was modelled as three-dimensional 
thin shell elements. Perfect bond between reinforcement and concrete was assumed. Both 
monotonic and cyclic loading were considered in the modelling. Validations of the 
proposed numerical models with columns tested have been conducted and showed good 
correlation. 
 
Yamakawa et al. (2004) carried out nonlinear analyses of reinforced concrete columns 
using a fibre model considering both flexural displacement and shear distortion. The 
flexural deformation is based on a conventional fibre model. The shear model, however, 
is based on an explicit definition of the shear force–distortion relationship of a reinforced 
concrete member, consisting of a concentrated translational spring of zero dimensions 
located at each member end. The relationship between the lateral displacement and shear 
force of the column was obtained by combining the flexural deformation and shear 
distortion. However, due to the nonlinearity, repeated calculations are needed to achieve 
convergence. 
 
2.6 Codified Shear Strength of Reinforced Concrete Columns 
 
The models discussed in this section deal with monotonic load only and do not decrease 
shear strength with extra displacement ductility. The ACI code presents two sets of 
equations for calculating the sectional shear strength of reinforced concrete. These are 
herein categorized as the simplified method and the detailed method. The ACI 318-05 
sectional design approach for shear is based on a parallel chord truss model with constant 
45º inclination diagonals supplemented by a concrete contribution. For non-prestressed 
members subject to axial compression and shear reinforcement perpendicular to the axis 
of member, the SI equivalent equations in ACI 318-05 are shown below: 
 
ACI 318-05 Simplified Method: 
 
 scn VVV +=      [2-9a] 
 

SI equivalent equation of ACI 318-05 Eq. 11-4: 
 
 ( ) dbfAPV wcguc

'0725.01167.0 +=    [2-9b] 
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ACI 318-05 Eq. 11-15: 
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ACI 318-05 Detailed Method: 
 
 scn VVV +=      [2-10a] 
 

SI equivalent equation of ACI 318-05 Eq. 11-5: 
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SI equivalent equation of ACI 318-05 Eq. 11-7: 

 
 ( ) dbAPfV wgucc ⋅+⋅≤ 29.0129.0 '    [2-10c] 
 

ACI 318-05 Eq. 11-15: 
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where (ACI 318-05 Eq. 11-6): 
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where nV  is the nominal shear strength, cV  is the shear contribution from the concrete, sV  
is the shear contribution from the shear reinforcement, uP  is the factored axial 
compressive load, gA  is the gross cross-sectional area, '

cf  is the compressive strength of 
the concrete, wb  is the effective width of the section, d is the distance from the extreme 
compression fibre to the centroid of the longitudinal tension reinforcement, vA  is the 
total cross-sectional area of the shear reinforcement within a distance s  of the critical 
section, yf  is the yield stress of the shear reinforcement, s  is the spacing of the shear 
reinforcement, wρ  is the reinforcement ratio of the longitudinal tension reinforcement, 

uV  and uM  are the factored shear force and moment at the critical section, mM  is the 
modified moment calculated from Eq. 2-10e, and D  is the overall depth of the 
cross-section. 
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Many empirical formulae have been proposed for shear strength, typically based on 
experimental study of the shear behaviour of the reinforced concrete members. With 
respect to the various empirical formulae, considerable differences exist as a result of the 
uncertainty in assessing the influence of complex parameters in a simple formula, and the 
relatively poor representation of some parameters in limited test data. These issues limit 
the validity of empirical formulas and increase the necessity for rational models and 
theoretically justified relationships. To this end, Vecchio and Collins (1986) proposed a 
modified compression field theory (MCFT) to include a rationale for determining the 
tensile stresses in the diagonally cracked concrete with variable strut inclination of the 
truss model. 
 
MCFT (Vecchio and Collins 1986) treats the cracked concrete as a new type of concrete 
material with its own stress–strain characteristics related to the original concrete and 
reinforcement characteristics. It takes into account the overall load–deformation 
responses of elements by considering uniaxial tension response of the reinforcement with 
a bilinear stress–strain constitutive law and the tension or compression response of the 
concrete in the direction of the corresponding principal stresses and principal strains.  
Principal stresses and strains are assumed coincident, and transformation between 
member axes and principal axes directions are made according to Mohr’s circle. In the 
MCFT, the compressive response of cracked concrete is affected by the magnitude of the 
principal tensile strain in the perpendicular direction. The equilibrium equations, 
compatibility relationships, and constitutive relationships are formulated in terms of 
average stresses and average strains over a length which includes several cracks. 
Variability in the angle of inclination of the compression struts and the strain-stiffening 
effects are taken into consideration, as well as the tensile stress of the concrete. Tensile 
strength of concrete is an important aspect during the development of cracking. In turn, it 
is important for the prediction of deformations and the durability of concrete. Other 
characteristics such as bond between reinforcement and concrete, the concrete 
contribution to the shear and torsion capacities are also closely related to the tensile 
strength of concrete. Concrete in tension is assumed to be linear–elastic until cracking 
occurs, after which the average tensile strength decays as a function of the cracking 
strength and the tensile strain. Local stress conditions at crack locations are also 
considered in the model, including the maximum interface shear stress capacity due to 
aggregate interlock. 
 
MCFT is capable of predicting the response of reinforced concrete elements subjected to 
shear and axial loads, and this more rational unified approach has been adopted in a 
number of codes and standards for the shear design provisions. The shear design 
equations stipulated in both CSA-A23.3-94 and CSA-A23.3-04 are based on MCFT and 
provide both a simplified and a general method of shear design. The major difference 
between the simplified method and general method is the way that the shear carried by 
the concrete is calculated. CSA-A23.3-94 gave tabular values to the parameters to 
calculate the shear carried by concrete, and the simplified method has no direct 
relationship with the general method. In CSA-A23.3-04, the general method adopts a 
unified continuous equation to calculate the shear carried by the concrete, and the 
simplified method is directly derived from the general method with some logical 
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assumptions (Bentz and Collins 2006). An iterative solution technique may be required to 
obtain the response of sections subject to shear, bending, and axial load using the general 
method in CSA-A23.3-04. 
 
CSA-A23.3-04 Clause 11.3 includes the general and simplified approaches for the shear 
contribution. The nominal shear strength (of a non-prestressed member) can be obtained 
through the following general form: 
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A23.3-04 Eq. 11-11: 
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A23.3-04 Eq. 11-12: 

 
 xεθ 700029 +=     [2-11c] 
 

A23.3-04 Eq. 11-13 for nonprestressed member: 
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where nV  is the nominal shear strength, cV  is the shear contribution from the concrete, sV  
is the shear contribution from the shear reinforcement, β  is a factor accounting for shear 
resistance of cracked concrete, '

cf  is the compressive strength of the concrete, wb  is the 
effective width of the section, vd  is the effective shear depth, vA  is the total 
cross-sectional area of the shear reinforcement, yf  is the yield stress of the shear 
reinforcement, θ  is the direction of the average principal compression with respect to the 
longitudinal axis, s  is the longitudinal spacing of the shear reinforcement, xε  is the 
longitudinal strain calculated at the mid-height of the cross-section resulting from the 
direct shear force, axial force, moment, and prestressing force, if applicable, zes  is the 
effective crack spacing related to the basic crack spacing and coarse aggregate sizes, sE  
is the modulus of elasticity of reinforcement, and tA  is the area of non-prestressed 
tension reinforcement. 
 
The equivalent crack spacing parameter, zes , is taken as 300 mm for sections containing 

at least the minimum shear reinforcement. Otherwise, it is computed from 
g

z
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where zs  is the crack spacing parameter, taken as vd  or as the maximum distance 
between layers of distributed longitudinal reinforcement, whichever is less, and ga  is the 
maximum aggregate size. 
 
CSA-A23.3-04 Clause 11.3.6.3 outlines the simplified method that can be used for cases 
where the specified yield strength of the longitudinal steel reinforcement does not exceed 
400 MPa and the specified concrete strength does not exceed 60 MPa. In these cases, θ  
can be taken as 35º and β  as 0.18, for sections containing at least the minimum shear 
reinforcement. β  should be calculated from ( ) ( )vd+= 1000230β  for other cases. 
 
CSA-A23.3-04 includes the provisions for strut-and-tie model, with details on 
proportioning the strut, ties, and node regions. ACI 318-05 also provide an appendix  on 
strut-and-tie models. Structural members can be divided into portions called B-regions 
and D-regions, with the term B standing for “beam” or “Bernoulli” and the term D 
standing for “discontinuity,” “disturbance,” or “details.” The axial strain distribution in 
the cross-section of a B-region is linear and the beam can be designed using sectional 
analysis with conventional flexural theory with the plane section assumption. The plane 
section assumption of flexural theory is not good where linear distribution of axial strains 
is a poor assumption. Marti (1985), Schlaich et al. (1987), and Collins and Mitchell (1997) 
extended the uniformly inclined diagonals truss model to strut-and-tie models that can be 
applied to D-region design. A strut-and-tie model consisting of concrete compression 
struts, steel tension ties, and nodal zones can be used to simulate the behaviour of 
D-regions, where the strain distribution is significantly nonlinear along the depth of the 
cross-section. This approach allows the designer to develop an understanding of the 
loading transfer behaviour of reinforced concrete columns in addition to predicting the 
ultimate capacity. The D-region is normally assumed to extend one member depth each 
way from the discontinuity according to St. Venant’s principle, which suggests that 
localized effect of a disturbance will be diminished over a distance about one member 
depth away from the disturbance. 
 
A strut-and-tie model is a system of forces in equilibrium with a given set of loads, which 
provides a lower bound estimate of the strength of the structure according to the lower 
bound theorem of plasticity. Although many models can be constructed that meet the 
equilibrium requirements, according to MacGregor and Bartlett (2000), the model with 
the fewest and shortest ties is the best. The loads will try to follow the path involving the 
fewest forces and resulting in the least deformation, since the tensile ties are more 
deformable than the compression struts. Crack patterns may also assist in selecting the 
best strut-and-tie model since the compression strut will roughly follow the compressive 
stress trajectory or the crack direction. 
 
2.7 Other Shear Strength Models 
 
Besides the design practices documented by the codes and standards, there exist many 
empirical shear models derived from experimental research. Shear strength models have 
been proposed by researchers mostly based on experimental studies on reinforced 
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concrete members. Several recent models have incorporated some prominent features 
such as the concept of shear strength degradation with increasing ductility demand. 
Instead of assigning a fixed quantity to the concrete contribution, those models typically 
introduce an equation derived from experimental observations that reflects the fact that 
the concrete contribution to the shear capacity degrades with increasing deformation 
ductility. The positive performance-enhancing capabilities of steel or FRP confinement 
systems have also been documented in experimental and analytical studies conducted in 
the past. A brief summary of the prominent shear strength models for normal strength 
reinforced concrete columns under combined axial compression and lateral loading are 
presented in this section. 
 
2.7.1 Ghee et al. (1989) 
 
Ghee et al. (1989) conducted tests on 25 small-scale short circular columns under axial 
load and cyclic lateral inelastic displacement. Test results showed that existing design 
equations were conservative for initial shear strength. They also indicated that the shear 
strength depends on the axial load level, the column aspect ratio, the amount of shear 
reinforcement, and the flexural displacement ductility factor. A model considering the 
influence of flexural ductility on shear strength was proposed to calculate the initial shear 
strength applicable for low flexural ductility and final shear strength applicable for 
ductile flexural designs. The shear capacity model equation takes the following form: 
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where 
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where iV  is the initial shear strength, ciV  and siV  are the shear forces carried by the 
concrete shear-resisting mechanism, cV , and the truss mechanism involving shear 
reinforcement, sV , at a displacement ductility, μ , less than 2, M and V are the moment 
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and shear force at that section, D  is the gross column diameter, P  is the axial load on 
the column, '

cf  is the cylinder compressive strength of concrete, gA  is the gross 
cross-sectional area of the column, eA  is the effective shear area that can be taken as 

gA8.0 , hA  is the area of the hoop or spiral bar, shf  is the stress in the hoop or spiral 

reinforcement, 'D  is the diameter of the confined core, s  is the spacing of the hoops or 
the pitch of the spiral reinforcement along the longitudinal axis, dfV  is the final shear 
strength at a high displacement ductility, μ , cfV  and sfV  are equivalent to ciV  and siV  but 
at a high displacement ductility, μ , vρ  is the volumetric ratio of hoop or spiral 
reinforcement to core volume, yf  is the yield strength of the hoop or spiral reinforcement, 

'ψ  is a mechanical reinforcement ratio defined by Eq. 2-12e, ξ  is a reduction factor for 
effective compressive strength of the diagonal compression strut that accounts for the 
influence of flexural ductility, with a value of 2.0=ξ  at a ductility of 6=μ . 
 
Although proposals for degraded shear strength and the form of the shear strength versus 
flexural ductility relationship were developed, they require verification by further testing. 
The tests should establish the shear strength of circular columns at axial load ratios 
outside the comparatively narrow range investigated in the original test program. Other 
factors that may also affect the results, such as bi-directional lateral displacement and 
double bending, need further investigation as well. 
 
2.7.2 Priestley et al. (1994a) 
 
Priestley et al. (1994a) proposed a set of shear strength equations for circular and 
rectangular columns. The approach relates shear strength to flexural ductility, and 
considers the nominal concrete and axial load contribution to shear strength separately. 
The nominal shear strength, nV , is given by an additive equation of the form: 
 
 pscn VVVV ++=     [2-13a] 
 
where cV  is the concrete shear contribution, consisting primarily of aggregate interlock 
and dowel action effects, resulting from flexure alone in the absence of axial load, sV  is 
the shear carried by the shear reinforcement using a truss analogy with diagonals 30º 
from the vertical, and pV  is the shear capacity provided by axial load through arching 
action. 
 
The concrete shear contribution is determined as follows: 
 
 ecc AfkV '=      [2-13b] 
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where k  is a factor from 0.29 for 2≤μ  to 0.1 for 4≥μ , '
cf  is the cylinder compressive 

strength of concrete, eA  is the effective shear area that can be taken as gA8.0 , and gA  is 
the gross cross-sectional area of the column. 
 
For the contribution from shear reinforcement, different equations are adopted for 
circular and rectangular columns. 
 
For circular columns: 
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For rectangular columns: 
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where hA  is the cross-sectional area of one leg of a hoop or of the spiral reinforcement, 

yf  is the yield strength of shear reinforcement, 'D  is the diameter of the confined core, 
which is the distance between centres of the peripheral hoop or spiral reinforcement, vA  
is the total cross-sectional area of shear reinforcement at a section, s  is the spacing of 
hoop or pitch of spiral reinforcement along the longitudinal axis. 
 
The shear contribution provided by axial load can be calculated from: 
 
 ( ) HaDPVp −=     [2-13e] 
 
where P  is the axial load applied to the column, D  is the section depth or column 
diameter, H  is the height of the column subjected to reversed bending (hence, for a 
cantilever column it is twice the column height), and a  is the depth of the concrete 
compression zone at the critical section. 
 
If steel jackets are used to enhance the shear strength of a column, another term sjV  can 
be added to Eq. 2-13a in addition to the sV  term, which can be calculated through the 
following equations: 
 
For circular jackets: 
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where jt  is the steel jacket thickness, yjf  is the yield strength of the jacket steel, and jD  
is the outside diameter of the steel jacket. 
 
For the strong direction of elliptical steel jackets: 
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and for the weak direction of elliptical steel jackets: 
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where jB  and jD  are the short and long principal diameters of elliptical jacket, 
respectively. 
 
Tests of 14 large-scale columns were conducted by the authors to determine the 
appropriateness of the proposed shear strength model. Half of the specimens represented 
“as-built” columns and the remaining were rehabilitated with steel jackets. This model 
was proven to be considerably less conservative than the ACI 318-89 design provisions 
in predicting the shear strength of all columns for low levels of ductility. 
 
Unlike some approaches for shear design that incorporate effects for the column aspect 
ratio and longitudinal reinforcement ratio, the concrete mechanism in this model does not 
account for these factors, although it is logical that the shear strength is greater for 
columns with smaller aspect ratios. It is also reasonable that a smaller longitudinal 
reinforcement ratio will result in a decrease in the strength of the concrete shear resisting 
mechanism due to three aspects. First, dowel action from the longitudinal reinforcement 
will be smaller if there are fewer numbers of smaller diameter bars. Second, the crack 
distribution will be more concentrated resulting in fewer and more widely spaced cracks, 
which, in turn, results in a decrease in the strength of the concrete aggregate interlock 
mechanism. Third, the smaller compression zone resulting from the reduced longitudinal 
steel ratio will, in turn, reduce the compression zone shear transfer. 
 
2.7.3 Priestley and Seible (1995) 
 
Priestley and Seible (1995) proposed a simple mathematical formula to account for the 
shear enhancement provided by external composite jackets besides the concrete and shear 
reinforcement contributions. 
 
For circular jackets: 
 

 θπ cot
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For rectangular jackets: 
 
 θcot2 hftV jjj =     [2-14b] 
 
where jV  is the shear strength enhancement by the external composite material jackets, 

jt  is the jacket thickness, and the jacket stress, jf , used corresponds to a maximum 
strain of 0.004, i.e., jj Ef 004.0= . D  is the jacket diameter for a circular column, and h  
is the section depth in the direction of the shear force for a rectangular section. The angle 
θ  is measured between the column axis and the diagonal tension crack and a value of 

o35=θ  has been suggested as appropriate for design work. 
 
2.7.4 Mirmiran et al. (1998) 
 
Mirmiran et al. (1998) proposed a formula to calculate the shear strength of a hybrid 
concrete column made of concrete-filled fibre reinforced polymer (FRP) tube. It is 
generally assumed that the external tube acts as a continuous array of shear stirrups. If the 
tube is made of φ±  angle plies and if the angle of the shear failure plane is assumed to be 
θ , the shear resistance by the tube, jV , is given by: 
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where jt  is the thickness of the tube, jf  is the strength of the plies in the direction of the 
fibres, and jD  is the diameter of the whole cross-section. 
 
Eq. 2-15 is derived based on the assumption that the load is transferred to the tube 
without the occurrence of slippage. If, however, slippage occurs, the tube will not work 
as effectively. In that case, the above equation will provide a less accurate estimate of the 
shear strength. 
 
2.7.5 Xiao and Wu (2003) 
 
Xiao and Wu (2003) introduced an improved steel jacketing method to rehabilitate square 
or rectangular reinforced concrete columns. Relatively thin steel plates were welded to 
form a rectilinear jacket that was supplemented with stiffeners of various kinds. This 
rehabilitation approach recognized the beneficial effect of the flexural stiffness of the 
stiffeners on the development of confining pressure, and hence the shear strength 
enhancement, as discussed in Section 2.4.2. In the prediction of the shear strength of the 
rehabilitated column, the researchers assumed that the total shear strength is composed of 
concrete, existing shear reinforcement, and additional jacket shear-strength contributions, 
an approach proposed by Priestley et al. (1994), given by 
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 sjscn VVVV ++=     [2-16a] 
 
where, for simplicity, cV  and sV  can be calculated based on the ACI 318 shear-strength 
design equations. The steel jacket strength contribution is obtained through assuming a 
45º truss mechanism and considering the jacket to be a series of independent hoops with 
both thickness and spacing of jt , and its shear strength enhancement sjV  can be simply 
estimated as: 
 
 yjjsj hftV 2=      [2-16b] 
 
where h  is the cross-sectional dimension of column parallel to the shear force, and yjf  is 
the yield strength of the jacket steel. 
 
The above equations were verified through comparison between the prediction and 
observed experimental results. 
 
2.7.6 Saatcioglu and Yalcin (2003) 
 
Saatcioglu and Yalcin (2003) performed full-scale experimental research on a method of 
seismic rehabilitation of shear deficient concrete columns. The rehabilitation technology 
consists of prestressing external individual hoops that consist of prestressing strands and 
specially designed anchors, as discussed in Section 2.4.4. A design procedure was 
proposed, including a shear strength model. According to the authors, the contribution of 
transverse prestressing to the concrete shear resistance may be expressed as follows:  
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where pcV  is the shear strength enhancement in the concrete introduced by external 
prestressing, psA  is the area of strand used to prestress the column in the transverse 
direction, pif  is the initial stress in the prestressing strand, h  is the column 
cross-sectional dimension parallel to the shear force, or the diameter of a circular section, 
and ps  is the spacing of external prestressing hoops. 
 
Prestressing strands also acts as additional shear reinforcement, providing extra 
enhancement for column shear resistance. This is expressed as: 
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where psV  is the enhancement in shear resistance provided by the shear reinforcement 
introduced by external prestressing, and pyf  is the yield strength of the prestressing 
strand material. 
 
The total shear resistance enhancement provided by prestressing, prV , can be written as: 
 

 
p

pypspspcpr s
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The nominal shear capacity of a reinforced concrete column, nV , rehabilitated by external 
prestressing consists of contributions from concrete, cV , internal shear reinforcement, sV , 
and external prestressing, prV : 
 
 prscn VVVV ++=     [2-17d] 
 
The authors conducted an experimental study to validate the proposed shear strength 
model and achieved reasonably good results. 
 
2.7.7 Galal et al. (2005) 
 
Galal et al. (2005) proposed a procedure to predict the shear response of short reinforced 
concrete rectangular columns rehabilitated using anchored and unanchored FRP jackets. 
In their model, the nominal shear capacity, nV , is equal to the sum of the contributions of 
four mechanisms: concrete, cV , axial load, pV , shear reinforcement, sV , and FRP, jV : 
 
 jspcn VVVVV +++=     [2-18a] 
 
The degradation of the shear strength of an axially and laterally loaded short column with 
respect to its displacement ductility is explicitly given. The model assumes that with the 
increase of lateral displacement ductility, μ , after reaching 2=μ , the concrete and axial 
load contribution decreases to one-third at 4=μ  and drops to zero at 6=μ : 
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PDVp =      [2-18e] 
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where '

ccf  is the confined compressive strength of concrete, eA  is the area of the 
effectively confined concrete core, P  is the axial load on the column, D  is the total 
depth of the column cross-section, H  is the height of the column subjected to reversed 
bending (hence in double curvature, for a cantilever column, it is twice the column 
height), d  is the column section depth to the tensile steel, vA , yf , and s  are the total 
cross-sectional area, yield strength, and spacing, respectively, of the transverse 
reinforcement. The term ft2  is the total thickness of FRP sheets (i.e., for two opposite 
sides), feε  is the design strain for FRP ( 004.0=feε  for unanchored FRP sheets and 

006.0=feε  for anchored FRP sheets), jE  is the Young’s modulus of the FRP composite 
material, and fd  is the depth of the FRP in the direction of load. 
 
This method adopted the limits from ACI 318 for the total shear strength where more 
than one type of shear reinforcement is used, with minor modifications: 
 
 bdfVV ccjs
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where b  is the width of the column. 
 
To calculate the confined concrete compressive strength, '

ccf , at the design strain, feε , of 
the FRP, the Mander et al model (1988) was applied at a constant lateral confining 
pressure using an effective transformed confinement content for the steel ties and FRP, 
provided that feε  is larger than the yield strain of the steel ties: 
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where '

cof  is the unconfined concrete compressive strength, and '
lf  is the effective lateral 

confining pressure: 
 
 yeffl fKf ρ='      [2-18j] 
 
where K  is the confinement effectiveness coefficient: 
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such that b  and d  are: (a) in the case of no FRP, the core dimensions to centrelines of 
the perimeter ties in the x  and y  directions, respectively; and (b) in the case of FRP 
jacket, the width b  and the total depth D  of the column, respectively. 
 
In Eq. 2-18l, '

iw  is the i th clear distance between adjacent longitudinal bars, and 1s  and 

2s  are the lesser of the transverse hoop reinforcement and FRP anchor spacing in the x  
and y  directions, respectively. effρ  is the effective transformed confined content, 
transforming the FRP sheets at strain feε  into an equivalent steel content having the same 
steel yield strength, and is given by: 
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Comparisons between the analytical predictions and experimental results showed 
reasonable correlation, with the theoretical results overestimating the experimental 
capacities slightly. The difference was attributed to the interaction between flexure and 
shear, which was not included in the analysis. 
 
2.8 Summary 
 
The focus of the current research includes the study of the behaviour of collared 
reinforced concrete short columns under combined axial and cyclic lateral loading. 
Various rehabilitation techniques, such as concrete jacketing, composite material 
jacketing, steel jacketing, external prestressing, and steel collars, have been studied by 
previous researchers. Previous research on the behaviour of existing and rehabilitated 
reinforced concrete columns with normal strength concrete under combined axial 
compression and lateral loading are reported in this chapter and some prominent shear 
strength models are also summarized. 
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Table 2-1 Collared columns under concentric loading (Hussain and Driver 2005b) 
 

Concrete  
compressive  

strength 

Collar  
cross-

section * 

Spacing 
on  

centres 
Corner  

connection 
Peak  
load 

Peak  
strain Specimen 

MPa mm × mm × 
mm mm  kN   

C00A 34.4 Ties 10M 267 — 3475 0.0035 

C00B 35.0 Ties 15M 70 — 3342 
/3419** 

0.0034 
/0.035** 

C01 37.9 HSS 
51×51×6.35 122 Bolted 4874 0.0300  

C02 38.4 HSS 
76×51×6.35 122 Bolted 5283 0.0356  

C03 37.8 HSS 
76×51×6.35 122 Bolted 6093 0.0350  

C04 37.8 HSS 
76×51×6.35 170 Bolted 4135 0.0034  

C05 36.4 HSS 
76×51×6.35 95 Bolted 6600 0.0430  

C06 34.8 HSS 
51×51×6.35 122 Welded 6409 0.0359 

C07 47.0 HSS 
76×51×6.35 122 Welded 8882 0.0283 

C08 52.8 HSS 
102×51×6.35 122 Welded 9802 0.0318 

C09 36.3 HSS 
76×51×6.35 170 Welded 5123 0.0267 

* C00A and C00B refer to the conventional 10M and 15M internal transverse reinforcement; 
others show dimensions that are perpendicular and parallel to the column longitudinal axis and 
the wall thickness of the HSS collars, respectively. 

** Presented for two distinct load peaks observed for specimen C00B. 
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Table 2-2 Collared columns under combined axial and lateral loading 
(Hussain and Driver 2005b) 

 

Concrete  
compressive  

strength 

Collar  
cross- 

section * 

Spacing 
on  

centres 
Axial 
load 

Location  
of lateral  

load 
Peak  

moment 
Drift 

at  
peak Specimen 

MPa  mm × mm × 
mm mm kN mm kN⋅m % 

CL0 32.7 Ties 15M 70 
1470 
/720 

** 
1900 216.50  8.00 

CL1 12.3 HSS 
76×51×6.35 101 0 1900 235.47 10.10 

CL2 15.9 HSS 
76×51×6.35 151 720 1900 276.92 8.80 

CL3 15.4 HSS 
76×51×6.35 101 720 1900 300.96 10.45

CL4 32.7 HSS 
51×51×6.35 101 720 1900 296.84 8.91 

CL5 26.3 HSS 
76×51×6.35 101 0 750 207.42 4.53 

CL6 32.6 HSS 
76×51×6.35 151 720 0 282.93 4.66 

CL7 35.4 HSS 
76×51×6.35 101 720 720 296.90  6.31 

CL8 35.3 HSS 
51×51×6.35 101 720 720 296.48  5.67 

* CL0 refers to the conventional 15M internal transverse reinforcement; others show dimensions 
that are perpendicular and parallel to the column longitudinal axis and the wall thickness of the 
HSS collars, respectively. 

** Two levels of axial load applied to specimen CL0. 
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Table 2-3 Collared columns under concentric and eccentric loading 
(Chapman and Driver 2006) 

 
Collar  
cross-

section ** 

Spacing 
on  

centres 

Avg.  
bolt P/T

load 

Initial  
load 

eccentricity
End 

condition 
Peak  
load 

Peak 
strain Specimen 

mm × mm mm kN mm   kN   
C00A* Ties 10M 267 — 0 Fixed 3475 0.0035 

C00B* Ties 15M 70 — 0 Fixed 3342 
/3419***

0.0034 
/0.035*** 

CE01 50×38 122 25 0 Fixed 5200 0.0344 
CE02 50×38 95 25 0 Fixed 6500 0.0203 
CE03 50×38 170 25 0 Fixed 3905 0.0104 
CE04 50×38 122 25 0 Fixed 5607 0.0275 
CE05 50×38 122 144 0 Fixed 5950 0.0189 
CE06 40×50 122 25 0 Fixed 5516 0.0219 
CE07 50×38 122 25 30 Pinned 2997 0.0138 
CE08 50×38 122 25 60 Pinned 2276 0.0154 
CE09 50×38 122 25 10 Pinned 3861 0.0276 
CE10 50×38 122 25 0 Pinned 4490 0.0248 
CE11 50×38 95 25 30 Pinned 3415 0.0267 
CE12 50×38 170 25 30 Pinned 2744 0.0073 
CE13 50×38 122 135 30 Pinned 3695 0.0137 
CE14 40×50 122 25 30 Pinned 3171 0.0104 

* Non-collared column tested by Hussain and Driver (2005b) with concrete compressive strength 
of 34.4 MPa and 35.0 MPa, while all other columns have the concrete compressive strength of 
31.7 MPa. 

** C00A and C00B refer to the conventional 10M and 15M internal transverse reinforcement; 
others show dimensions that are perpendicular and parallel to the column longitudinal axis, 
respectively. 

*** Presented for two distinct load peaks observed for specimen C00B. 
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Figure 2.1 Axial load versus axial strain for concentrically loaded specimens 

(adapted from Chapman and Driver 2006) 
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CHAPTER 3 EXPERIMENTAL PROGRAM 
 
3.1 Introduction 
 
To complement previous research conducted at the University of Alberta on collared 
reinforced concrete slender columns under axial and combined axial and lateral loading, a 
testing program was designed to investigate the strength, ductility, and overall response 
of collared reinforced concrete short columns subjected to combined axial and cyclic 
lateral loading. The principal parameters considered in the test program are: collar 
spacing, collar size/stiffness, longitudinal reinforcement ratio, axial compression ratio, 
pretension of collar bolts, and shear span-to-depth ratio. A description of the test 
specimens, material properties, test set-up, instrumentation, and loading procedures are 
presented in this chapter. 
 
3.2 Description of Test Specimens 
 
To simplify discussions about the various test specimens, a notation consisting of a 
three-part identifier is used. The general form of the notation is: CVx, where “C” stands 
for Column, “V” means the test is to study the behaviour of the short column (to 
distinguish from previous phases of the overall research program), and “x” is a serial 
number from 1 to 8 for collared columns, “0A” or “0B” for the control specimens 
(without collars), or “0AR” for the repaired specimen after the initial test of 
specimen CV0A. The character “A” indicates that the ties were widely spaced and “B” 
indicates closely spaced ties. 
 
3.2.1 Specimen Design 
 
The test specimens were designed as cantilever columns with a short shear span to create 
a high shear-to-moment ratio at the critical cross-section and thereby might encourage 
shear-dominant behaviour. Based on a review of available test results, a shear 
span-to-column-depth ratio, referred to herein as the “aspect ratio” for simplicity, of less 
than 2.5 is needed to develop shear-dominant behaviour (Woodward 1980; Ghee et al. 
1989; Wong et al. 1993; Priestley et al. 1994a, 1994b; Jaradat et al. 1998). Ten full-scale 
column specimens (CV0A, CV0B and CV1 to CV8) were designed with 400×400 mm 
cross-sections and an overall height of 800 mm. The aspect ratios, ( )VDM , selected 
were 1.63 and 0.88, where M  is the moment at the critical section (i.e., at the column 
base), V  is the shear force at the critical section, and D  is the section dimension 
(400 mm). The tests also included control columns with conventional transverse 
reinforcement. One control column (CV0B) was designed to meet the seismic 
requirements of both CSA-A23.3-04 and ACI 318-05, whereas the other (CV0A) had 
only nominal tie reinforcement to meet the gravity load provisions. Eight specimens 
(CV1 to CV8) were rehabilitated with external steel collars, and a post-damage repaired 
and rehabilitated specimen (CV0AR) was used to determine whether a damaged column 
can be salvaged after an earthquake. All specimens except one were subjected to 
compressive axial loads, because the presence of compressive axial loads would appear 
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to be more representative of the loads generally present on a column in a structure in 
service. Details of the test specimens are shown in Table 3-1. 
 
The test specimens were constructed with a footing to allow foundation influence or 
interaction to be monitored, as well as to facilitate the connection to the laboratory strong 
floor. All the specimens had 1600×1000×570 mm footings that were anchored to the 
strong floor by four prestressed 50 mm diameter high strength threaded rods. An 
additional constraint system was used to prevent any sliding of the footing under large 
horizontal loads during the test. 
 
The 28-day compressive strengths of the concrete in the footings and columns were both 
targeted at 30 MPa. The mix design for the column concrete was conducted according to 
the mix design manual authored by Kosmatka et al. (2002) and published by Canadian 
Portland Cement Association (2002) and was batched in the laboratory. Concrete used for 
the footings was ready-mix. Concrete required for the test specimens was exposed to 
neither chlorides nor freezing and thawing, so it pertains to an “N” class of exposure. As 
such, air-entrainment was not required. The slump was targeted at around 80 mm. A 
nominal maximum size aggregate of 20 mm was used along with Type 10 cement. Mix 
proportions for the test columns are shown in Table 3-2. However, water was adjusted 
based on laboratory experience due to the varying moisture contents of the aggregates 
during mixing at different times. 
 
3.2.2 Internal Reinforcement Details 
 
In order to capture the shear capacity of the column, the flexural design strength was set 
higher than the flexural demand corresponding to the anticipated shear capacity based on 
ACI 318-02 and CSA-A23.3-94 (current editions at the time the specimens were 
designed) without considering the shear contribution from the steel collars or the cyclic 
loading condition. A high longitudinal reinforcement ratio of ten 25M longitudinal bars 
(3.13%) was therefore adopted in this test program for all the columns, except one with 
ten 20M bars (1.88%). All columns met the seismic requirement of longitudinal 
reinforcement ratio range of 1% and 6%. All the longitudinal bars were weldable 
deformed bars due to their need to be welded to the top bearing plate. Diagrams of a 
typical specimen (CV1) before the assembly of external steel collars, including the 
reinforcement details, are shown in Figures 3-1 and 3-2. The rebar cage set in the form is 
presented in Figure 3-3. Since there was no splicing of the longitudinal bars, the code 
requirement of lap splices being permitted only within the centre half of the member 
length was met. The longitudinal bars were extended into the footing with 90º 400 mm 
long hooks. Specimens CV1 to CV8 had external steel collars, and in order to study the 
effect of the collars separately, no internal transverse reinforcement was provided in the 
test regions of these columns. For the control columns—CV0A and CV0B—conventional 
transverse reinforcement was chosen as 10M ties with spacings of 400 mm and 100 mm, 
respectively. The former spacing meets the gravity load design criteria and the latter the 
seismic plastic hinge requirements of both CSA-A23.3-04 and ACI 318-05. Gravity load 
design requires that the vertical spacing of the transverse reinforcement not exceed 16 
longitudinal reinforcement diameters, 48 transverse reinforcement diameters, or the 
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smallest dimension of the compression member. The seismic provisions require that the 
vertical spacing of the transverse reinforcement not exceed one-quarter of the smallest 
dimension of the compression member, six times the diameter of the smallest 
longitudinal reinforcement, or xs , defined as follows: 
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where xh  is the horizontal spacing between longitudinal bars that are laterally supported 
by seismic hoops or crosstie legs; here xh  was 122 mm on two sides and 73 mm on the 
other two sides. It shall not exceed the greater of 200 mm or one-third of the core 
dimension in that direction, and shall not be more than 350 mm. 
 
The minimum permissible areas of transverse reinforcement are set by Eqs. 3-2 and 3-3 
from CSA-A23.3-04 and Eqs. 3-4 and 3-5 from ACI 318-05: 
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where ( )2−= lln nnk , 0PPk fp = , ln  is the total number of longitudinal bars in the 
column cross-section that are laterally supported by the corner of hoops or by hooks of 
seismic crossties, fP  is the maximum factored axial load for earthquake loading cases, 

0P  is nominal axial resistance at zero eccentricity, vA  is the total cross-sectional areas of 
the transverse reinforcement (including crossties) within the spacing s  and perpendicular 
to dimension ch , s  is the spacing of the transverse reinforcement measured along the 
longitudinal axis of the column, ch  is the dimension of the concrete core of the 
rectangular section measured perpendicular to the direction of the hoop bars to the 
outside of the peripheral hoop, '

cf  is the specified compressive strength of concrete, yf  
is the specified yield strength of the transverse reinforcement, gA  is the gross 
cross-sectional area of the column, which is 160 000 mm2, and chA  is the cross-sectional 
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area of the core of the column measured out-to-out of the transverse reinforcement, which 
is 115 600 mm2. 
 
The transverse reinforcement was detailed with seismic hooks, i.e., 135º hooks with an 
extension length of at least six bar diameters. The internal transverse reinforcement for 
specimen CV0A and CV0B, shown in Figure 3-4, did not extend into the footings. The 
column reinforcement cages were tied to the footings before the concrete of the footings 
was cast. Four pieces of 10M bars were welded to the column longitudinal bars near the 
top to secure the positions of these bars during assembly, as shown in Figure 3-3. All 
vertical reinforcing bars had a 90º hook at the footing base and the top end passed 
through drilled holes in a square steel top bearing plate. The bars were then welded to the 
steel plate to ensure adequate anchorage of the vertical steel over the short shear span, as 
shown in Figure 3-5. 
 
3.2.3 Steel Collars 
 
Steel collars used in some previous phases of this research program were made from 
Hollow Structural Sections (HSS) with bolted or welded corner connections. These 
configurations tend to be somewhat difficult to fabricate, especially when welding is 
required, necessitating special quality control procedures. Some collars were welded in 
the shop and then threaded over the columns from the top, which is not applicable to a 
real rehabilitation scenario. In order to standardize and simplify the fabrication and 
installation of steel collars, a new type of collar was developed for this test program and 
another, where collared columns were tested axially (Chapman and Driver 2006). These 
collars, shown in Figure 3-6, consist of two “L” shaped pieces cut from a 50 mm thick 
steel plate in a commercial fabrication shop using a conventional computer controlled 
oxy-gas cutting table and the pieces are connected using high strength structural bolts. 
Standard 25.4 mm (1 in.) diameter ASTM A490 high strength structural bolts were used 
in these tests. This fabrication process, making use of common equipment and completely 
eliminating the need for welding, is cost–effective. 
 
The collars were installed in an alternating orientation sequence by rotating each 
successive collar 90º about the column axis, balancing the possible effect aroused by the 
restraint difference between the rigid corner and bolted corner. The collar cross-section is 
30×50 mm (the second dimension against column face and parallel to the longitudinal 
axis of the column), except the collars of column CV8 had a larger cross-section of 
50×50 mm to assess the effect of increased collar stiffness. The clear spacing between the 
collars is 100 mm (for most specimens), 150 mm, or 45 mm. The clear spacing between 
the top of the footing and the bottom of the first layer collar is equal to one-half of the 
spacings above. 
 
The bolts connecting the steel collars for all of the columns except column CV7 were 
tightened to be just snug with the column, while a significant pretension force was 
applied to the bolts for column CV7. The pretension was measured by an annular bolt 
load cell to study the potential benefits of active confining pressure. The pretension was 
applied to the bolts through five incremental steps. 
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3.2.4 Specimen Preparation 
 
Fabrication and testing was conducted in the I. F. Morrison Structural Engineering 
Laboratory at the University of Alberta. Casting of the columns and footings was done in 
two stages. Two footings were cast at the same time, as shown in Figure 3-7, using the 
same batch of commercial ready mix concrete. After the footing concrete had partially 
cured, the two corresponding columns were cast using separate batches of concrete (due 
to the small capacity of the mixer) prepared in the laboratory, as shown in Figure 3-8. 
The construction joint between the footing and column was roughened and cleaned up 
before casting the column concrete. At least eight standard 150×300 mm cylinders were 
cast for each batch of concrete used for the footings or columns, as per the requirement of 
ASTM standard C192-02 (ASTM Standard C192. 2002), to characterize the material 
properties. Four cylinders were tested to measure the strength evolution with time and at 
least three were used to obtain the strength of the concrete at the time of testing of the 
columns. Curing conditions for the cylinders and test specimens were identical to ensure 
representative results. The specimens and cylinders were moist-cured under polyethylene 
sheets for a total of seven days after casting and cured under ambient laboratory 
conditions thereafter. 
 
To investigate the feasibility of repairing badly damaged columns using external steel 
collars, one of the failed control columns was retested after being repaired. The 
specimen CV0AR was the repaired specimen from the damaged control column (CV0A) 
using epoxy mortar and external collars. Before the application of repair, a visual 
investigation of the condition of the damaged specimen needs to be conducted, to 
evaluate the feasibility of repair. It should be pointed out that for specimen CV0A the 
internal transverse reinforcement did not fracture, the longitudinal reinforcing bars were 
essentially straight, and the column axis was still close to vertical due to the small lateral 
displacement applied to the specimen during the whole test, indicating the feasibility of 
repair. The repair process involves surface preparation, assembling of a form, mixing and 
application of mortar, and curing. 
 
The first step in the repair of CV0A was to remove the weak, deteriorated soft concrete 
using a hand-held pneumatic chisel. Then the specimen was brushed and blown to 
eliminate superficial dust. Four strain gauges were installed on the longitudinal 
reinforcement at the same positions as original specimen CV0A. A total of 16 strain 
gauges were also attached on collar 1 and collar 2. After the preparation of the specimen, 
a form was constructed as shown in Figures 3-9(a). Styrofoam was used as the form work 
for casting the epoxy mortar as well acting as collar spacers. Special tapes were attached 
to cover the inside of the Styrofoam spacers and collars. One side of the tape is wax 
coated, which will make a very smooth surface of the repaired specimen and the easy 
removal of the Styrofoam spacers. External braces using threaded rods and HSS short 
columns were applied to provide confinement and support during the pouring of the 
epoxy mortar. 
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The epoxy mortar used has a volumetric mix ratio of 10:2:1 for fine sand: Part A (Resin): 
Part B (Hardener). Epoxy part A and part B was mixed using a low-speed drill with 
custom stirring attachment. Fine sand was added while stirring. Mixing continued for at 
least five minutes after all the fine sand was added. Then some water was sprayed on the 
specimen to wet the surface before pouring the mortar. All mortar was cast within 
45 minutes of mixing. At the end of application, excess epoxy mortar was removed from 
the specimen surface before it hardened. Then epoxy mortar was cured in the laboratory 
for one week under ambient temperature conditions as shown in Figure 3-9(b). 
 
In order to mount the clinometers on the control specimens CV0A and CV0B to obtain 
curvature distribution along the column, four bars were pre-embedded for each control 
column at the height of 75 mm, 225 mm, 375 mm, and 525 mm measured from the 
column footing interface in the east side. The position of clinometers can be seen from 
Figures A-1 and A-3. For other columns, clinometers were mounted at the external 
collars. 
 
3.3 Material Mechanical Properties 
 
The physical properties of the concrete in the columns and footings were obtained by 
standard concrete cylinder tests, as per ASTM standard C469-02 (ASTM Standard C469. 
2002), conducted at 7- and 28-days, as well as on the day of or one day before the testing 
of the respective column. The mean compressive strengths, '

cf , the standard deviations, 
and corresponding ages of concrete at the time of the testing of the cylinder (on the 
day/one day before the testing of the respective column) are given in Table 3-3. The 
stress versus strain curve for each cylinder was plotted, and the secant method to '%40 cf , 
as specified in CSA-A23.3-04 Clause 8.6.2.1, was used to obtain the modulus of 
elasticity cE  for the concrete, which is also reported in Table 3-3. As mentioned in the 
Explanatory Notes of Clause 8.6.2.3 in CSA-A23.3-04, the value of cE  varies markedly 
depending on the concrete strength, the concrete density, and the type of coarse aggregate, 
and is affected by the aggregate fraction in the mix, the modulus of elasticity of the 
aggregates, and the loading rate. Its value will generally be between 80 and 120% of the 
values specified in CSA-A23.3-04 Clauses 8.6.2.2 and 8.6.2.3. The modulus of elasticity 
for the concrete of the columns used in this experimental program was found to be 
around 85% of the values specified in Clause 8.6.2.2, around 87% of the values specified 
in Clause 8.6.2.3., and around 82% of the value obtained adopting the ACI318-05 
modulus of elasticity equation '5.1043.0 ccc fE γ= , where cγ  is the density of the 
concrete. The slightly lower than average values are typical of concretes made with 
aggregates from central Alberta. 
 
All reinforcing bars conformed to standard CSA-G30.18. Three tension coupons were 
tested for each rebar size, where all bars of given size were from the same heat of steel, as 
specified in Table 3-4. Tension coupon tests were conducted to get the key material 
properties. Figure 3-10 shows the mean stress versus strain curves for the reinforcing bars 
and steel collars. The mean yield stress, modulus of elasticity, ultimate stress, and strain 
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at ultimate stress are listed in Table 3-4. The mean yield stress, modulus of elasticity 
ultimate stress, and strain at ultimate stress are static values and are the average of three 
values from the coupon stress-strain curves. The mean stress-strain curves are constructed 
by taking the average of the stress and strain from these three coupon tests. If one of the 
tests terminated earlier, then the remaining part of the curve will be the average of the 
remaining two coupon test results. All tension tests were carried out as per 
ASTM standard A370-02 (ASTM Standard A370. 2002). 
 
Specimen CV0A was initially tested in the same manner as the other specimens and the 
damaged specimen was then repaired with epoxy mortar and external steel collars. A 
low-viscosity moisture-insensitive epoxy adhesive, including resin and hardener, was 
used with fine sand to make the mortar. Six 51×51×51 mm cubes were made to determine 
the material properties of the mortar. The stress versus strain curves are shown in 
Figure 3-11. The mean ultimate stress, modulus of elasticity, and strain at ultimate stress 
were found to be 40.0 MPa, 3251 MPa, and 0.026, respectively. 
 
3.4 Test Set-up 
 
The test set-up includes three prominent features: column base fixing system (footing), 
horizontal loading assembly and its reaction system, and vertical loading assembly and its 
reaction system. The schematic loading set-up is shown in Figure 3-12, and Figure 3-13 
shows a photograph thereof. 
 
All the specimen footings were levelled using a high strength plaster material underneath 
and then anchored to the strong floor by four prestressed 50 mm diameter high strength 
threaded rods. The prestressing force applied to each rod was about 500 kN. The anchor 
rod prestressing set-up is shown in Figure 3-14. An additional constraint system 
consisting of Dywidag rods, nuts, and double channel beams was used to prevent sliding 
of the footing under the large horizontal loads applied during the test. This arrangement 
can be seen in Figures 3-13 and 3-15. 
 
The horizontal load is applied to the specimens by two double-acting hydraulic jacks in 
parallel mounted on a reaction frame. The jacks, mounted adjacent to each other at the 
same elevation, were connected to the reaction frame through a pin-connection assembly. 
A yoke assembly was used to connect the other end of these two jacks to create a single 
applied force. The force application system was then connected to a loading arm (see 
Figure 3-15) with an integral clamp plate on the column (specimen) side. A load cell was 
installed between the yoke and loading arm to measure the single load output. A common 
oil pumping valve was used for the two jacks to ensure that the same fluid pressure was 
maintained. Clamp plates and four high-strength threaded rods were used to clamp the 
specimen and were designed to provide a means of loading in the two opposite directions. 
Figures 3-16 and 3-17 show the schematic set-up of the horizontal loading assembly and 
Figure 3-15 shows a photograph. Two different shear-spans were tested in this program, 
which required the adjustment of the horizontal load assembly. 
 



 58

A vertical load, simulating the gravity load on the column, was provided by a single jack 
connected to an overhead reaction beam. Pin connections were used to accommodate 
lateral displacement of the column specimens. A brace system was used at the top pin of 
the vertical load jack to carry any horizontal component of the applied load, as shown in 
Figure 3-18. 
 
3.5 Instrumentation 
 
Five types of measuring devices were used to monitor the performance of the specimens 
during testing: load cells, strain gauges, clinometers, LVDTs, and mechanical dial 
gauges. Horizontal and vertical loads were measured with load cells on the loading rams. 
One annular bolt load cell measured the load in the bolt of the second (from the bottom) 
layer collar. 
 
Electrical resistance strain gauges were attached to both the longitudinal reinforcement 
and the collars. In the collars, the strain gauges were installed in pairs, one on the side of 
the collar and the other on the top with the centre of the strain gauge 5 mm away from the 
inner edge, providing as much distance between them as possible to better capture the 
flexural behaviour of the collar cross-section. All collared columns had eight strain 
gauges installed on the bottom two layers of collars, except specimen CV3 (with the 
narrowest spacing of steel collars) where the first and the third layer of collars from the 
bottom were instrumented. Previous researchers (e.g., Hussain and Driver 2005b) 
revealed that a discrete rotation develops at the base of the column due to the penetration 
of axial strains in the tensile longitudinal reinforcement into the footing that was 
accentuated by bond deterioration between the steel and concrete during extreme cyclic 
loading. In order to capture these additional fixed-end rotations, strain gauges were 
installed at two levels below the surface of the footing to obtain an estimate of the strain 
and strain gradient in the reinforcing bars in the footing for specimens CV0B, CV1, and 
CV4. 
 
Clinometers measured the collar rotations to aid in the characterization column curvature. 
The angle of the horizontal loading assembly changed slightly as the specimens 
underwent lateral movement. This angle change was monitored by a clinometer to ensure 
that acceptably small rotations were maintained. The horizontal load was not adjusted for 
this angular change since the change was negligible, as discussed in Chapter 4, 
Section 4.3. 
 
The horizontal displacement of the column was measured with linear variable 
displacement transformers (LVDTs) at the height of application of the horizontal load. 
Additional LVDTs at the top and bottom pin of the vertical load hydraulic jack permitted 
a resolution of horizontal and vertical load components from the nominally vertical jack. 
In order to monitor the possible slip of the footing, a dial gauge was installed to measure 
the displacement relative to the floor. Figure 3-19 shows the instrumentation details for 
specimen CV1. 
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3.6 Loading Procedure 
 
The vertical load was applied initially to achieve the desired axial compression index and 
then kept constant throughout the remainder of the test. The axial compression index is 
calculated from ( )gc AfP ' , where P  is the axial compressive load, '

cf  is the measured 
compressive strength of concrete, and gA  is the gross cross-sectional area of the column. 
For all the columns except column CV6, the axial compression index was 30%, while no 
axial compressive load was applied to column CV6. 
 
The sequence for horizontal loading is shown in Figure 3-20 and is similar to that used by 
Ghee et al. (1989), except that instead of controlling the test solely based on the 
estimated force yV  that results in the theoretical yield moment developing at the base of 
the column, it was also controlled based on real-time observations of the behaviour of the 
test specimen in the first cycle. For all the tests, the first five cycles of horizontal loading 
were load controlled to 0.75 yV  , and the remaining were displacement controlled. For the 
weakly reinforced control specimen CV0A, the initially damaged specimen CV0AR, and 
specimen CV5 (with the smaller aspect ratio giving rise to a very high value of calculated 

yV ), the initial five-cycle load control values were intentionally reduced to around half of 
the calculated yV . This modification was invoked to prevent the possible sudden failure 
of these specimens during the first series of five cycles.  
 
The estimation of the yield force, yV , is very important for performing this test. It is 
defined herein as the lateral force corresponding to the yield moment of the column, 
which is taken as the point of first yield of the vertical tensile steel, considering the 
combined effects of axial compression and bending, and is based on measured material 
properties with unconfined concrete strength ignoring influence of collars. The measured 
material properties include longitudinal bar yield stress and strain, concrete cylinder 
stress versus strain curve, concrete compressive strength, and modulus of elasticity. It 
was found that the concrete stress versus strain curves from the standard cylinder tests fit 
well with the stress versus strain relationship proposed by Todeschini et al. (1964), 
especially before reaching the ultimate strength. In obtaining the stress versus strain 
relationship, the maximum stress and the strain at this maximum stress were taken as 
suggested by MacGregor and Bartlett (2000) as shown in Eqs. 3-7 and 3-8. Therefore, the 
concrete stress was calculated from the strain using the following relationships 
(Todeschini et al. 1964): 
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 ''' 9.0 cc ff =      [3-7] 
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 ccc Ef '' 71.1=ε     [3-8] 
 
where cf  is the compressive stress of the concrete at strain ε , ''

cf  is the peak 
compressive stress of the Todeschini curve, ε  is the strain of concrete, '

cε  is the strain 
corresponding to the peak concrete compressive stress, and '

cf  is the compressive 
strength of the concrete. 
 
In the calculation of the column compressive force and moment corresponding to the 
yield force, yV , the concrete compression zone is divided into ten rectangular layers of 
equal area. The concrete in tension is neglected.  
 
The values of yV  for all columns were calculated using the trial-and-error sectional 
analysis procedure assuming strain compatibility, but in order to avoid the possible 
sudden failure for columns CV0A and CV0AR, the first five-cycles of these two columns 
were conducted at a lower load value. For column CV5, the value of yV  was very large 
due to the smaller shear-span, and a lower value was also adopted in the initial five cycles, 
and this lower value was chosen to be the same as the values used other collared columns, 
CV1, CV2, CV3, CV4, CV6, CV7, and CV8. 
 
As shown in Figure 3-20 (a), the yield displacement at the point of application of the 
horizontal load, yΔ , is defined using the first full cycle by extrapolating straight lines 
from the origin through the peaks of the lateral load versus displacement curve at 
±0.75 yV  to the points defined as ± yV . The average of the values in the positive and 
negative directions is taken as the yield displacement, yΔ , for both directions. The 
displacement ductility factor, μ , is defined as the ratio of the actual maximum 
displacement, maxΔ , at the point of application of the horizontal load to the yield 
displacement, yΔ . The subsequent loading sequence consists of five displacement 
controlled cycles to displacement ductilities μ  = 1.5, 2, 4, 6, and so on. The test is 
continued until significant degradation of the specimen strength is observed. It is to be 
noted that although this procedure was used for controlling the test, the values of yΔ  
were re-evaluated after the test program was complete when the behaviour of specimens 
rehabilitated in this way was better understood. This re-evaluation, discussed in Chapter 4, 
led to displacement ductilities considered to be representative of the behaviour of the 
specimens. As a means of clarification, the value of yΔ  used specifically for controlling 
the tests is hereafter designated as ycΔ . 
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Table 3-1 Summary of the test specimen configurations 
 

Aspect  
ratio 

Collar  
cross-

section* 

Collar  
centre-centre 

spacing** 

Axial  
compres

-sion  
index 

Longitudinal  
reinforcement  

*** 

P/T 
in collar 

bolt Specimen 

M/(VD) mm × mm mm P/(fc
'Ag) Bars, ρ*** (kN) 

CV0A 1.63 — 400 0.3 Ten 25M,3.13% — 

CV0AR 1.63 30×50 150 0.3 Ten 25M,3.13% 10 

CV0B 1.63 — 100 0.3 Ten 25M,3.13% — 

CV1 1.63 30×50 150 0.3 Ten 25M,3.13% 9 

CV2 1.63 30×50 200 0.3 Ten 25M,3.13% 12 

CV3 1.63 30×50 95 0.3 Ten 25M,3.13% 12 

CV4 1.63 30×50 150 0.3 Ten 20M,1.88% 12 

CV5 0.88 30×50 150 0.3 Ten 25M,3.13% 11 

CV6 1.63 30×50 150 0 Ten 25M,3.13% 11 

CV7 1.63 30×50 150 0.3 Ten 25M,3.13% 144 

CV8 1.63 50×50 150 0.3 Ten 25M,3.13% 13 
* Dimensions are perpendicular and parallel to the column longitudinal axis, respectively 
** CV0A and CV0B values refer to the centre-to-centre spacing of conventional 10M internal 

transverse reinforcement (see Fig. 3-4 for arrangement) 
*** Longitudinal reinforcement ratio, ρ , is the total longitudinal reinforcement area, sA , divided 

by the gross cross-sectional area of the column, gA , gs AA /=ρ  

 
 
 

Table 3-2 Mix proportions for the test columns 
 

Unit weight (kg/m3) 

Water Cement Fine aggregate Coarse aggregate 

205 471 726 992 
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Table 3-3 Properties of concrete 

 
Footing concrete Column concrete 

Specimen Mean  
strength  

fc
'*  

(MPa)  

Standard 
deviation 

 
(MPa) 

Mean  
strength 

fc
'*  

(MPa)  

Standard 
deviation 

 
(MPa) 

Strain at 
peak 

stress  
εc

' 

Secant 
modulus of 

elasticity 
Ec 

(MPa) 

Age of 
concrete 

 
(Days) 

CV0A 28.9 0.27 26.3 1.12 0.0025 19 700 35 

CV0AR 28.9 0.42 26.6 2.00 0.0029 20 700 56 

CV0B 28.6 0.31 26.9 0.74 0.0023 18 200 27 

CV1 41.1 1.00 33.3 0.88 0.0029 22 800 84 

CV2 37.7 0.48 25.5 0.43 0.0026 20 700 27 

CV3 37.6 1.13 22.0 0.50 0.0024 18 000 33 

CV4 28.6 0.48 30.8 1.12 0.0028 22 000 123 

CV5 26.2 0.30 29.5 0.36 0.0028 19 900 39 

CV6 40.6 0.08 31.5 1.65 0.0027 23 700 125 

CV7 29.2 0.07 29.1 0.40 0.0028 21 400 132 

CV8 26.8 0.68 27.4 0.68 0.0026 20 000 27 
* Compressive strength of concrete on the day or one day before the column tests. 

 
Table 3-4 Properties of rebar and collar steel 

 

Steel 
type Size Specimen 

Yield  
stress 

fy  
(MPa) 

Modulus of 
elasticity 

Es 
(MPa) 

Ultimate 
stress  

fu 
(MPa) 

Strain at 
ultimate 
stress  
εu 

10 M CV0A, 0AR, 0B 406 185 000 649 0.137 

20 M CV4 441 201 000 618 0.124 

25 M  
(order 1) CV1, 6, 7 453 195 000 641 0.124 Rebar 

25 M  
(order 2) 

CV0A, 0AR, 0B,  
2, 3, 5, 8 383 190 000 535 0.166 

order 1 CV0AR, 1, 2, 4, 5, 6, 7 309 200 000 470 0.163 
Collar 

order 2 CV3*, 8 272 209 000 456 0.157 
* Collar order 1 is used for the first layer of collars in CV3. 
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Figure 3-1 Specimen internal reinforcement details (specimen CV1) (elevation) 
(a) footing long side direction; and (b) footing short side direction 
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Figure 3-2 Specimen internal reinforcement details (specimen CV1) (plan) 
 

 
 

Figure 3-3 Rebar cage set in form 
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Figure 3-4 Internal transverse reinforcement detail for specimens CV0A and CV0B (plan) 
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                                    (a)                                                                     (b) 
 

Figure 3-5 Welded top plate: (a) before welding; (b) after welding 
 
 
 
 
 

      
 

        (a)                                              (b)                                          (c) 
 

Figure 3-6 Steel collars: (a) during cutting; (b) exploded view; and (c) assembled view 
 
 

Top Plate 

Longitudinal Bars 

Top Plate 
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Figure 3-7 Two specimens ready for concrete casting of footings 
 

 
 

Figure 3-8 Two columns ready for concrete casting 
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    (a) Form and brace system for grout repair        (b) After epoxy mortar grout 
 

Figure 3-9 Repair of damaged specimen 
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Figure 3-10 Stress versus strain curves for rebar and collar steel 
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Figure 3-11 Epoxy mortar stress versus strain curves 
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Figure 3-13 Test set-up 
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Figure 3-14 Anchor rod prestressing set-up 
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Figure 3-15 Constraint system and horizontal loading assembly (reverse angle as 
compared to Figure 3-13) 
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Figure 3-16 Horizontal loading assembly schematic (plan) 
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Figure 3-17 Horizontal loading assembly schematic (elevation) 
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Figure 3-18 Brace system for vertical jack 
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Figure 3-19 Instrumentation details schematic (specimen CV1) 
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    (a) Definition of yield displacement                         (b) Typical displacement sequence 

 
Figure 3-20 Sequence of imposed displacements for test specimens 
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CHAPTER 4 DISCUSSIONS OF TEST RESULTS 
 
4.1 Introduction 
 
For convenience, in the following discussion the numbering of the layers of collars and 
gaps between collars are defined so that from the bottom to the top of the column, the 
number increases. That is, the first layer of collar near the footing is given the number 1 
and the second layer (above) is given the number 2. Similarly, the gap between the 
footing and the first layer of collar is given the number 1 and the gap between the first 
and the second layers of collar is given the number 2. 
 
The loading scheme is described in detail in Chapter 3; a brief summary of the aspects 
central to the discussion in this chapter is provided here for convenience. The direction of 
loading is defined as follows: the “push” direction relates to column deflection toward the 
north in the test set-up (see Figure 3-12), while the “pull” direction relates to southward 
column deflection. In tables, the loading direction is shown with the sign “+” for “Push to 
the North” and the sign “-” for “Pull to the South”. One complete cycle consists of a 
push-half-cycle followed by a pull-half-cycle, starting and ending at the initial vertical 
column alignment. Five cycles were implemented at each force or displacement level 
according to the loading protocol described in Chapter 3, Section 3.6. The axial load, if 
applicable, was applied initially before any lateral loads and then kept constant 
throughout the remainder of the test. The axial compressive load was established using an 
axial compression index value of 0.3 (as shown in Table 3-1), based on the measured 
concrete strength. Lateral loading was applied under force-control up to 75 percent of the 
force corresponding to the estimated first yield of the longitudinal reinforcement, 
followed by displacement-controlled loading thereafter. For specimens CV0A, CV0AR 
and CV5, reduced peak force levels were utilized for the initial five cycles to reduce the 
chance of an early sudden failure. The analysis related to displacement ductility in this 
chapter is based on the value determined from the plot after the completion of the test. 
 
4.2 General Observations 
 
This section provides a general description of the behaviour of each specimen during 
testing. When conducting the test, the load–displacement hysteresis was plotted in real 
time to provide a graphical insight into the behaviour of each specimen and a way to 
control the test. The number of cycles sustained by each specimen at each control 
displacement ductility level, cμ , is given in Table 4-1. Since the first five force-control 
cycles of specimens CV0A, CV0AR, and CV5 were conducted at loads lower than 0.75 
times the estimated yield force, and hence resulted in a much smaller control 
displacement in conducting the test. However, the control displacement levels shown in 
Table 4-1 are just for convenience in the test, not the final displacement ductility levels. 
Also for specimen CV6, the final cycle of loading was conducted at displacement level 7, 
instead of 8 because of the stroke limit of the horizontal LVDTs. 
 
Application of lateral load and displacement consisted of a series of cycles of imposed 
inelastic displacement, with maximum excursions that ranged from ±12 mm (CV0A) to 



 77

±75 mm (CV6). The columns were pushed and pulled far beyond their flexural yield 
points, to levels that in most cases probably exceeded the maximum displacements 
expected in an earthquake. 
 
The external steel collars were bolted in place, directly on the surface of the square 
columns without creating stress concentrations at the corners, which might lead to 
crushing and damage of the concrete. Visible crack patterns indicated that a combination 
of diagonal cracking and concrete crushing in the flexural compression region was the 
dominant failure mode for all the test specimens, as was evident by inclined cracks of 
increasing distribution and widths after yield of the longitudinal bars. Generally, at later 
loading stages, the shape of the hysteretic loops became increasingly “pinched” toward 
the origin and the strength and stiffness of the specimens deteriorated somewhat more 
rapidly. A larger number of inclined cracks were visible in both directions, indicating 
more damage. At the end of the test, spalling of concrete cover was extensive in the 
bottom region of each column. The angle of the most severe diagonal cracking, measured 
from the longitudinal axis, was 32° to 42° for each specimen, except for CV7 which was 
49°, and with an average of 37°, as shown in Table 4-2. 
 
The observed mode of failure was ductile failure after yielding of the longitudinal bars 
took place except for CV4, which failed by longitudinal bar rupture. The strains in the 
longitudinal bars of all the columns, except specimens CV0A and CV5, were well above 
the yield strain of the bars at the peak applied load, while the longitudinal bars in 
specimen CV0A and CV5 just barely reached the yield strain. Ductile failure occurs 
when the column develops its flexural strength but ultimately fails due to the widening of 
the diagonal cracks, leading to a more rapid degradation of strength than flexural strength 
under repeated reversal of loading. The primary damage zone concentrated in the lower 
part of each specimen in gap 2, with the formation of a plastic hinge and crushing of 
concrete. At this location, the combination of shear force and curvature is close to 
maximum, while the critical section at the base was constrained by the footing which 
makes the failure zone move upward and away from it. Significant flexural horizontal 
cracks developed at the column-footing interface. Also, failure was delayed substantially 
by the presence of the collars—even after the formation of diagonal cracks—and the 
diagonal cracks developed at a relatively higher load than in the control columns. This 
resulted from the confinement effect provided by the external collars. 
 
Even though the concrete crushed in the flexural compression region at the base of the 
column and three 20M longitudinal reinforcing bars on the south side of specimen CV4 
ruptured in tension during the tests, no slippage of the collars was observed during the 
experiments. Collars deformed plastically outward to some degree, indicating substantial 
confinement was being provided to the concrete. The collar legs on the north and south 
sides (the push and pull direction of the lateral load) deformed more than the west and 
east sides because of increased concrete dilation at the extreme compression fibre 
locations. At the end of each test, the steel collars were removed and the column was 
examined visually. No concrete spalling occurred directly under the collars. The steel 
collars allowed a more gradual degradation of strength at failure, as compared to the 
control columns without collars. 
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4.2.1 Specimen CV0A 
 
Specimen CV0A represents an existing column with typical transverse reinforcement 
designed for gravity loads, but with seismic hooks. The first five cycles were controlled 
by lateral load levels of 280 kN, 60% of the typical load used for collared columns, and 
this much lower load was used to avoid brittle failure during the first cycle. The control 
yield displacement used for conducting the test was 1.59 mm, as shown in Table 4-3. The 
remaining groups of cycles were controlled by increasing the lateral displacement to 
levels of 1.5, 2, 4, 6, and 8 times this control yield displacement. 
 
Hairline diagonal cracks were first found during cycle 7 at each side extending from a 
height of 300 mm to 250 mm from the column base, but they closed fully after unloading. 
No new cracks initiated until cycle 14. At cycle 16, cracks emerged at the west and east 
sides extending from the bottom of the column to the height of the lateral loading 
position, as shown in Figures 4-1(a). These cracks grew progressively larger and wider in 
the later cycles, and were oriented at approximately 32° (from the longitudinal axis) at 
the east side and 40° at the west side during the push direction half-cycle, and 28° at the 
east side and 32° at the west side during the pull direction half-cycle. Minor concrete 
cover spalling started at cycle 20 at the east and west sides of column, and concrete 
crushing was found at the bottom of the four corners at cycle 21. From cycle 21, concrete 
crushing was observed at the interface between the south and north sides of the column 
and footing. The test was terminated after cycle 27 due to the substantial degradation of 
strength. 
 
All the longitudinal bars and one layer of transverse reinforcement were visible at the end 
of the test after removing the loose concrete, as shown in Figures 4-1(b). All the 
longitudinal bars showed some degree of local bending, especially the four corner bars. 
Most bending happened in the region of 150 mm to 300 mm height from the footing 
surface. The exposed transverse tie remained in place without any apparent loosening or 
slippage. This good performance can be attributed to the seismic hook and a corner tie 
located at every longitudinal bar. No crack was found in the footing. 
 
4.2.2 Specimen CV0AR 
 
The repaired specimen CV0AR was tested after the completion of the repairs of the 
damaged control specimen CV0A. Similar to the test of CV0A, the first five cycles were 
controlled by a lower lateral load level. Here this load was taken as 243 kN, half of the 
load used in the other collared column tests. The control yield displacement used for 
conducting the test was 3.09 mm as shown in Table 4-3. The remaining groups of cycles 
were controlled by increasing the lateral displacement to levels of 1.5, 2, 4, 6, 8, 10, 12, 
14, 16, and 18 times this control yield displacement. 
 
A hairline crack was first detected during cycle 6 at the southwest corner, which closed 
after unloading. No new cracks initiated until cycle 16, when they developed at the west 
and east sides between the collars. These cracks grew wider in the later cycles, and were 
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oriented at approximately 37° (from the longitudinal axis) at the east side and 31° at the 
west side during the push direction half-cycle, and 32° at the east side and 38° at the west 
side during the pull direction half-cycle. At cycle 17, a crack was found at the interface 
between the south side of the column and footing. At cycle 22, a crack was found at the 
interface between the north side of the column and footing. After cycle 31, cracks at the 
interface between the south and north side of the column and footing got wider, as shown 
in Figure 4-2(a). Very minor concrete cover spalling started at the east side of the column 
at cycle 34 and at the west side of column at cycle 36. Concrete crushing was found at the 
interface between the column at the north side and the footing during cycle 38, and at the 
interface between the column at the south side and the footing at cycle 49. After cycle 45, 
wider cracks, concrete bulging, and more cover spalling were found, especially after 
cycle 51. 
 
As observed by Hussain and Driver (2005b) and others, cracks were found in the footing 
due to the extension of the longitudinal bars of the column below the footing surface and 
the resulting bond failure. These cracks appeared as early as cycle 17 at the west side, but 
did not occur at the east side until cycle 33. The cracks extended 400 mm and 500 mm 
from the top into the footing at the east and west sides, respectively. Most of the concrete 
spalling happened in gap 2, although some occurred in gaps 1 and 4. At the south side of 
the column, the concrete bulged out about 10 mm in gap 2, while it bulged out about 
25 mm at the north side in gaps 1 and 2, but the concrete was intact. 
 
The middle longitudinal bars at the east and west sides, and the four longitudinal bars at 
the north side of the column became visible in gap 2 after removal of the loose concrete 
at the end of the test. The middle rebar at the east side became partially visible in gap 4. 
The collars deformed, especially the south and north legs of collars 1 and 2, as shown in 
Figure 4-2(b). Connection bolts for collars 1 and 2 also deformed plastically. 
 
4.2.3 Specimen CV0B 
 
Specimen CV0B was detailed according to CSA-A23.3-04 and ACI 318-05. The first five 
cycles were controlled by a lateral load level of 486 kN, control yield displacement used 
for conducting the test was 5.72 mm as shown in Table 4-3. The remaining groups of 
cycles were controlled by increasing the lateral displacement to levels of 1.5, 2, 4, and 6 
times this control yield displacement. 
 
Hairline diagonal cracks were first found during cycle 3 at the east, west and north sides 
extending from the height of 490 mm to 235 mm from the column base, but they closed 
after unloading. More hairline cracks emerged after cycle 4 at four sides. At cycle 6, 
cracks developed at the interface between the column at the south and north sides and the 
footing, and the concrete showed softening indicating the forthcoming crushing and 
spalling. These cracks grew wider in the later cycles, and were oriented at approximately 
37° (from the longitudinal axis) at the east side and 33° at the west side during the push 
direction half-cycle, and 40° at the east side and 38° at the west side during the pull 
direction half-cycle. Very minor concrete cover spalling started at the west side at cycle 9 
and at the east side at cycle 13. Some crushing were observed at the bottom of northeast 
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and northwest corners at cycle 11 and at the bottom of southeast and southwest corners at 
cycle 12. Diagonal cracks were apparent at cycle 16, as shown in Figure 4-3(a). After that 
wider cracks, concrete bulging and more cover spalling were found, especially after 
cycle 19. 
 
Cracks were found in the footing due to the extension of the longitudinal bars of the 
column below the footing surface and the resulting bond failure. Cracks in footing were 
found as early as the cycle 15 at the east and west sides. These cracks extended 500 mm 
into the footing at the east and west sides. Most of the cover spalling happened in the 
region of 150 mm and 300 mm height from the footing surface at the east and west sides. 
No crack or spalling was found underneath the loading clamp plate. The concrete around 
the longitudinal bars spalled and left the bars unbonded. All the longitudinal bars and five 
layers of transverse reinforcement became visible after removing the loose concrete at the 
end of the test as shown in Figures 4-3(b). All the longitudinal bars showed some degree 
of local bending, especially the four corner bars. Most bending happened in the region of 
150 mm to 320 mm height from the footing surface. All the exposed transverse ties 
remained in place without any apparent loosening or slippage, except the third layer tie 
expanded out and loosened slightly at the southeast corner. 
 
4.2.4 Specimen CV1 
 
Specimen CV1 was considered to be the base case specimen from which all the testing 
parameters were varied. The first five cycles were controlled by a lateral load level of 
486 kN, control yield displacement used for conducting the test was 4.43 mm as shown in 
Table 4-3. The remaining groups of cycles were controlled by increasing the lateral 
displacement to levels of 1.5, 2, 4, 6, and 8 times this control yield displacement. 
  
Approximately 35° (from the longitudinal axis) hairline diagonal cracks were first 
observed at the east and west sides as early as cycle 2. More cracks occurred after cycle 6. 
These cracks get wider in the later cycles, and were oriented at approximately 35° (from 
the longitudinal axis) at the east side and 35° at the west side during the push direction 
half-cycle, and 30° at the east side and 37° at the west side during the pull direction 
half-cycle. At cycle 13, some minor concrete crushing was observed at the interface 
between the column and the footing; however, very little concrete crushing in collar gaps 
was observed up to cycle 18, a ductility level of 4, which is commonly used for the 
design of new reinforced concrete structures in seismic zones. 
 
The test was terminated after cycle 30 with maximum control displacement ductility of 8 
due to the strength deterioration and visible damage. Most of the damage occurred in 
gaps 2 and 3 at the east and west sides, and the interface between the column at the south 
and north sides and the footing. Some damages were found in gap 3 at the east and west 
sides. 
 
Specimen CV1 exhibited vertical cracks at location coincident with the locations of the 
longitudinal bars as shown in Figure 4-4(a), an observation also found by Lynn et al. 
(1996), Aboutaha and Machado (1999). Longitudinal cracks at the middle of the east and 
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west sides were found in cycle 14, which initiated considerable concrete crushing after 
cycle 20, and it extended from above collar 1 to below collar 4. In the middle of the west 
side, there was a vertical crack along the middle longitudinal bar. 
 
None of the longitudinal bars ruptured. The middle longitudinal bars at the east and west 
sides became visible between collar 1 and collar 4 as shown in Figures 4-4(b), two 
longitudinal bars at southwest and northeast corners became visible between collars 1 
and 2, and the longitudinal reinforcing bar at the northwest corner became visible 
between collar 1 and collar 3 after removal the loose concrete at the end of the test and 
these bars bent at the portion of gap 2. No crack was found in the footing. All collars 
deformed, especially collars 1 and 2. The connection bolts for collars, however, did not 
show much deformation. 
 
4.2.5 Specimen CV2 
 
Specimen CV2 was different from specimen CV1 in that the collar centre-to-centre 
spacing was 200 mm instead of 150 mm. The first five cycles were controlled by a lateral 
load level of 486 kN, control yield displacement used for conducting the test was 
5.85 mm as shown in Table 4-3. The remaining groups of cycles were controlled by 
increasing the lateral displacement to levels of 1.5, 2, 4, and 6 times this control yield 
displacement. 
 
Hairline diagonal cracks were first found during cycle 1 at four sides in gap 2 and gap 3 
but all these cracks were closed after unloading except two cracks at the east and west 
sides. More hairline cracks developed after cycle 7 at the east and west sides. These 
cracks became wider in the later cycles, and were oriented at approximately 37° (from the 
longitudinal axis) at the east side and 40° at the west side during the push direction 
half-cycle, and 41° at east side and 31° at the west side during the pull direction 
half-cycle. Very minor concrete cover spalling started at the middle of the west side 
above and below collar 2 at cycle 7, at the interface between the column at the south and 
north sides and the footing at cycle 13, and at the middle of east side below collar 2 at 
cycle 22. Concrete crushing was found at the interface between the column at the south 
and north sides and the footing at cycle 13. After cycle 16, wider cracks, concrete bulging, 
and more cover spalling were found, especially after cycle 22. Similar as specimen CV1, 
vertical cracking at locations coincident with the locations of the longitudinal bars was 
observed as shown in Figure 4-5(a). 
 
Cracks were found in the footing at the east and west sides, extending 560 mm from the 
top into the footing. Most of the concrete cover spalling happened in gap 2, middle part 
of gap 3, corners of gap 1 at the east and west sides, and the interface between the column 
at the south and north sides and the footing. No crack or spalling was developed 
underneath the loading clamp plate. At the south side of the column, the concrete bulged 
out about 20 mm in gap 2, while it bulged out about 30 mm at the north side in gap 2. 
The shear displacement and bulging was very apparent as shown in Figure 4-5(b). Cracks 
also extended 180 mm from the top of collar 3 to upper part of the column on the east, 
west and north sides. 
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The middle and southeast corner longitudinal bars became visible in gap 2, and the 
northeast corner longitudinal bar became visible in gap 1, and two longitudinal bars at 
southwest corner and northeast corner became visible in gaps 1 and 2, and the middle 
longitudinal rebar at the west side became visible in gaps 2 and 3 after removing the 
loose concrete at the end of the test. Very apparent deformation was found for all the 
collars especially the south and north legs of collars 1 and 2. The connection bolts of 
collar 1 also experienced bending. 
 
4.2.6 Specimen CV3 
 
Specimen CV3 was different from specimen CV1 in that the collar centre-to-centre 
spacing was 95 mm instead of 150 mm. The first five cycles were controlled by a lateral 
load level of 486 kN, control yield displacement used for conducting the test was 
7.04 mm as shown in Table 4-3. The remaining groups of cycles were controlled by 
increasing the lateral displacement to levels of 1.5, 2, 4, 6, 8, and 10 times this control 
yield displacement. 
 
Hairline diagonal cracks were first found during cycle 1 at the east and west sides in 
gap 3, gap 4 and gap 5, and during cycle 2 at the north side but most cracks diminished 
after unloading. No new cracks occurred until cycle 12 at the west side. These cracks 
grew wider in the later cycles, and were oriented at approximately 36° (from the 
longitudinal axis) at the east side and 36° at the west side during the push direction 
half-cycle, and 41° at the east side and 39° at the west side during the pull direction 
half-cycle. Very minor concrete cover spalling started at the middle of the west side in 
gap 3 at cycle 12, at the interface between the column at the south and north sides and the 
footing at cycle 17, and at the middle of east side in gap 4 at cycle 17. Some concrete 
crushing was found at the interface between the column at the south and north sides and 
the footing at cycle 17. The column retained very good integrity even at the displacement 
level of 4. Only after cycle 22, wider cracks, concrete bulging, and more cover spalling 
were found. Most of the cover spalling happened in gap 2, middle part of gap 3, in gap 4, 
a little in gap 5 at the east and west sides, in gap 2 and some in gap 3 at the south and 
north sides. However the bottom collar had direct contact with the footing at large 
displacement levels, causing some concrete damage at the footing. At the end of the test, 
although large displacement was applied, the specimen was still in good condition 
without much damage as shown in Figure 4-6(a). From collar 3 to above, no crack or 
spalling was found at south side. Bulging was not apparent, and only a little happened at 
the south and north sides below collar 3. Concrete cover damaged at the north side and 
west side in gap 1, also the concrete cover was damaged at the interface between the 
column and footing as shown in Figures 4-6(b). 
 
Cracks in the footing were found at the east and west sides, extending 460 mm and 
500 mm from the top into the footing, respectively. Three longitudinal bars became 
visible in gap 2 at the west side, the middle longitudinal rebar became visible in gap 3 at 
the east side, and the northwest corner longitudinal reinforcing bar became visible in 
gap 2 after removing the loose concrete at the end of the test. Apparent collar 
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deformation was found for collar 2 especially the south and north sides. The connection 
bolts of collar 1 were also bent. 
 
4.2.7 Specimen CV4 
 
The difference between specimens CV4 and CV1 were that CV4 had ten 20M 
longitudinal bars while all the other specimens had ten 25M longitudinal bars, hence CV4 
had a longitudinal reinforcement ratio 1.88% instead of 3.13%. The first five cycles were 
controlled by a lateral load level of 486 kN, control yield displacement used for 
conducting the test was 5.14 mm as shown in Table 4-3. The remaining groups of cycles 
were controlled by increasing the lateral displacement to levels of 1.5, 2, 4, 6, 8, and 10 
times this control yield displacement. 
 
A hairline flexural crack was first found at the north side in gap 2 during cycle 2 but 
closed after unloading. No new cracks developed until cycle 4 at the west, east and north 
sides, and later on south side. These minor cracks remained small in the later cycles until 
cycle 16, grew progressively and were oriented at approximately 30° (from the 
longitudinal axis) at the east side and 29° at the west side during the push direction 
half-cycle, and 34° at the east side and 33° at the west side during the pull direction 
half-cycle. The column showed very good integrity even at the displacement level of 4 
and 6. Very minor concrete cover spalling started at the middle of the west side in gap 3 
at cycle 16 as shown in Figures 4-7(a), at the interface between the column at the south 
and north sides and the footing at cycle 17, and at the middle of the east side in gap 2 at 
cycle 25. Some concrete crushing was found at the interface between the column at the 
south and north sides and the footing at cycle 22. More spalling and crushing were found 
at the southwest corner in gap 2. The longitudinal bar at the southwest corner became 
visible in gap 2 during the pull direction of cycle 31. This bar buckled during the push 
direction of cycle 32 and fractured during cycle 33. Another longitudinal bar also 
fractured along with a big “bang” noise was heard and the lateral load dropped a lot at the 
same time. During the pull direction of cycle 33, another big “bang” was heard and the 
lateral load dropped a lot. The test was stopped at the end of cycle 34 with the fracture of 
the longitudinal bars. 
 
Observations at the end of the test showed that, most of the cover spalling happened in 
gap 2 and some in gap 1 at the south and north sides. While the east and west sides 
experienced very minor damage below collar 2. Three longitudinal bars on the south side 
fractured as shown in Figures 4-7(b), and eight bars were visible in gap 2 except two 
middle bars on the east and west sides. Cracks in footing were found at the east and west 
sides, extending 470 mm from the top into the footing. Apparent collar deformation was 
found for collars 1 and 2 especially the south and north sides. No apparent deformation 
was found on the connection bolts of the collars. 
 
4.2.8 Specimen CV5 
 
Smaller shear span (350 mm instead of 650 mm for others) was used for specimen CV5, 
and it resulted in repositioning of the horizontal loading assembly and the measuring 
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instruments. The first five cycles were controlled by a lateral load level of 486 kN, the 
control yield displacement used for conducting the test was 1.19 mm as shown in 
Table 4-3. The remaining groups of cycles were controlled by increasing the lateral 
displacement to levels of 1.5, 2, 4, 6, 8, 10, and 12 times this control yield displacement. 
 
No crack was found until cycle 7 in the pull direction half-cycle, and there was a minor 
crushing at the northwest corner directly under the loading clamp plate. Diagonal cracks 
developed at the east side above collar 2 and on the west side in gap 2 during the push 
direction of cycle 11. At cycle 12, more cracks appeared in gap 2 on four sides. Cracks 
were found in the footing, and these cracks extended 220 mm into the footing at cycle 13 
and extended 450 mm into the footing at cycle 21. The column showed very good 
integrity with narrow cracks and no crushing and spalling until the displacement ductility 
level of 2.26. Load values from the bolt load cell and strains in collars were very small up 
to cycle 15, indicating that not much concrete expansion and hence less confinement 
provided to the concrete. Later the cracks grew wider but no more new cracks formed. 
These cracks grew progressively, and were oriented at approximately 30° (from the 
longitudinal axis) at the east side and 45° at the west side during the push direction 
half-cycle, and 30° at the east side and 45° at the west side during the pull direction 
half-cycle. Minor concrete cover spalling was found at the bottom of the column at the 
south and north sides at cycle 21. Some concrete cover spalling on the east and west side 
in gap 2 was found at cycle 23. No new cracks developed until cycle 26, but some 
concrete cover spalling occurred in east and west sides especially in the west side as 
shown in Figures 4-8(a), and wider crack on the north side. During cycle 33, deep holes 
were found below collar 2 resulting from the concrete spalling on the east and west sides. 
 
Observations at the end of the test showed that most of the concrete cover spalling 
happened in gap 2 on the east and west sides, and the interface between the column and 
footing especially at four corners. Six longitudinal bars on the east and west sides were 
visible in gap 2. The portion in gap 2 had been significantly bulged out showed very 
apparent shear displacement on the south and north sides. And the bottom part of the 
column below collar 1 also bulged out a little bit. Cracks were found to extend 480 mm 
from the top into the footing, as shown in Figure 4-8(b). Very apparent deformation of 
collars, especially on the south and north sides, can be seen corresponding to the concrete 
bulging at these two sides. All four collar connection bolts deformed. 
 
4.2.9 Specimen CV6 
 
No axial compressive load was applied to the test of specimen CV6. The first five cycles 
were controlled by a lateral load level of 486 kN, control yield displacement used for 
conducting the test was 10.87 mm as shown in Table 4-3. The remaining groups of cycles 
were controlled by increasing the lateral displacement to levels of 1.5, 2, 4, 6, and 7 times 
this control yield displacement. The lateral displacement level 7 was used because of the 
stroke limit of the linear variable displacement transformers (LVDTs). 
 
Hairline diagonal cracks occurred during cycle 1 at all four sides in gap 2 and gap 3. 
More cracks in the subsequent cycles were found. These cracks grew progressively, and 
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were oriented at approximately 35° (from the longitudinal axis) at the east side and 45° at 
the west side during the push direction half-cycle, and 41° at the east side and 45° at the 
west side during the pull direction half-cycle. Cracks were found to extend 330 mm from 
the top into the footing during cycle 6, indicating significant extension of the longitudinal 
bars when no axial compression loads were applied. Minor concrete cover spalling was 
found at the interface between the column and the footing during cycle 6. More and wider 
cracks were found in the later loading and the cracks in the footing extend further from 
the top into the footing side, which was 400 mm deep during cycle 7. Concrete cover 
spalling was first seen on the west side in gap 2 during cycle 13 and on the east side in 
gap 2 during cycle 17, as shown Figure 4-9(a). Cracks in the footing were about 2.5 mm 
wide during cycle 17 and extended to 470 mm deep and 3 mm wide during cycle 18. 
More concrete cover spalling was observed at later cycles. The portion of gap 2 on the 
south and north sides bulged out significantly during cycle 22. 
 
Specimen CV6 developed much damage at lateral displacement level of 6. But in order to 
study whether the collars will slip under significant spalling of concrete, test was 
continued further to the lateral control displacement level of 7 to extensive damage. No 
collar slippage was observed during the whole test even under significant concrete 
spalling as shown in Figures 4-9(b). 
 
Observations at the end of the test showed the column experienced much damage on all 
four sides up to collar 4. Longitudinal bars had bent, especially the eight bars on the south 
and north sides, and they were visible from the bottom of the footing to collar 4. Cracks 
extended 490 mm from the top into the footing on the east and west sides, and extended 
200 mm into the footing on the north side. All the collars deformed especially the 
collars 1, 2 and 3 on the south and north sides, but no apparent deformation was found in 
the connection bolts. 
 
4.2.10 Specimen CV7 
 
Unlike other specimens with snug-tight connection bolts at the start of the test, 
connection bolts in specimen CV7 were prestressed to provide some active confinement 
from the start of the test. The bolt pretension was applied through five steps, alternately at 
two corners from collar 1 to collar 4, to prevent pretension loss and initial corner concrete 
damage. All the bolts were pretensioned to 144 kN (about 35% of the specified minimum 
tensile strength of the ASTM A490 bolts) and stopped when very minor concrete damage 
was found at the corners. The first five cycles were controlled by a lateral load level of 
486 kN, control yield displacement used for conducting the test was 4.13 mm as shown in 
Table 4-3. The remaining groups of cycles were controlled by increasing the lateral 
displacement to levels of 1.5, 2, 4, 6, 8, and 10 times this control yield displacement. 
 
The pretension applied to the bolts delayed the occurrence of the cracks. Hairline 
diagonal crack was first found during cycle 6 in gap 2 and gap 3 and the crack closed 
after unloading. A crack in the footing was found at the top during the pull direction of 
cycle 12. The crack extended 370 mm from the top into the footing, then extended to 
400 mm during cycle 16, and extended 490 mm into the footing during cycle 23. Strain 
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readings were very small for collars up to cycle 23, as can be validated that no 
deformation was visible in the collars. Cracks developed at the interface between the 
column at the south and north sides and the footing during cycle 15, and these cracks 
closed after unloading. During cycle 18, very minor concrete cover spalling was found at 
the interface between the column at the south and north sides and the footing, and during 
cycle 27, minor concrete cover spalling was found at the interface between the column at 
the east and west sides and the footing. Cracks remained very small after unloading until 
cycle 21, after which a few cracks became a little wider. These cracks grew progressively, 
and were oriented at approximately 50° (from the longitudinal axis) at the east side and 
50° at the west side during the push direction half-cycle, and 49° at the east side and 45° 
at the west side during the pull direction half-cycle. The column showed very good 
integrity condition with narrow cracks and no crushing and spalling until the control 
displacement ductility level of 8. 
 
The observations at the end of test showed that, most of the concrete cover spalling 
happened in gap 2 on the east and west sides and the interface between column and the 
footing on the south and north sides. Other regions were still in good conditions, as 
shown in Figures 4-10(a). Four corner longitudinal bars were visible in gap 2. Cracks 
extended 500 mm into the footing on the east side, 480 mm on the west side and 270 mm 
on the north side. All the collars deformed especially collars 1 and 2 on the south and 
north sides as shown in Figure 4-10(b). All the connection bolts deformed especially 
those in the collars 1 and 2. 
 
4.2.11 Specimen CV8 
 
Specimen CV8 had a larger size of collars with cross-section of 50×50 mm instead of 
30×50 mm. The first five cycles were controlled by a lateral load level of 486 kN, control 
yield displacement used for conducting the test was 5.33 mm as shown in Table 4-3. The 
remaining groups of cycles were controlled by increasing the lateral displacement to 
levels of 1.5, 2, 4, 6, 8, and 10 times this control yield displacement. 
 
Hairline diagonal cracks occurred during cycle 1 in gap 2 and gap 3, but closed after 
unloading. A few more cracks were found after cycle 6. These cracks grew progressively, 
and were oriented at approximately 39° (from the longitudinal axis) at the east side and 
40° at the west side during the push direction half-cycle, and 40° at the east side and 30° 
at the west side during the pull direction half-cycle. The column showed very good 
integrity with narrow cracks and no crushing and spalling until the displacement level of 
4 as shown in Figures 4-11(a). Cracks were found at the interface between the column at 
the south and north sides and the top of the footing during cycle 18, which extended 
400 mm from the top into the footing during cycle 23. Very minor concrete cover 
spalling was found on the east and west sides during cycle 17. During cycle 20, cracks 
became wider especially on the north side. A little more concrete cover spalled on the 
west side and at the interface between the column at the north side and footing. 
 
Minor damage was found even at the end of the test, as shown in Figure 4-11(b). 
Observation at the end of the test shows that most of the concrete cover spalling 
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happened in gap 2, middle portion of gaps 3 and 4 on the east side, and gap 2, middle 
portion of gaps 3 and 4 on the west side, and the interface between the column the south 
and north sides and the footing. Apparent concrete bulge happened in gap 2 on the south 
and north sides, showing shear displacement. Four longitudinal bars on the south side and 
the northwest corner bar were visible in gap 1. The middle longitudinal bars on the east 
and west sides were visible in gaps 2 and 3. Cracks extended 500 mm from the top into 
the footing on the east and west side and 80 mm on south side. No apparent deformation 
can be observed for all the collars and connection bolts. 
 
4.3 Hysteresis Response 
 
Specimen performance can be evaluated based on the peak lateral force, moment capacity, 
deformability, rate of strength degradation, and hysteretic behaviour. Hysteretic 
characteristics are very important for structures under earthquake action. Cyclic 
behaviour introduces incremental cracking that involves opening and closing of cracks, as 
well as bond destruction that shows pinching in the hysteresis loop. Similar unloading 
and reloading paths for successive loading cycles indicates little degradation, while the 
extent of the pinching nature of a hysteretic response can be examined when the 
unloading path passes near the origin. Pinching reflects the sliding shear displacement at 
the through-depth cracks (along with dowel action of the longitudinal reinforcement), and 
represents the degradation not only of the strength but also the energy dissipation 
capacity of the hinge region. It is caused by the interaction of shear force and axial force 
with the opening and closing of the cracks. 
 
Because the axial compressive load was applied through pinned connections, the 
horizontal and vertical components of the axial compressive load contribute increasingly 
to the moment at the critical section of the column at large lateral displacements. The 
lateral force discussed below accounts for the deformed geometry, lateral loads, and axial 
loads within the system. When the top of the column moved laterally, both the vertical 
and horizontal load assemblies became inclined. However, the largest horizontal load 
assembly rotation, measured by clinometer during the test, was 3.2º for all the tests 
except CV3 it was 3.9º. Hence, the rotation of horizontal jack was assumed negligible. 
Therefore, as shown in Figure 4-12, the moment, M , at the critical column section (at 
the base) and the equivalent applied lateral force, V , in the test are determined as follows: 
 
 121 cossin Δ⋅+⋅+⋅= αα PHPHRM    [4-1] 
 
 1HMV =      [4-2] 
 
 31tan HΔ=α     [4-3] 
 
where R  is the total force in the horizontal hydraulic jacks; P  is the force in the vertical 
hydraulic jack; 1Δ  is the lateral displacement at the vertical loading point; α   is the 
inclination angle of the vertical loading assemblies; 1H  and 2H  are the vertical distances 
from the base of the column to the horizontal and vertical loading positions, respectively 
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( 2H  equals the height of the column plus the height of the load pivot, as defined in 
Figure 3-12); and 3H  is the vertical distance between the pin connections at opposite 
ends of the vertical loading assembly. Both 2H  and 3H  are the same for all the test 
specimens, while 1H  is the same for all test specimens except specimen CV5, which was 
tested with a smaller shear span. Although all three of these heights varied from the 
original values at the start of the test along with the movement of the column, the change 
was small and can be neglected without inducing much difference to the final calculation. 
 
The lateral force–displacement hysteresis loops for all the test specimens are shown in 
Figures 4-13 to 4-23. The graphs are drawn to the same scale for all columns to facilitate 
comparisons. The first quadrant of the graph shows the behaviour of column when 
pushed in the north direction and the third quadrant is when pulled in the south direction. 
 
In general, at later loading stages the shape of the loops became increasingly “pinched” 
toward the origin and the strength and stiffness of the specimen deteriorated at an 
increased rate. The experiments showed that collared columns have stable hysteresis 
behaviour with enhanced strength and ductility compared to columns without collars. The 
collared system also maintained its integrity under repetitive reverse cyclic loading with 
large displacement amplitudes. 
 
The behaviour of specimen CV0A under the imposed cyclic deformations and axial loads 
is presented as a lateral force–displacement hysteresis loop in Figure 4-13. It can be seen 
that the deformation ability of this specimen is very small. The very narrow lateral force–
displacement hysteresis loops indicate poor energy dissipation capacity, which is 
validated further in Section 4.8. Rapid strength degradation is apparent after reaching the 
peak load. 
 
As shown in Figure 4-14, specimen CV0AR exhibited stable hysteresis behaviour and the 
long, wide hysteresis loops show the substantially improved energy dissipation capacity 
of this specimen after the repair. The hysteretic behaviour of specimen CV0B—with 
closely spaced ties—is shown in Figure 4-15, where it can be seen that the deformation 
capacity, although greater than CV0A—with widely spaced ties—is considerably less 
than the severely damaged and repaired (collared) specimen CV0AR. Figure 4-16 shows 
that specimen CV1 (the base case) exhibited excellent hysteretic behaviour. For 
specimen CV2, with wide collar spacing, the hysteresis loops shown in Figure 4-17 are 
not as stable as for specimen CV1, but still much better than the control specimen CV0A. 
The response of specimen CV3 with closely spaced collars, shown in Figure 4-18, 
indicates significantly more stable force–displacement characteristics up to a 
displacement of more than 60 mm. 
 
The stable response of specimen CV4, with smaller longitudinal bars and hence lower 
longitudinal reinforcement ratio, can be seen in Figure 4-19. Specimen CV5 has a smaller 
shear-span, and the hysteresis behaviour is shown in Figure 4-20. The hysteresis loops 
are very tall and narrow due to the dramatically reduced deformation capacity and 
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increased strength, and significant degradation of strength can be found in cycles beyond 
a lateral displacement of about 5 mm, along with pinching of the hysteresis loops. 
 
Specimen CV6 had no axial compressive load applied and, as shown in Figure 4-21, 
significant lateral force degradation occurred at a displacement around 75 mm. Severe 
pinching can be seen in the hysteresis loops. Satisfactory response for specimen CV7, 
which had collars with prestressed bolts, was obtained as shown in Figure 4-22. The 
hysteresis loops are wide and stable with much less pinching. From Figure 4-23 it can be 
concluded that specimen CV8, with thicker collars, also showed stable hysteresis 
characteristics with good deformation capacity. 
 
Hysteretic performance of concrete columns is sometimes compared using the moment–
drift response instead of the lateral force-displacement response, where lateral drift, 
expressed in percentage, is defined as the lateral displacement at the point of application 
of the horizontal load ( 2Δ ) divided by the vertical distance from the base of the column 
to the horizontal loading position ( 1H ): 
 
 %10012 ×Δ= HDrift     [4-4] 
 
where 1H  is 650 mm for all the test specimens except specimen CV5, where it is 
350 mm. These response curves have also been generated and they lead to similar 
conclusions to those above. Complete moment–drift response curves for all of the tests 
can be found in Appendix B and the ultimate drift ratios achieved are discussed later in 
this chapter. 
 
4.4 Comparison of Envelope Curves 
 
A load–deformation envelope for each column was obtained by connecting the peak load 
for the initial hysteresis loop obtained at each displacement level. These curves reveal 
clearly when the peak value is reached and how stable the post-peak hysteretic behaviour 
is. The lateral force–displacement envelopes for the test specimens are shown in 
Figure 4-24, where it can be seen that the collared columns, as compared to the control 
columns, exhibited increased peak lateral force values and the peak value was maintained 
for larger displacements. In general, a stable response was obtained through the use of 
external steel collars. 
 
The moment–drift envelope curves have also been generated and they lead to similar 
conclusions to those above. Complete moment–drift response curves for all of the tests 
can be found in Appendix B. 
 
4.5 Displacement Ductility 
 
As pointed out by Priestley et al. (1994a), although in reinforced concrete frame design, 
plastic hinges will normally be located at the ends of beams, column plastic hinges at the 
base of the structure are required to complete the plastic deformation mechanism. Special 
consideration is needed when plastic hinges form in the columns, so the rotation and 
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deformation capacities—and hence the displacement ductility—of the column are very 
important factors in the post-elastic design of columns. 
 
Displacement ductility, μ , is defined as the ratio of the ultimate lateral displacement of 
the specimen, uΔ , to the yield displacement of the specimen, yΔ . Thus: 
 
 yu ΔΔ=μ      [4-5] 
 
Challenges in calculating representative displacement ductilities for specimens arise 
because of the different methods for defining the yield displacement. Two alternatives are 
discussed in the Section 4.5.1. 
 
4.5.1 Modified Yield Displacement 
 
Yield displacement is a critical parameter in calculating the displacement ductility of the 
test specimens. Before conducting the tests, a section analysis was performed to predict 
the flexural yield strength ignoring possible strength increase due to collars. 75% of this 
value was used as guidance for the first five load control cycles along with close visual 
observation of the load versus displacement curve during the test (similar to the approach 
adopted by Saatcioglu and Baingo 1999). The value used was close to 486 kN, except 
that for specimen CV5 (short shear span) it was about 860 kN. For consistency, the load 
level of 486 kN was also used for the first five load control cycles in the test of CV5, but 
load levels of 280 kN and 243 kN were used in conducting the tests of specimens CV0A 
and CV0AR, respectively, in an attempt to avoid possible failure in the initial cycles if a 
load level 486 kN was used. Hence, the control yield displacements used for the purpose 
of conducting these three tests were smaller than they should have been, so an initial 
modification was performed to these three tests to obtain the modified test displacements. 
Modification was done through linear extrapolation from displacement of the first cycle 
at the load of 280 kN and 243 kN to 486 kN for Specimens CV0A and CV0AR as the 
modified test displacement of the first cycle, and through linear extrapolation from 
displacement of the first cycle at the load of 486 kN to 860 kN for Specimens CV5 as the 
modified test displacement of the first cycle. The modified test yield displacement are 
2.75 mm for specimen CV0A, 6.19 mm for specimen CV0AR, and 2.1 mm for 
specimen CV5, as shown in Table 4-3. In the table, 1V  is the load level for the first five 
cycles of the test, *

+Δ c  is the control displacement in the first cycle in push direction in 
conducting test, *

−Δ c  is the control displacement in the first cycle in pull direction in 
conducting test, *

cΔ  is the average of the push and pull control displacements of the first 
cycle, ycΔ  is the control yield displacement in conducting the test, *

+Δ t  is the modified 

test displacement in the first cycle in push direction, *
−Δ t  is the modified test 

displacement in the first cycle in pull direction, *
tΔ  is the modified average test 

displacement in the first cycle, +Δ yt  is the modified test yield displacement in the push 
direction, −Δ yt  is the modified test yield displacement in the pull direction, and ytΔ is the 
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modified average test yield displacement in the push and pull directions. The modified 
test yield displacement, ytΔ , is obtained through the extrapolation from the first cycle 

results and is calculated as 1.33 times *
tΔ . 

 
After the test, however, modification of the yield displacement was conducted to obtain a 
more representative value for comparisons of the test lateral force–displacement 
envelopes. There are several ways to modify the yield displacement. Discussed in the 
following are those methods used by Lacobucci et al. (2003), Youakim and Ghali (2003), 
Hosseini et al. (2005), Memon and Sheikh (2005), all of which involve an attempt to 
develop an idealized bilinear curve taking into consideration the peak lateral forces. 
 
One method is the first cycle trendline method, using the test results from the first cycle 
to find the trendline and obtain the yield displacement. The lateral displacement 
corresponding to the peak lateral force expmax,V on this trend line is defined as the yield 
displacement. Yield displacements were obtained in push and pull directions separately 
using the same procedure. The calculation was shown schematically in Figure 4-25. 
 
Another method is the secant line method, also used by Lacobucci et al. (2003), Youakim 
and Ghali (2003), Hosseini et al. (2005), Memon and Sheikh (2005), that involves the 
construction of the envelope of the whole test. The yield displacement represents the 
lateral displacement corresponding to the peak lateral force expmax,V  on a secant line 
connecting the origin and a point at 65% expmax,V , or 75% expmax,V  (recommendations by 
different authors) on the envelope curve. Push and pull direction were considered 
separately. The method is shown schematically in Figure 4-26. 
 
Considering the fact that the first trendline was based on the test result in the first cycle 
instead of randomly choosing 65% or 75%, here the first cycle trendline method was 
adopted and the modified yield displacement, yΔ , for each specimen obtained by this 
method is listed in Table 4-4. 
 
4.5.2 Ultimate Displacement and Drift 
 
In order to provide a criterion of comparison of the ductility and a failure criterion, the 
concept of ultimate displacement is normally used by researchers. It is reasonable to 
assume that some degradation can be tolerated in the lateral force capacity of a column 
due to potential redundancies in the system and possible redistribution of resisting forces 
among other components. The ultimate displacement is typically defined as the 
displacement corresponding to where the lateral force resistance drops to 80% or 90% of 
its peak value. Saatcioglu and Baingo (1999) used 80%, Lacobucci et al. (2003) used 
80% and 90%, Youakim and Ghali (2003) used 80%, Li and Sung (2004) used 80%, 
Hussain and Driver (2005b) used 90%, Memon and Sheikh (2005) used 80% and 90%. 
 
Herein, the 90% rule is used to calculate the ultimate displacement from the envelope, as 
shown in Figures 4-35 and 4-36. The ultimate drift is then calculated as the ultimate 
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displacement divided by the corresponding shear span. The values of ultimate 
displacement and drift for all the test specimens are shown in Table 4-5. The values of 
ultimate displacement and drift are calculated separately in the push and pull directions 
for the convenience of calculating the displacement ductility in the push and pull 
directions separately in Section 4.5.3. 
 
4.5.3 Ductility Levels 
 
Values of displacement ductility, μ , based on the first cycle trendline method are shown 
in Table 4-4. The average of the displacement ductilities in the push and pull directions 
were calculated for later discussion and comparison in Section 4.12 and Section 4.13. 
 
In general, the collared columns have greater ductility than the control columns. The 
collared column with a wide collar spacing (CV2) had less ductility than those with 
narrower collar spacings (CV1 and CV3). The collared column with a smaller 
longitudinal reinforcement ratio and smaller bars (CV4) had higher ductility than the 
collared column with a larger longitudinal reinforcement ratio (CV1). The specimen with 
the smaller aspect ratio (CV5) had less ductility than the specimen with the larger aspect 
ratio (CV1), and the collared column with pretensioned bolts (CV7) had more ductility 
than the equivalent collared column with snug-tight bolts (CV1). The specimen with the 
larger size of collars (CV8) showed a higher ductility level than the specimen with the 
smaller collars (CV1). Although the axial load index had a significant effect on the lateral 
force capacity, it had a minimal effect on the displacement ductility, as can be seen in 
Tables 4-4 and 4-6 by comparing specimens CV6 with no axial load applied and CV1 
with an axial load index of 0.3. This phenomenon was also observed by Ahn et al. (2000) 
for column specimens regardless of concrete strength. 
 
4.6 Normalized Peak Lateral Force 
 
Shown in Table 4-6 are the peak lateral force and corresponding moment of each 
specimen in the push and pull directions. The average peak lateral force and moment are 
also calculated and listed in this table. Note that there are slight differences of peak lateral 
forces and moments between the push and pull directions that arose partly because of the 
small fluctuation in the axial load, less than 2% in all the tests, and partly due to the slight 
differences in the relative amplitudes of the displacements applied. 
 
To account for the variation of the strength of the concrete from specimen to specimen, 
the maximum lateral force was normalized by the square root of the concrete 
compressive strength, using procedures similar to other researchers (Woodward and Jirsa 
1984; Ghee et al. 1989; Priestley et al. 1994a, 1994b; Lynn et al. 1996): 
 

 
'
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where nVmax  is the normalized peak lateral force, expmax,V is the average peak lateral force, 

gA  is the gross cross-sectional area of the column, which is the same for all the 

specimens in the present study, and '
cf  is the compressive strength of concrete on the test 

day or one day before the test day. This dimensionless normalized peak value permits 
direct comparisons of results, regardless of the variation in '

cf . 
 
The normalized peak lateral force for each specimen is listed in Table 4-6. Comparing the 
normalized peak values in Table 4-6, it is seen that all collared columns experienced 
normalized peak lateral forces higher than those resisted by both CV0A and CV0B, with 
the exception of specimen CV6. The slight decrease in capacity of CV6 is attributed to 
the absence of an axial compressive load, which has been found to be beneficial to the 
capacity for reasonable axial load levels (e.g., Woodward and Jirsa 1984). Neglecting 
specimen CV5, which had a smaller shear span, the greatest benefits in capacity over the 
control columns were achieved by prestressing the bolts (CV7) and reducing the collar 
spacing (CV3). Increasing the flexural stiffness of the collars (CV8) had a relatively 
small benefit in capacity, supporting the observation based on numerical studies that 
there is an optimal collar stiffness beyond which the column strength benefits tend to 
diminish rapidly (Hussain and Driver 2001). This was also observed in the parametric 
study discussed in Chapter 5, Section 5.4. 
 
4.7 Initial Effective Stiffness yK  
 
Stiffness is an important aspect of the behaviour of columns loaded laterally. Excessive 
stiffness enhancement through rehabilitation will result in attracting extra force that 
might be a concern. Hence, it is worthwhile to calculate the effective stiffness of the 
collared columns as well as the control columns. Xiao et al. (1993), Priestley et al. 
(1994a, 1994b), Xiao et al. (1999), and Ahn et al. (2000) calculated the elastic secant 
stiffness at first yield of all the specimens tested, whereas Su and Zhu (2005) used the 
ultimate shear force divided by the yield displacement to calculate the initial stiffness. 
Lacobucci et al. (2003) and Memon and Sheikh (2005) used the slope of the secant line 
connecting the origin and a point at 65% expmax,V  as the initial effective stiffness, while 
Youakim and Ghali (2003), Hosseini et al. (2005) used the slope of the secant line 
connecting the origin and a point at 75% expmax,V as the initial effective stiffness. Another 
approach is calculation of the slope for the first cycle trendline. 
 
Herein, the slopes using the first cycle trendline method were calculated and shown in 
Tables 4-7. The calculation of initial effective stiffness yK , taken as the slope of 
trendline of the first cycle, is shown schematically in Figure 4-25. Similar to findings 
reported by Xiao et al. (1999) and Sauce et al. (2004) that rehabilitating existing as-built 
columns with prefabricated composite jackets did not increase the stiffness significantly, 
the rehabilitated column with external collars also did not increase the initial effective 
stiffness. This shows that this system can be more advantageous than full height steel 
jacketing, which often stiffens the column and thus results in attracting excessive force. It 
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is worthwhile to point out that the initial effective stiffness discussed here relates to the 
yield displacement, and can not reflect the post-peak behaviour. The smaller value of 
stiffness can also be expected due to the relatively larger yield displacement of the 
collared columns as shown in Table 4-3. The first cycle for CV0A was conducted with an 
artificially low force, hence the trendline of this first cycle resulted in a higher stiffness 
than that had high force were adopted due to the degradation at high load. 
 
4.8 Energy Dissipation Characteristics 
 
The degree of energy dissipation is an important indicator of the performance of the 
column. The energy dissipation characteristics of the columns are influenced by various 
factors including the yield displacement, the axial load, and the number of load cycles 
applied. The structure is expected to dissipate significant energy input due to ground 
motion. The energy absorption capacity is a measure of the ability of a structure to 
survive a large number of inelastic cycles during an earthquake. This section discusses 
the energy dissipation capacity for the control columns and collared columns in terms of 
four measures: energy dissipated per cycle, cumulative energy dissipated, total energy 
dissipated, and equivalent viscous damping ratio. 
 
4.8.1 Energy Dissipated Per Cycle 
 
The energy dissipated in a loading cycle can be considered as the area enclosed by the 
lateral force–displacement hysteresis loop corresponding to that cycle. Wider and more 
stable hysteresis loops indicate higher energy dissipation. The energy dissipated per cycle 
for each specimen is shown in Figure 4-27 to Figure 4-37. 
 
As expected, the energy dissipated in the first cycle at a certain displacement level is 
more than that in each of the remaining four cycles. At the same ductility level, the 
energy dissipation in a cycle gradually decreases due to the degradation in strength and 
stiffness. The extent of decrease is in good agreement with the degradation of the strength 
as depicted as percentage reduction between the first and fifth cycle in Table 4-8. All the 
columns dissipated very little energy during the cycles at initial loading levels, since they 
behave essentially in a near-elastic manner. It can be seen that a jump of the energy 
dissipated occurs after Cycle 16, which corresponds to the ductility level of 4―the 
ductility which is commonly used for the design of new reinforced concrete structures in 
seismic zones. 
 
4.8.2 Cumulative Energy Dissipated versus Cycle Number 
 
As used by many other researchers, Nanni and Norris (1995), Driver et al. (2001), Su and 
Zhu (2005), Hussain and Driver (2005b), Galal et al. (2005), cumulative energy 
dissipated by each test specimen was presented to show the energy dissipation capacity of 
the specimen. After calculating the energy dissipated in each cycle, the cumulative 
energy dissipated was then calculated by summing the energy dissipated in consecutive 
cycles throughout the test. Figure 4-38 shows the cumulative energy dissipated versus 
cycle number for all the test specimens. The figure show that collared columns far 
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out-performed the control columns. As expected, the energy dissipated in the first 16 
cycles is very small because less inelastic behaviour occurred in the initial loading stages. 
 
4.8.3 Total Energy Dissipated 
 
Apart from enhancing the strength and ductility, the rehabilitation techniques would 
preferably also achieve significant levels of energy dissipation. As mentioned by Li and 
Sung (2003), the total energy dissipated, which serves as an index of the energy 
dissipation characteristics of the system, was calculated and compared among the 
specimens. 
 
The energy dissipation characteristics of the specimens can be evaluated in terms of total 
energy dissipated at the end of the tests or at failure. The total energy dissipated is 
determined by summing the energy dissipated in each cycle up to a certain displacement 
level. The ultimate displacement was obtained first through the 90% rule on the envelope 
curve discussed in Section 4.5.2. The displacement level, which has a larger than ultimate 
displacement in the first cycle of this displacement level, was then determined. The 
energy dissipated was then added in all the cycles up to the displacement level right 
before this displacement level. The total energy dissipated by each test specimen is given 
in Figure 4-39. For Specimens CV0A, CV0AR, and CV5, smaller displacement 
increments were used since low forces were adopted in the first five cycles. Hence, five 
additional cycles of loading were conducted for specimens CV0A, 20 additional cycles 
were conducted for CV0AR, and ten additional cycles were conducted for CV5 compared 
the typical five cycles at each displacement level of 0.75, 1.5, 2, 4, 6, and so on. Energy 
dissipated in those additional cycles was included in the calculation of the total energy 
dissipated. It was found that the collared columns generally had better energy dissipation 
characteristics than the control columns, CV0A and CV0B, 32 kN·m and 134 kN·m, 
respectively, except the column with a reduced aspect ratio, CV5 (50 kN·m), was lower 
than CV0B. Rehabilitated specimen CV0AR showed improved energy dissipation 
(758 kN·m) capacity compared to the original control specimen. The reference specimen, 
CV1, dissipated 295 kN·m. By comparison, the total energy dissipated by the column 
with a reduced collar spacing, CV3, was significantly higher (694 kN·m), the total energy 
dissipated by the column with a wider collar spacing, CV2, was lower (252 kN·m), the 
total energy dissipated by the column with a reduced aspect ratio, CV5, was lower 
(50 kN·m), the total energy dissipated by the column with prestressed collar bolts, CV7, 
was higher (351 kN·m), the total energy dissipated by the column without axial 
compressive load applied, CV6, was lower (185 kN·m), and the total energy dissipated by 
the column with larger collars, CV8, was higher (485 kN·m). 
 
4.8.4 Equivalent Viscous Damping Ratio 
 
It is useful to compare the energy dissipation capacity of the test specimen with that of 
the ideal elastic-plastic hysteretic response. Ghobarah et al. (1996), Chopra (2001), 
Fischer and Li (2003), Hussain and Driver (2005b), Moretti and Tassios (2006) indicated 
using equivalent viscous damping ratio to measure the pinching of the hysteretic loop and 
the energy dissipation capacity of the specimens. The most common method for defining 
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equivalent viscous damping is to equate the energy dissipated in a hysteresis cycle of the 
real specimen and an equivalent viscous system. The definition of the equivalent viscous 
damping ratio γ  is shown schematically in Figure 4-40 adapted from Ghobarah et al. 
(1996). It was taken as the ratio of the dissipated energy in a cycle to π2  times the strain 
energy measured at the peak of an equivalent linear elastic system. 
 
The comparison of the variation of the equivalent viscous damping ratio for each test 
specimen with the drift ratio is shown in Figure 4-41. In general, collared column 
exhibited increasing ratio with the increase of drift ratio. The change of the specimen 
behaviour after rehabilitation was evident from the increase in the equivalent viscous 
damping of specimens CV1 to CV8 and CV0AR compared to control specimen CV0A. 
The relative lower value of the ratio for specimen CV0A can also be explained as that the 
pinching in the hysteretic response shown in Figure 4-13. 
 
4.9 Curvature Distribution Along the Column Height. 
 
Using the experimental data obtained from the clinometers mounted on the specimens, 
the average curvature between each two adjacent clinometers was determined as the 
difference in measured rotations divided by the vertical distance between the clinometers. 
Since the clinometers were attached to the collars for collared columns and pre-embedded 
bars for control columns, the clinometer heights varied on the different specimens, as 
shown in Table 4-9. No. 1, No. 2, No. 3, and No. 4 refer to the clinometer order from the 
column base. Portion 1, Portion 2, Portion 3, Portion 4 refer to the gap between the 
column base and clinometer No. 1, between clinometer No. 1 and No. 2, between 
clinometer No. 2, and No. 3, between clinometer No. 3 and No. 4. The curvature was 
plotted at the mid-point of the corresponding portion along the column height. From the 
test observations, most of the curvature happened at the bottom portion of the column. 
The curvature distribution along the first 500 mm column height for each specimen in the 
push and pull directions of loading under different displacement levels are found in 
Figures 4-42 to 4-52. Different scales were used in the horizontal curvature axis for each 
specimen for clarity. Control displacement level values show the order of the curvature 
curves as they move from left to right along the horizontal line with arrow for the Push 
curves. The Pull curves are dashed and the Push curves are solid. 
 
The distribution of the curvature along the column height showed apparent symmetry in 
the push and pull directions. Curvature is typically small at the top of the column and is 
much larger in the bottom part of the column after the load-displacement behaviour 
becomes inelastic. The concentration of curvatures in the end regions of the columns 
became apparent especially after the lateral force exceeded the initial flexural yield of the 
longitudinal bars, indicating a relatively large inelastic rotation in these regions. The 
pattern of curvature distribution along the column height at different displacement levels 
can serve as a good experimental basis for the assessment of the plastic hinge length. For 
all the test specimens, the plastic hinge was concentrated in the bottom half of the column. 
 
Curvature distribution along the column height also shows that specimens such as CV0A, 
CV2, and CV5 could not develop large inelastic curvatures due to the larger portion of 
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sliding shear deformation. As the load-displacement behaviour of specimen CV5 was 
strongly dominated by shear instead of flexure due to the small aspect ratio, the curvature 
was very small in comparison with the other specimens. Specimen CV5 failed by shear 
eventually and the load-carrying capacity dropped rapidly after reaching the peak load. 
Near the end of the test, more concrete spalling and crushing happened than encountered 
in the previous test cycles, and the unevenly distributed damage made the originally 
parallel collars inclined to different extents, despite the fact that slipping did not occur. 
This type of damage reveals itself in apparently erratic and large curvature at later stages 
of the test. 
 
4.10 Capacity Degradation 
 
Specimen strength and stiffness degradation occurs due to the widening of cracks, 
yielding of reinforcement, and spalling and crushing of the cover concrete during the later 
stages of loading in the test. One indication of desirable cyclic behaviour is the stability 
of the hysteresis loops, that is, the tendency for the loops to achieve the same peak lateral 
force in subsequent cycles at a given displacement level. Woodward and Jirsa (1984) 
suggested that the degree of degradation can be quantified as the percentage reduction of 
peak lateral force from the first to last cycles at each displacement level. Table 4-8 
presents the percentage reduction at each test displacement level with five cycles for each 
of the cyclic tests. The percentage reduction targeted as a comparison of the fifth cycle to 
the first. 
 
The test displacement values shown in Table 4-8 were the modified test displacements 
shown in Table 4-3. The test displacement levels were adjusted for CV0A, CV0AR and 
CV5 from the control displacement as shown in Table 4-3. For CV0A, the test 
displacement levels are 0.86, 1.15, 2.3, 3.45, and 4.6 from the modified test displacement, 
but only test displacement levels 1.15 and 2.3 were included in Table 4-8 for the 
percentage losses, intended to keep close to the typical 1.5 and 2 levels. For CV0AR, the 
test displacement levels are 0.75, 1, 2, 3, 4, 5, 6, 7, 8, and 9, but only test displacement 
levels 1, 2, 4, 6, and 8 were included in Table 4-8 for the percentage losses, intended to 
keep close to the typical 1.5, 2, 4, 6, and 8 levels. For CV5, the test displacement levels 
are 0.85, 1.13, 2.26, 3.39, 4.52, 5.65, and 6.78 from the modified test displacement, but 
only test displacement levels 1.13, 2.26, 4.42, and 5.65 were included in Table 4-8 for the 
percentage losses, intended to keep close to the typical 1.5, 2, 4, and 6 levels. 
 
As can be seen from Table 4-8, control columns (CV0A and CV0B) generally exhibited a 
larger percentage reduction in lateral force capacity than collared columns CV0AR, CV1, 
CV2, CV3, CV4, CV7, and CV8. Table 4-8 also indicates that the strength degradation 
was minor at lower levels of displacement and increased with the increase of the 
maximum displacement for all collared column specimens. The specimen with a smaller 
aspect ratio (CV5) had larger capacity degradation than the corresponding specimen with 
the larger aspect ratio (CV1) from the low to high displacement levels between these two 
specimens. The specimen without axial compressive load (CV6) exhibited similar 
degradation to specimen CV1 at low displacement levels, but had significantly higher 
degradation during the large displacement cycles. However, this latter point can be 
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attributed largely to the fact that specimen CV6 was intentionally loaded to very high 
displacement levels—even though the column should have been deemed as failed 
because the lateral force had already dropped much lower than 90% of the peak load—in 
order to study whether collar slippage would occur under severe concrete spalling and 
crushing. 
 
Specimen CV7 (with pretensioned bolts) showed much less degradation than specimen 
CV1 (with snug-tight bolts), with fewer and smaller cracks developing in CV7 due to the 
larger confinement provided to the concrete. Specimen CV2 (with the widest collar 
spacing) showed a degradation of more than 20% at large displacement levels and about 
10% for the initial displacement levels, whereas CV3 (with the narrowest spacing) 
exhibited a reduction of less than about 10% for all displacement levels. Specimen CV8 
(with the larger collar stiffness) showed slightly less degradation (around 10% for all 
displacement levels) than specimen CV1 (more than 10% at higher displacement levels). 
In general, collar configurations that provide higher degrees of confinement slowed the 
degradation in capacity from initial to later cycles. 
 
4.11 Rotation-Induced Displacement 
 
Previous researchers (e.g., Hussain and Driver 2005b) revealed that a discrete rotation 
develops at the base of the column due to the penetration of axial strains in the tensile 
longitudinal reinforcement into the footing. In order to capture these additional fixed-end 
rotations, strain gauges were installed at two levels below the surface of the footing to 
obtain an estimate of the strain and strain gradient in the reinforcing bars in the footing 
for specimens CV0B, CV1, and CV4. 
 
The rotation-induced displacement is the displacement at the lateral loading position 
induced specifically by the equivalent rotation at the interface between the footing and 
column. The rotation is created by the different elongations of the longitudinal bars in the 
footing. The elongation can be deduced approximately from the strain readings recorded 
by strain gauges installed on the four corner longitudinal bars at two different levels in 
the footing. The rotation-induced displacement can be calculated according to the 
procedure shown in Figure 4-53. A linear strain distribution, ε , was assumed along the 
longitudinal bars in the footing. Integration of the strain distribution is used to obtain the 
elongation of the longitudinal bars 1u  and 2u  between the top of the footing and the zero 
strain position. Differential elongation of the longitudinal bars resulted in the rotation at 
the interface between the footing and column. This rotation Rθ , in turn, introduced a 
displacement, RΔ , at the lateral loading position, with an elevation of 1H  from the 
interface between the footing and column. Once the rotation-induced displacement, RΔ , 
is obtained, the ratio between this displacement and the total displacement (the recorded 

lateral displacement measured by LVDT in the experiment) 
Δ
Δ

= Rr , can be calculated 

accordingly. The displacement for the case where the interface between the footing and 
column is assumed to be fixed without rotation, as in the finite element models described 
in Chapter 5, can be obtained by subtracting the rotation-induced displacement from the 
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total displacement, ( )RΔ−Δ . Hence, the relationship between r and ( )RΔ−Δ  can be 
determined throughout the test. Figure 4-54 shows this relationship for specimen CV1. 
Similar relationships were obtained for specimens CV0B and CV4 from the above 
procedure. It is found that the ratio r  changes with ( )RΔ−Δ , and hence the total 
displacement. For simplicity, and recognizing the approximate nature of this analysis, the 
ratio has been taken as a constant value of 10% of the total displacement. 
 
4.12 Effect of Various Parameters on Specimen Behaviour 
 
Six parameters were varied in the test specimens as shown in Table 3-1: collar spacing, 
longitudinal reinforcement ratio (and bar size), aspect ratio, axial compression index, 
bolts pretension, and collar stiffness (flexural and axial). This section evaluates the 
effects of these parameters through comparisons of the behaviour of the test specimens. 
The influences of these parameters are evaluated using comparisons of similar specimens 
tested under identical loading conditions, but with only one difference among them. 
 
4.12.1 Effect of Collar Spacing 
 
The importance of close spacing of internal transverse reinforcement has been well 
established in past studies. Decreased tie spacing increases the deformation levels at 
which capacity can be maintained. For external collars, which can be considered as one 
kind of external transverse reinforcement, different collar spacing also shows some 
influences on the behaviour of specimens. Three different centre-to-centre spacings were 
used: Specimen CV1 has a centre-to-centre collar spacing of 150 mm, specimen CV2 has 
a larger spacing of 200 mm, and specimen CV3 has the smallest spacing of 95 mm. In 
order to study the effect of collar spacing on the performance of the collared columns 
under cyclic loading, the results of specimen CV2 are compared with those of specimens 
CV1 and CV3. 
 
The specimen with the widest spaced collars (CV2) had more spalling and crushing than 
specimens with a narrower spacing of collars (CV3 and CV1). The specimen with the 
smallest spacing, CV3, exhibited a higher normalized peak lateral force (1.01) than the 
specimen with moderate spacing, CV1 (0.88), and the specimen with the widest spacing 
of collars, CV2 (0.90), while CV1 and CV2 had similar normalized peak lateral force, as 
shown in Table 4-6. 
 
Examination of the displacement ductility from Table 4-4 indicates that specimen CV3 
attained a displacement ductility, μ , 40% higher than specimen CV1, 46% higher than 
specimen CV2. Furthermore, the ultimate drift for specimen CV3 is 111% higher than 
specimen CV1 and 87% higher than specimen CV2, as shown in Table 4-5. From 
Table 4-8, the percentage reduction at each displacement level for specimen CV3 is much 
less than that for specimens CV1 and CV2, which can also be deduced from the stability 
of the hysteresis of the lateral force–displacement curves and envelope curves. It is also 
apparent that the total energy dissipated by the specimen CV3 is 2.4 times that by 
specimen CV1 and 2.8 times that by specimen CV2, as can found from Figure 4-39. In 
addition, specimen CV3 showed a much lower initial effective stiffness compared to 
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specimens CV1 and CV2 due to the larger yield displacement, as demonstrated by 
Table 4-7. 
 
Based on the results of specimens CV1, CV2, and CV3, it is clear that decreased collar 
spacing improved the overall behaviour of the specimen. Increase of peak lateral force, 
reduction of rate of degradation, increase of the deformability, improvement of energy 
dissipation capacity, and more stable hysteretic response are expected by decreasing of 
the collar spacing, although at some point the benefits of further decreases will diminish. 
 
4.12.2 Effect of Longitudinal Reinforcement Ratio 
 
As found also by Woodward and Jirsa (1984), degradation of the shear capacity of 
reinforced concrete columns did not seem to be a function of the amount of transverse 
reinforcement only. The longitudinal reinforcement ratio and longitudinal bar diameter 
also have an effect on the shear capacity and its degradation. The diameter of the 
longitudinal bar will affect the bond strength and bond degradation of the column, while 
the longitudinal reinforcement ratio will affect the capacity and failure mode through the 
relative strength of flexure and shear. 
 
Two different longitudinal reinforcement ratios were adopted in an attempt to study its 
effect. Specimen CV1 was constructed with ten 25 M bars, which makes the longitudinal 
reinforcement ratio 3.13%, while specimen CV4 had ten 20 M bars, with which the 
longitudinal reinforcement ratio is 1.88%. 
 
The hysteresis loops for specimens CV1 and CV4 are very similar, as shown in 
Figure 4-16 and Figure 4-19. The change in shape (pinching) of the hysteretic loops is 
another indication of strength degradation. Also three longitudinal bars fractured under 
low-cycle fatigue in specimen CV4, while no longitudinal bar fracture happened in 
specimen CV1 and other specimens. 
 
Based on capacity design principles, the maximum shear force demand, V , on a column 
is a function of the moment capacity, M , of the end sections (where plastic hinges are 
designed and detailed to occur) and the shear span, 1H . Between specimens CV1 and 
CV4, specimen CV4 had a lower shear force input because of the reduced column end 
moment capacity due to ten 20 M longitudinal reinforcing bars, while the shear spans for 
CV1 and CV4 both had an aspect ratio of 1.63. Both specimens had no internal transverse 
reinforcement, and the same size of external collars with the same spacing. Thus, the 
shear force capacity would be expected to be close since there would be similar axial 
strain in the reinforcement if both are close to flexural yield. However, the shear force 
demand is lower for CV4 than CV1, and the result is that specimen CV4 shows better 
ductility than specimen CV1. All these aspects were validated in the test and can be 
found from the following comparisons. 
 
Specimen CV1, with a higher longitudinal reinforcement ratio, exhibited 9% higher 
normalized peak lateral force (0.88) than the specimen with a smaller longitudinal 
reinforcement ratio CV4 (0.81), as shown in Table 4-6. 
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Examination of the displacement ductility from Table 4-4 indicates that specimen CV4 
attained a displacement ductility 69% higher than specimen CV1. Furthermore, the 
ultimate drift for specimen CV4 is 61% higher than CV1, as shown in Table 4-5. From 
Table 4-8, the percentage reduction in lateral force at each displacement level for 
specimen CV4 is much less than that for specimen CV1, which can also be found from 
the stability of the hysteresis of the lateral force–displacement curves and envelope 
curves. The total energy dissipated by specimen CV4 is 1.4 times that by specimen CV1, 
as can found from Figure 4-39. In addition, specimen CV4 showed a lower initial 
effective stiffness compared to CV1, as demonstrated by Table 4-7. 
 
Based on the results of specimens CV1 and CV4, it is clear that a lower longitudinal 
reinforcement ratio improved the overall behaviour of the collared column. Reduction of 
rate of degradation, increase of the deformability, improvement of energy dissipation 
capacity, and more stable hysteretic response but slightly less strength is found with the 
decrease in the longitudinal reinforcement ratio. 
 
4.12.3 Effect of Aspect Ratio 
 
Two aspect ratios of 1.63 and 0.88 were studied. Specimen CV5 has a shear-span of 
350 mm, while specimen CV1 and others had a shear-span of 650 mm, which make the 
aspect ratios 0.88 and 1.63, respectively. As would be expected, decreasing the aspect 
ratio caused a higher shear demand under the same moment, which caused a different 
failure pattern. In order to study the effect of shear-span on the performance of the 
collared columns, the results of specimen CV1 are compared with specimen CV5. 
 
Specimen CV5 had the greater shear force input of these two columns due to the reduced 
shear span. Both columns had no internal transverse reinforcement and the same size of 
external collars with the same spacing. But the shear force demand is lower for CV1 than 
CV5 and the result is that specimen CV1 would be expected to show better ductility than 
specimen CV5, which is validated by the following comparisons. 
 
Specimen CV5, with the smaller shear-span and hence a smaller aspect ratio, exhibited 
56% higher normalized peak lateral force (1.37) than the specimen with larger shear-span 
and hence a larger aspect ratio, CV1 (0.88), as shown in Table 4-6. 
 
Examination of the displacement ductility from Table 4-4 indicates that specimen CV1 
attained a displacement ductility 26% higher than specimen CV5. Furthermore, the 
ultimate drift for specimen CV1 is 87% higher than CV5, as shown in Table 4-5. 
Kokusho et al. (1986) also found that a greater aspect ratio specimen led to a larger 
deformation capacity. From Table 4-8, the percentage reduction at each displacement 
level for column CV1 is much less than that for specimen CV5, which can also be found 
from the stability of the hysteresis of the lateral force-displacement curves and envelope 
curves. Also, the total energy dissipated by the specimen CV1 is 5.9 times that by 
specimen CV5 as can found from Figure 4-39. In addition, specimen CV1 showed a 
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much lower initial effective stiffness compared to specimen CV5, as demonstrated by 
Table 4-7. 
 
Based on the results of specimens CV1 and CV5, it is clear that larger aspect ratio 
improved the overall behaviour of the collared column, as would be expected. Reduction 
of rate of degradation, increase of the deformability, improvement of energy dissipation 
capacity, more stable hysteretic response, and less strength (although less demand as well) 
are found with increasing aspect ratio. 
 
4.12.4 Effect of Axial Compression Index 
 
On specimen CV1 an axial compressive load of 0.3 gc Af '  was applied, which is slightly 
lower than the balanced failure axial load in the column ignoring influence of collars, 
while specimen CV6 had no axial compressive load applied. As pointed out by 
Saatcioglu (1996), most columns in building practice are subjected to moderate levels of 
axial compression, ranging from 20% to 40% of their concentric capacities. Hence, one 
type of axial compression index was chosen as 0.3. As shown in Figures 4-16 and 4-21, 
the lateral force-displacement curves of CV1 and CV6 illustrate that the presence of the 
axial compressive load increases the peak lateral force of the specimen. This effect was 
expected, since past research has shown that the presence of an axial compressive load 
less than that at balanced strain conditions increases the capacity compared to the same 
section with no axial compressive load (Woodward and Jirsa 1984; Kokusho et al. 1986). 
Kokusho et al. (1986) also found that the ultimate strength of the column generally 
increases with an increase of the axial compressive load if the axial compression index is 
not greater than 0.4, but for greater than 0.4, the ultimate strength shows little increase 
because compressive crushing failure of concrete occurs. The axial compressive load 
tends to control the inclined crack width and can help to maintain aggregate interlock 
along the crack and keep the shear interface transfer capacity and thus contribute to the 
capacity of the column. 
 
In order to study the effect of the variation of axial compressive load on the behaviour of 
the collared columns, the results of specimens CV1 and CV6 are compared with respect 
to the peak lateral force, deformability, energy dissipation, and strength degradation. 
 
Specimen CV1, with axial compressive load of 0.3 gc Af ' , exhibited 31% higher 
normalized peak lateral force (0.88) than specimen CV6, without axial compressive load 
(0.67), as shown in Table 4-6. Examination of the displacement ductility from Table 4-4 
indicates that specimen CV6 attained ductility almost the same as specimen CV1. This 
phenomenon has also been found by Ahn et al. (2000), who showed that there was no 
significant change in the ductility capacity with increasing axial compressive load for the 
column specimens regardless of concrete strength. 
 
Similar to findings by Saatcioglu and Baingo (1999) and Melek and Wallace (2004), the 
deformability of the column was reduced due to a higher axial compressive load. 
Specimen CV1 developed an ultimate drift of 5.04%, while specimen CV6 developed 
8.69%, as shown in Table 4-5. In addition, specimen CV6 showed a much lower initial 
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effective stiffness compared to specimen CV1 due to larger yield displacement, as 
demonstrated by Table 4-7. 
 
The total energy dissipated by specimen CV6 is 0.6 times that dissipated by CV1, as 
shown in Figure 4-39. The effect of axial compression index might also be examined 
referring to the percentage reduction of lateral load at different displacement levels as a 
guide to behaviour. The specimen without axial compressive load (CV6) exhibited 
similar degradation to specimen CV1 at low displacement levels, but had significantly 
higher degradation during the large displacement cycles. 
 
Based on the results of specimens CV1 and CV6, it is clear that an increase of the axial 
compression index and hence the axial compressive load will increase the peak lateral 
force, but reduce the deformability, while resulting in no significant change in the 
displacement ductility. 
 
4.12.5 Effect of Pretension of Bolts 
 
There are two types of confinement: active and passive. Concrete can be considered as 
actively confined when some externally applied action induces the transverse stress, 
while passive confinement is the case when the confining stresses develop as a result of 
the transverse expansion of the concrete. In the present test program, specimen CV7 was 
tested to study the effectiveness of active confinement. Specimens CV7 and CV1 were 
similar except that the collar connection bolts in specimen CV7 were pretensioned to 
about 35% (this value was limited to prevent severe crushing of the concrete in the 
vicinity of the collar connection) of the specified minimum tensile strength of standard 
high strength structural bolts (ASTM A490), while the bolts were fastened to a snug-tight 
condition in specimen CV1. 
 
The test of specimen CV7 provides some information in assessing the effectiveness of 
active confinement. As observed during the test, fewer cracks and damage occurred in 
specimen CV7 and they emerged at a much later stage. Specimen CV7 remained intact 
until a larger displacement level during the test. The specimen with pretensioned bolts 
(CV7) had less spalling and crushing than specimen (CV1). This proved the effectiveness 
of active confinement in restraining cracking and improving crack stability as observed 
by Hussain and Driver (2005b) and Chapman and Driver (2006). 
 
The hysteresis loops for specimens CV1 and CV7 are similar, as shown in Figure 4-16 
and Figure 4-22, except that there is slightly more pinching in Figure 4-16 and more 
stable hysteresis loop as shown in Figure 4-22. The change in shape (pinching) of the 
hysteretic loops is another indication of strength degradation. 
 
Specimen CV7, with pretension in the connection bolts at the start of the test exhibited 
20% higher normalized peak lateral force (1.06) than the specimen CV1 with snug-tight 
connection bolts (0.88), as shown in Table 4-6. 
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Examination of the displacement ductility from Table 4-4 indicates that specimen CV7 
attained a ductility 4% higher than specimen CV1. Furthermore, the ultimate drift for 
specimen CV7 is also 4% higher than specimen CV1, as shown in Table 4-5. From 
Table 4-8, the percentage reduction at each displacement level for specimen CV7 is much 
less than that for specimen CV1, which can also be found from the stability of the 
hysteresis of the lateral force–displacement curves and envelope curves. The total energy 
dissipated by the specimen CV7 is 1.2 times that by specimen CV1, as can found from 
Figure 4-39. In addition, specimen CV1 showed a slightly lower initial effective stiffness 
compared to specimen CV7, as demonstrated by Table 4-7. 
 
Based on the results of specimens CV1 and CV7, it is clear that active confinement 
improved the overall behaviour of the collared column. Increase of peak lateral force, 
reduction of rate of degradation, increase of the deformability, improvement of energy 
dissipation capacity, and more stable hysteretic response are found with the application of 
the active confinement. 
 
4.12.6 Effect of Collar Stiffness 
 
Specimens CV1 and CV8 are identical except that specimen CV1 has a smaller size 
external collar, the cross section of which is 30×50 mm, while it is 50×50 mm for collars 
in specimen CV8. The collar stiffness (both flexural and axial stiffness) and the 
transverse reinforcement volumetric ratio increases with the increase of the size of the 
collars, while keeping other parameters unchanged. In order to study the effect of the size 
of collars, and hence the stiffness of collars, on the performance of the collared columns 
under cyclic loading, the results of specimen CV1 are compared with those of 
specimen CV8. 
 
As observed during the test, fewer cracks and less damage occurred in specimen CV8 and 
it remained intact until a larger displacement level during the test. The hysteresis loops 
for specimens CV1 and CV8 are similar, but those of specimen CV8 are more stable than 
specimen CV1 and there is slightly more pinching in specimen CV1, as can be seen in 
Figure 4-16 and Figure 4-23. This proved the effectiveness of the increase of collar 
stiffness in reducing damage and increasing confinement as observed by Hussain and 
Driver (2005b) and others. 
 
Specimen CV8, with the larger size of external collars and hence larger collar stiffness, 
exhibited 5% higher normalized peak lateral force (0.92) than the specimen CV1, with 
the smaller size of external collars and hence smaller collar stiffness (0.88), as shown in 
Table 4-6. 
 
Examination of the displacement ductility from Table 4-4 indicates that specimen CV8 
attained a ductility 56% higher than specimen CV1. Furthermore, the ultimate drift for 
specimen CV8 is 50% higher than specimen CV1, as shown in Table 4-5. From Table 4-8, 
the percentage reduction at each displacement level for specimen CV8 is much less than 
that for specimen CV1, which can also be found from the stability of the hysteresis of the 
lateral force–displacement curves and envelope curves. The total energy dissipated by the 
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specimen CV8 is 1.6 times that by specimen CV1, as can found from Figure 4-39. In 
addition, the specimen CV8 showed a slightly lower initial effective stiffness compared 
to specimen CV1 due to the larger yield displacement, as demonstrated by Table 4-7. 
 
Based on the results of specimens CV1 and CV8, it is clear that increasing the size, and 
hence the stiffness, of external collars improved the overall behaviour of the collared 
column. Reduction of the rate of degradation, increase of the deformability, more stable 
hysteretic response, improvement of energy dissipation capacity, and increase of strength 
are found with the increase of collar size. 
 
4.13 Comparison of Control Columns and Collared Columns 
 
4.13.1 Control Columns CV0A and CV0B 
 
Specimens CV0A and CV0B are identical in all respects except that specimen CV0A had 
internal transverse reinforcement spaced at 400 mm, and the internal transverse 
reinforcement was spaced at 100 mm for specimen CV0B. 
 
Control column CV0B, with the closer spacing of internal transverse reinforcement, 
exhibited 20% higher normalized peak lateral force (0.85) than the control column CV0A, 
with wider spacing (0.71), as shown in Table 4-6. 
 
Examination of the displacement ductility from Table 4-4 indicates that specimen CV0B 
attained a ductility (4.57) just 9% higher than that of specimen CV0A (4.21). 
Specimen CV0A, the control column satisfying the CSA-A23.3-04 and ACI 318-05 code 
requirements for non-seismic shear strength, also developed a ductility capacity of 4.21, 
and previous research has obtained similar results. For example, when Wong et al. (1993) 
studied the response of circular reinforced concrete columns to multi-directional seismic 
attack and found that all test units satisfying code requirements for non-seismic shear 
strength developed a displacement ductility of four or more under different patterns of 
loading. Another reason for the high displacement ductility for CV0A is due to the low 
force adopted in conducting the first five cycles of loading. If the first cycle was 
conducted to a higher load level than currently used, the stiffness of the first cycle will 
reduce due to the degradation of the load-displacement response. Hence, the trendline of 
the first cycle will also have a smaller initial stiffness. Then this trendline will intersect 
the horizontal maximum load line at a larger displacement. Calculation of the 
displacement ductility with this larger displacement results in a smaller ductility. So 
under current first cycle trendline, the displacement ductility is larger than it might be if 
larger load used in conducting the first cycle load. 
 
Furthermore, the ultimate drift for specimen CV0B is 140% higher than CV0A, as shown 
in Table 4-5. From Table 4-8, the percentage reduction at each ductility level for 
specimen CV0B is slightly less than that for specimen CV0A, which can also be found 
from the stability of the hysteresis of the lateral force-displacement curves and envelope 
curves. The total energy dissipated by the specimen CV0B is 4.2 times that by 
specimen CV0A, as can found from Figure 4-39. In addition, specimen CV0B showed 
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lower initial effective stiffness compared to specimen CV0A due to the larger yield 
displacement, as demonstrated by Table 4-7. 
 
Based on the results of specimens CV0A and CV0B, it is clear that a decrease of the 
spacing of internal transverse reinforcement improved the overall behaviour of the 
column. Reduction of rate of degradation, increase of the deformability, more stable 
hysteretic response, improvement of energy dissipation capacity, and increase of strength 
are found with a decrease of the spacing of internal transverse reinforcement. 
 
4.13.2 Control Columns and Collared Columns 
 
The effectiveness of the rehabilitation technique using external collars can be quantified 
based upon the differences in the behaviour between collared columns and control 
columns, as well as the visual observations during the test. This can be done by 
comparing the following measures: damage pattern, lateral force–displacement response 
envelopes, displacement ductility, ultimate drift, normalized strength, strength 
degradation, and total energy dissipation. 
 
For the collared columns (CV0AR, CV1, CV2, CV3, CV4, CV5, CV6, CV7, and CV8), 
most of the damage occurred between the first and second layer collars at the east and 
west sides and the interface between the column and footing at the south and north sides, 
while the control columns (CV0A and CV0B) had a wider range of damage. No slippage 
of the collars was observed during the test for all the collared columns even under severe 
spalling and crushing of cover concrete. 
 
The lateral force-displacement responses of the collared columns are compared with 
those of the control columns and shown in Figures 4-13 to 4-23. Envelopes are shown in 
Figure 4-24. It can be seen that the control columns behaved in a more brittle way 
compared to the collared columns. This behaviour is clear from the more abrupt drop in 
the strength shortly after the peak force value due to extensive spalling and crushing of 
concrete. The collared columns exhibited a more ductile behaviour through the formation 
of a stable hinge in the columns. From the lateral force-displacement envelopes, the 
collared columns have a long segment of a post-peak plateau evident of better ductile 
behaviour. Stable hysteresis loops are preferred because ductile and stable behaviour is 
critical at seismic hinges to prevent structural collapse under sustained loading. Under 
moderate to strong ground motion earthquakes, the behaviour of the structure is no longer 
dominated by the elastic properties. Of greater importance are the inelastic properties, 
which are substantially improved by this rehabilitation technique. 
 
All collared columns exhibited 14% to 93% higher normalized peak lateral force than the 
control column CV0A except CV6, with a slightly (6%) lower value than CV0A due to 
the absence of axial compressive load. Collared column CV4 exhibited slightly (5%) 
lower normalized peak lateral force than control column CV0B due to the smaller 
longitudinal reinforcement ratio, as shown in Table 4-6. The normalized peak lateral 
force reached by collared column CV6 is 21% lower than that of control column CVB 
due to the absence of axial compressive load. 
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Examination of the displacement ductilities from Table 4-4 indicates that all collared 
columns attained ductilities 7% to 122% higher than the control column CV0A, and all 
collared columns also have 16% to 105% higher ductility than control column CV0B 
except specimen CV5, with slightly (4%) lower ductility than CV0B due to the smaller 
aspect ratio. 
 
Furthermore, control column CV0A failed at a very small drift ratio, with an ultimate 
drift of 1.74%. Control column CV0B has a higher ultimate drift of 4.19%, while the 
ultimate drift for collared columns are generally higher and as high as 10.61% for 
specimen CV3, except specimen CV5 is only 2.69% as shown in Table 4-5. The ultimate 
drift ratios for all the collared columns are much higher than the control column CV0A 
(54% to 508% higher). All the collared columns achieved much higher ultimate drifts 
than control column CV0B, except that specimen CV5 is 36% lower than 
specimen CV0B due to the smaller aspect ratio. This shows that the high drift 
deformation capacity of the collared column is beneficial to the structure under 
earthquake ground motion. 
 
From Table 4-8, the percentage reduction at each displacement level for collared columns 
are less than that for control columns CV0A and CV0B except specimens CV5 and CV6, 
which can also be found from the stability of the hysteresis of the lateral 
force-displacement curves and envelope curves. 
 
The total energy dissipated by the collared reinforced concrete columns is 1.6 to 23.7 
times that dissipated by control column CV0A. The total energy dissipated by the 
collared columns is 1.4 to 5.7 times that dissipated by control column CV0B except 
specimen CV5 is 0.4 times that of CV0B due to the smaller aspect ratio, as can found 
from Figure 4-39. In addition, due to the larger yield displacement, the collared column 
showed a lower initial effective stiffness compared to specimen CV0A except 
specimen CV5, but are very close to control column CV0B, as demonstrated by Table 4-7. 
 
The experimental results presented above demonstrated that, for the same specimen size 
and longitudinal reinforcing bars, collared columns tend to exhibit higher normalized 
peak lateral force and displacement ductility, greater energy dissipation, and more stable 
hysteresis loops with less degradation. The overall behaviour of the collared column was 
therefore much improved over the control columns. 
 
It is worthwhile to reiterate that no internal transverse reinforcement was present in the 
collared column tests. In a rehabilitation scenario, any existing hoops can only further 
benefit the behaviour of collared columns. 
 
4.14 Repair of Damaged Specimen 
 
To investigate the feasibility of repairing badly damaged columns using external steel 
collars, one of the failed control columns was retested after being repaired. The repair of 
a reinforced structural concrete component of a building should restore it to a structural 
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condition consistent with the intended use for the defined service life. The study of the 
effectiveness of repair of damaged specimens has also been attempted by Priestley and 
Seible (1995), Lacobucci et al. (2003), Li and Sung (2003), and Memon and Sheikh 
(2005). Epoxy mortar was used to reinstate the specimen integrity before the addition of 
external steel collars. 
 
The specimen CV0AR, repaired from the damaged control column (CV0A) using epoxy 
mortar and external collars, had little spalling and crushing and remained in good, intact 
condition after the test. Hysteresis loops for the original and repaired specimens are 
shown in Figures 4-13 and 4-14. The repaired specimen showed more stable hysteretic 
response than the original control specimen. Examination of the ductility from Table 4-4 
indicates that the repaired specimen attained ductility 64% higher than the original 
control specimen. Much better deformability—more than four times ultimate drift ratio of 
specimen CV0A—can be seen from Table 4-5. Furthermore, it can be found from 
Table 4-6 that the normalized peak lateral force of repaired specimen CV0AR increased 
28% from the original specimen CV0A. Repaired specimen CV0AR also showed much 
higher energy dissipation capacity than the original specimen CV0A, as shown in 
Figure 4-39, with a total dissipated energy of 23.7 times that by the original specimen 
although those additional cycles of loading in CV0AR would contribute significantly to 
the enhancement of the total energy dissipated. Much less strength degradation at each 
level is shown in Table 4-8. In addition, the repaired specimen showed a lower initial 
effective stiffness compared to original specimen due to the larger yield displacement, as 
demonstrated by Table 4-8. 
 
The repaired specimen CV0AR demonstrated significant improvement in ductility, 
deformability, energy dissipation, and enhancement in strength than the original control 
column CV0A after the proper repair and rehabilitation. The test results show that 
external steel collars and epoxy grout were sufficient to fully compensate for the previous 
damage and can indeed increase the ductility and strength after proper repair and 
rehabilitation. The fact that the repaired specimen was superior to the original control 
specimen shows that repair with epoxy grout and steel collars in field application holds 
promise as a means for practitioners to restore the damaged column back to functionality 
quickly after an earthquake. Clearly, quality control in this rehabilitation technique is 
critical since the benefits stem not only from the collars, but also through the grouting 
technique. Further study is required to fully characterize how and when this technique 
could be used. 
 
Comparisons can also be made between the repaired collared column CV0AR and the 
base case collared column CV1. Hysteresis loops for specimens CV0AR and CV1 are 
shown in Figures 4-14 and 4-16. The repaired collared column showed more stable 
hysteretic response than the base case collared column. Examination of the ductility from 
Table 4-4 indicates that specimen CV0AR attained ductility 25% higher than 
specimen CV1. Specimen CV0AR showed better deformability—55% higher ultimate 
drift ratio than CV1—can be seen from Table 4-5. Furthermore, it can be found from 
Table 4-6 that the normalized peak lateral force of repaired specimen CV0AR is slightly 
higher than that of the base case collared column CV1. Repaired specimen CV0AR also 
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showed much higher energy dissipation capacity than specimen CV1, as shown in 
Figure 4-39, with a total dissipated energy of 2.57 times that by CV1 although those 
additional cycles of loading in CV0AR would contribute significantly to the enhancement 
of the total energy dissipated. Much less strength degradation at each level is shown in 
Table 4-8. In addition, the repaired specimen showed a lower initial effective stiffness 
compared to base case collared column due to the larger yield displacement, as 
demonstrated by Table 4-7. The test results indicate that external steel collars and epoxy 
grout can rehabilitate specimens and exhibit behaviour as good as an undamaged collared 
column. 
 
4.15 Summary 
 
An experimental program of the seismic rehabilitation and repair of short columns with 
steel collars was conducted. Test results demonstrated the effectiveness of steel collars 
for improving the performance of reinforced concrete short columns under cyclic 
reversals of horizontal loading even when no internal ties were present. In general, 
collared columns showed ductile response with stable hysteresis loops and exhibited 
significantly improved energy dissipation capacity over the control columns without 
collars. The repaired specimen demonstrated significantly improved ductility, 
deformability, energy dissipation, and enhancement in strength over the original control 
column. These observations validate the feasibility and effectiveness of this rehabilitation 
technique. The following conclusions can be drawn from this experimental study: 
 
(1) The experimental results of the collared reinforced concrete columns and control 
columns demonstrated that, for the same specimen size and longitudinal reinforcing bars, 
collared reinforced concrete columns exhibited higher strength and displacement ductility, 
greater energy dissipation, and more stable hysteresis loops with less degradation. The 
overall behaviour of the collared reinforced concrete column was much improved over 
the control columns due to the significant confinement the collars provide. 
 
(2) The external steel collars were bolted in place, directly on the surface of the square 
columns without creating stress concentrations at the corners, which might lead to 
crushing and damage of the concrete. No rounding of the corners at a certain radius was 
needed as in other rehabilitation techniques such as FRP jacketing. No slippage of the 
collars was observed during the tests of collared columns, even when severe spalling and 
crushing of cover concrete took place between them, implying the combined action of the 
concrete and steel collars had been achieved. The feature of no slippage is beneficial for 
seismic rehabilitation. 
 
(3) The rehabilitated reinforced concrete columns with external steel collars enhanced the 
displacement ductility, and provided sufficient shear strength to the extent that brittle 
shear failure modes are converted to a more ductile failure mode. Ductile failures beyond 
a displacement ductility of four were observed, although longitudinal reinforcing bar 
fracture was observed in one specimen under low-cycle fatigue. 
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(4) In general, collared reinforced concrete columns attained a much higher ultimate drift 
ratio, showed improved deformability, and exhibited much better energy dissipation 
capacity under cyclic loading than the control columns without collars, all features that 
are beneficial to structural performance in an earthquake. Collared reinforced concrete 
columns showed very ductile response with stable hysteresis loops and gradual post-peak 
degradation. All collared reinforced concrete columns exhibited 14% to 93% higher 
normalized peak lateral force than the control column with internal conventional 
transverse reinforcement spaced at 400 mm (CV0A), except the collared reinforced 
concrete column without axial compressive load exhibited 6% lower normalized peak 
lateral force. All collared reinforced concrete columns attained ductilities 7% to 122% 
higher than CV0A. Furthermore, the ultimate drift ratios for all the collared reinforced 
concrete columns were 54% to 508% higher than column CV0A. It was also found that 
the total energy dissipated by the collared reinforced concrete columns was 1.6 to 23.7 
times that dissipated by CV0A. 
 
(5) Decreasing the centre-to-centre collar spacing from 200 mm to 95 mm improved the 
overall behaviour of the collared reinforced concrete column with less concrete spalling 
and crushing, including a 10% increase in normalized peak lateral force, a 46% increase 
in displacement ductility, an 87% enhancement in drift ratio, and 2.8 times of energy 
dissipated. 
 
For collared reinforced concrete columns, decreasing the longitudinal reinforcement ratio 
from 3.13% to 1.88% reduced the normalized peak lateral force by 9%, but reached 69% 
higher displacement ductility. The ultimate drift also improved by 61% and the energy 
dissipated increased by 43%. 
 
Increasing the aspect ratio of the collared reinforced concrete column from 0.88 to 1.63 
exhibited a 36% decrease in the normalized peak lateral force, but gained 26% in 
displacement ductility and 87% in the ultimate drift ratio, with 5.9 times of energy 
dissipated. 
 
Collared reinforced concrete column CV1, with an axial compressive load of gc Af '3.0 , 
exhibited a 31% enhancement in normalized peak lateral force, but a 42% decrease in the 
ultimate drift compared with the collared reinforced concrete column without axial 
compressive load (CV6). The total energy dissipated by specimen CV6 is 0.6 times that 
dissipated by CV1, while the displacement ductilities are similar. 
 
Comparison between the collared reinforced concrete column with a pretension of 35% 
of the minimum specified tensile strength applied to the connection bolts (CV7) and the 
equivalent collared reinforced concrete column with snug-tight connection bolts (CV1) 
showed that prestressing the bolts provided an increase of 20% in the normalized peak 
lateral force and a 19% enhancement in the energy dissipation, but with only a marginal 
increase in displacement ductility and ultimate drift ratio. 
 
The collared reinforced concrete column with a large size of external collars (50×50 mm) 
and hence a larger collar stiffness (CV8) exhibited a 5% higher normalized peak lateral 
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force than the equivalent collared reinforced concrete column with a smaller size of 
external collars (30×50 mm) and hence smaller collar stiffness (CV1). With the larger 
collars the displacement ductility increased by 56% and the ultimate drift enhanced by 
50%, while the total energy dissipated increased by 64%. 
 
Epoxy mortar injection followed by installation of collars proved to be a promising repair 
method that is easy to implement and quick to serve its function. The 30% enhancement 
in the normalized peak lateral force of specimen CV0AR, 57% in the displacement 
ductility, 347% in the ultimate drift ratio, and 23.7 times the energy dissipated as 
compared to the original control column (CV0A) showed that proper repair to the 
initially damaged reinforced concrete columns can achieve good performance. The 
similar normalized peak lateral force attained by specimen CV0AR, 25% enhancement in 
the displacement ductility, 55% increase in the ultimate drift ratio, and 2.6 times the 
energy dissipated as compared to the base case collared column (CV1) indicate that 
external steel collars and epoxy grout can rehabilitate specimens and exhibit behaviour as 
good as an undamaged collared column. 
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Table 4-1 Number of cycles sustained by specimens 
 

Number of cycles sustained 

Control displacement ductility, μc Specimen 
V=0.75Vy 

1.5 2 4 6 8 10 12 14 16 18 
Total 

CV0A 5* 5 5 5 5 2           27 

CV0AR 5* 5 5 5 5 5 5 5 5 5 3 53 

CV0B 5 5 5 5 1             21 

CV1 5 5 5 5 5 5           30 

CV2 5 5 5 5 4             24 

CV3 5 5 5 5 5 5 1         31 

CV4 5 5 5 5 5 5 3         33 

CV5 5* 5 5 5 5 5 5 1       36 

CV6 5 5 5 5 5 1**           26 

CV7 5 5 5 5 5 5 2         32 

CV8 5 5 5 5 5 5 1         31 
* The first five force control cycles for specimens CV0A, CV0AR, and CV5 were conducted at 

loads lower than 75%Vy  , which resulted in a smaller test displacement in conducting the test. 
Hence, the control displacement levels, which are based on these control displacements, for 
these three specimens are just a designation of displacement level for convenience in the test, 
not the final displacement ductility.  

** This cycle was performed at a control displacement ductility level of 7 instead of the specified 
ductility level of 8 due to the stroke limit of the horizontal LVDTs. 

 
Table 4-2 Principal crack inclination measured from longitudinal axis (in degrees) 

 
Push direction Pull direction 

Specimen East 
side 

West 
side Average East 

side 
West 
side Average 

Average 

CV0A 32 40 36 28 32 30 33 
CV0AR 37 31 34 32 38 35 35 
CV0B 37 33 35 40 38 39 37 
CV1 35 35 35 30 37 34 34 
CV2 37 40 39 41 31 36 37 
CV3 36 36 36 41 39 40 38 
CV4 30 29 30 34 33 34 32 
CV5 30 45 38 30 45 38 38 
CV6 35 45 40 41 45 43 42 
CV7 50 50 50 49 45 47 49 
CV8 39 40 40 40 30 35 37 
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Table 4-3 Modified test displacement values 
 

Control displacement values 
used in conducting test (mm) Modified test displacement values (mm) 

Specimen V1 
(kN) Δc+

*  Δc-
*  Δc

*  Δyc 
V1 

(kN) Δt+
* Δt-

* Δt
*  Δyt+  Δyt-  Δyt 

CV0A 280 1.17 1.21 1.19 1.59 486 2.03 2.10 2.07 2.71 2.80 2.75 

CV0AR 243 2.24 2.40 2.32 3.09 486 4.48 4.80 4.64 5.97 6.40 6.19 

CV0B 486 5.08 3.50 4.29 5.72 486 5.08 3.50 4.29 6.77 4.67 5.72 

CV1 486 3.34 3.30 3.32 4.43 486 3.34 3.30 3.32 4.45 4.40 4.43 

CV2 486 4.40 4.38 4.39 5.85 486 4.40 4.38 4.39 5.87 5.84 5.85 

CV3 486 5.21 5.35 5.28 7.04 486 5.21 5.35 5.28 6.95 7.13 7.04 

CV4 486 3.89 3.82 3.85 5.14 486 3.89 3.82 3.85 5.18 5.10 5.14 

CV5 486 1.12 0.66 0.89 1.19 860 1.98 1.17 1.57 2.64 1.56 2.10 

CV6 486 8.22 8.08 8.15 10.87 486 8.22 8.08 8.15 10.96 10.78 10.87

CV7 486 3.48 2.71 3.10 4.13 486 3.48 2.71 3.10 4.64 3.62 4.13 

CV8 486 4.16 3.83 4.00 5.33 486 4.16 3.83 4.00 5.55 5.11 5.33 

 
Table 4-4 Modified yield displacement, yΔ , and displacement ductility, μ , by the first 

cycle trendline 
 

∆u (mm) ∆y (mm) Displacement ductility (µ) 
Specimen 

Push (+) Pull (-) Push (+) Pull (-) Push (+) Pull (-) Average 

CV0A 12.15 10.52 2.83 2.55 4.30 4.13 4.21 

CV0AR 47.51 53.81 6.81 7.84 6.98 6.86 6.92 

CV0B 27.18 27.27 5.72 6.21 4.75 4.39 4.57 

CV1 31.64 33.86 5.00 7.14 6.33 4.75 5.54 

CV2 38.52 35.27 6.08 8.22 6.34 4.29 5.31 

CV3 74.22 63.65 8.51 9.37 8.72 6.80 7.76 

CV4 59.17 46.32 5.10 6.51 11.60 7.11 9.36 

CV5 9.64 9.17 2.73 1.75 3.54 5.25 4.39 

CV6 57.58 55.37 8.91 11.79 6.46 4.70 5.58 

CV7 34.46 33.89 5.48 6.45 6.29 5.25 5.77 

CV8 47.31 51.21 5.78 6.51 8.18 7.86 8.02 
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Table 4-5 Ultimate displacement, uΔ , and ultimate drift at push and pull directions 
 

∆u (mm) Ultimate drift 
Specimen 

Push (+) Pull (-) Push (+) (%) Pull (-) (%) Average (%) /CV1 /CV0A

CV0A 12.15 10.52 1.87 1.62 1.74 0.35 1.00 

CV0AR 47.51 53.81 7.31 8.28 7.79 1.55 4.47 

CV0B 27.18 27.27 4.18 4.20 4.19 0.83 2.40 

CV1 31.64 33.86 4.87 5.21 5.04 1.00 2.89 

CV2 38.52 35.27 5.93 5.43 5.68 1.13 3.25 

CV3 74.22 63.65 11.42 9.79 10.61 2.10 6.08 

CV4 59.17 46.32 9.10 7.13 8.11 1.61 4.65 

CV5 9.64 9.17 2.75 2.62 2.69 0.53 1.54 

CV6 57.58 55.37 8.86 8.52 8.69 1.72 4.98 

CV7 34.46 33.89 5.30 5.21 5.26 1.04 3.01 

CV8 47.31 51.21 7.28 7.88 7.58 1.50 4.35 

 
Table 4-6 Average peak lateral force, expmax,V , normalized peak lateral force nVmax , and 

peak moment, expmax,M  
 

Peak lateral force Vmax,exp  (kN) Peak moment Mmax,exp  
(kN.m) Specimen fc'  

(MPa) Push 
(+) 

Pull 
(-) 

Difference 
(%) Average 

Vmax n* Push 
(+) 

Pull 
(-) Average

CV0A 26.3 599 567 5.25 583 0.71  389 369 379 

CV0AR 26.6 700 795 13.61 748 0.91  455 517 486 

CV0B 26.9 675 730 8.04 702 0.85  439 474 457 

CV1 33.3 791 838 5.88 815 0.88  514 545 529 

CV2 25.5 701 747 6.61 724 0.90  455 485 470 

CV3 22.0 746 774 3.78 760 1.01  485 503 494 

CV4 30.8 689 752 9.09 721 0.81  448 489 468 

CV5 29.5 1161 1227 5.77 1194 1.37  406 430 418 

CV6 31.5 555 654 17.69 604 0.67  361 425 393 

CV7 29.1 889 944 6.20 916 1.06  578 614 596 

CV8 27.4 731 804 9.97 767 0.92  475 523 499 

*Vmax n=Vmax,exp / ⎟
⎠
⎞⎜

⎝
⎛ '

cg fA  and Ag =160 000 mm2 for all the test specimens. 
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Table 4-7 Initial effective stiffness yK  
 

Initial effective stiffness from the first cycle trendline method (kN/mm) 
Specimen 

Push (+) Pull (-) Average /CV0A 

CV0A 212 222 217 1.00 

CV0AR 103 101 102 0.47 

CV0B 125 118 121 0.56 

CV1 158 117 138 0.64 

CV2 115 91 103 0.47 

CV3 88 83 85 0.39 

CV4 135 115 125 0.58 

CV5 426 703 564 2.60 

CV6 62 55 59 0.27 

CV7 162 146 154 0.71 

CV8 126 123 125 0.58 

 
Table 4-8 Percentage reduction in lateral force between the first and the fifth cycles 

 

* The first five force control cycles for specimens CV0A, CV0AR, and CV5 were conducted at 
loads lower than 75%Vy  , which resulted in a smaller control displacement in conducting the 
test. Hence, the test displacement levels, which are based on these control displacements, 
were adjusted. 

1.5Δyt 2Δyt 4Δyt 6Δyt 8Δyt 
Specimen Push 

(+) 
Pull 
(-) 

Push 
(+) 

Pull 
(-) 

Push 
(+) 

Pull 
(-) 

Push 
(+) 

Pull 
(-) 

Push 
(+) 

Pull 
(-) 

CV0A* 6 18 16 21           

CV0AR* 7 11 10 13 4 8 5 7 12 8 

CV0B 12 14 11 12 20 21       

CV1 7 4 11 9 19 12 13 20 30 27 

CV2 12 14 12 9 10 16       

CV3 10 9 7 6 6 9 6 10 9 11 

CV4 7 8 6 2 7 6 7 5 5 12 

CV5* 14 12 9 12 20 22 32 33   

CV6 12 10 9 12 22 27 74 81   

CV7 6 8 6 10 5 7 7 4 11 17 

CV8 10 13 8 12 10 7 8 11 9 12 
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Table 4-9 Height of clinometers from the base of column 

 
Height of clinometers (mm) Height for average curvature* (mm) 

Specimen 
No. 1 No. 2 No. 3 No. 4 Portion 

1 
Portion 

2 
Portion 

3 
Portion 

4 
CV0A 75 225 375 525.0 37.5 150.0 300.0 450.0 

CV0AR 50 200 350 474.3 25.0 125.0 275.0 412.2 

CV0B 75 225 375 525.0 37.5 150.0 300.0 450.0 

CV1 100 250 400 500.0 50.0 175.0 325.0 450.0 

CV2 — 75 275 475.0 — 37.5 175.0 375.0 

CV3 115 210 305 469.3 57.5 162.5 257.5 387.2 

CV4 50 200 350 474.3 25.0 125.0 275.0 412.2 

CV5 50 200 — 474.3 25.0 125.0 — 337.2 

CV6 50 200 350 474.3 25.0 125.0 275.0 412.2 

CV7 50 200 350 474.3 25.0 125.0 275.0 412.2 

CV8 50 200 350 474.3 25.0 125.0 275.0 412.2 
* Relative curvature at each portion is calculated.
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          (a) Cracks at cycle 16 (μ =2.3)                           (b) At the end of the test 

 
Figure 4-1 Specimen CV0A 

 

     
 
            (a) Wide crack at the interface                              (b) Bulge of collars 

 
Figure 4-2 Specimen CV0AR 

Diagonal crack

Interface crack

Collar 1

After removal of 
loosened concrete 

Deformed collars
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                  (a) Cracks at cycle 16 (μ =4)                      (b) At the end of the test 

 
Figure 4-3 Specimen CV0B 

 

 

      
 

               (a) Cracks at cycle 16 (μ =4)                         (g) At the end of the test 
 

Figure 4-4 Specimen CV1 

Diagonal crack

After removal of 
loosened concrete 

Longitudinal crack

Diagonal crack 

Collar 3 

Longitudinal 
bars visible 



 119

     
 
         (a) Diagonal and longitudinal cracks                    (b) At the end of test 

 
Figure 4-5 Specimen CV2 

 

     
 
     (a) Column sustained large displacement           (b) Damage at the interface 

 
Figure 4-6 Specimen CV3 

Longitudinal crack 
and spalling 

Diagonal crack 

Collar 2 

Longitudinal 
bars visible 

Concrete bulged out

Column

Interface concrete spalling

Footing

Large displacement applied
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              (a) Cracks at cycle 16 (μ =4)                           (b) At the end of the test 
 

Figure 4-7 Specimen CV4 
 

     
 

          (a) Damage at cycle 26 (μ =4.52)                      (b) At the end of the test 
 

Figure 4-8 Specimen CV5 

Diagonal crack

Collar 3 

Longitudinal 
bars fractured 

Cracks in 
the footing 

Concrete bulged out
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           (a) Cracks at cycle 16 (μ =4)           (b) No collar slippage after significant spalling 
 

Figure 4-9 Specimen CV6 
 

     
 

(a) Minor damage even at the end of the test         (b) Collar deformation (collar 1) 
 

Figure 4-10 Specimen CV7 
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             (a) Cracks at cycle 16 (μ =4)          (b) Minor damage even at the end of the test 
 

Figure 4-11 Specimen CV8 
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Figure 4-12 Lateral force calculation schematic 

Diagonal cracks
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Figure 4-13 Lateral force–displacement hysteresis loops for specimen CV0A 
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Figure 4-14 Lateral force–displacement hysteresis loops for specimen CV0AR 
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Figure 4-15 Lateral force–displacement hysteresis loops for specimen CV0B 
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Figure 4-16 Lateral force–displacement hysteresis loops for specimen CV1 
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Figure 4-17 Lateral force–displacement hysteresis loops for specimen CV2 
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Figure 4-18 Lateral force–displacement hysteresis loops for specimen CV3 
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Figure 4-19 Lateral force–displacement hysteresis loops for specimen CV4 
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Figure 4-20 Lateral force–displacement hysteresis loops for specimen CV5 
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Figure 4-21 Lateral force–displacement hysteresis loops for specimen CV6 
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Figure 4-22 Lateral force–displacement hysteresis loops for specimen CV7 
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Figure 4-23 Lateral force–displacement hysteresis loops for specimen CV8 
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Figure 4-24 Lateral force–displacement envelopes for test specimens 
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Figure 4-25 Displacement ductility by first cycle trendline method 
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Figure 4-26 Displacement ductility by 65% maxV  or 75% maxV  secant line method 
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Figure 4-27 Energy dissipated during each cycle by specimen CV0A 
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Figure 4-28 Energy dissipated during each cycle by specimen CV0AR 
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Figure 4-29 Energy dissipated during each cycle by specimen CV0B 
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Figure 4-30 Energy dissipated during each cycle by specimen CV1 
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Figure 4-31 Energy dissipated during each cycle by specimen CV2 
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Figure 4-32 Energy dissipated during each cycle by specimen CV3 
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Figure 4-33 Energy dissipated during each cycle by specimen CV4 
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Figure 4-34 Energy dissipated during each cycle by specimen CV5 
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Figure 4-35 Energy dissipated during each cycle by specimen CV6 
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Figure 4-36 Energy dissipated during each cycle by specimen CV7 
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Figure 4-37 Energy dissipated during each cycle by specimen CV8 
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Figure 4-38 Cumulative energy dissipated versus cycle number 
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Figure 4-39 Total energy dissipated  
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Figure 4-40 Equivalent viscous damping ratio γ  (adapted from Ghobarah et al. 1996) 
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Figure 4-41 Equivalent viscous damping ratios 
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Figure 4-42 Curvature distribution along height for specimen CV0A 
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Figure 4-43 Curvature distribution along height for specimen CV0AR 
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Figure 4-44 Curvature distribution along height for specimen CV0B 
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Figure 4-45 Curvature distribution along height for specimen CV1 
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Figure 4-46 Curvature distribution along height for specimen CV2 
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Figure 4-47 Curvature distribution along height for specimen CV3 
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Figure 4-48 Curvature distribution along height for specimen CV4 
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Figure 4-49 Curvature distribution along height for specimen CV5 
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Figure 4-50 Curvature distribution along height for specimen CV6 
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Figure 4-51 Curvature distribution along height for specimen CV7 
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Figure 4-52 Curvature distribution along height for specimen CV8 
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Figure 4-53 Calculation of the rotation-induced displacement 
 



 144

0

0.1

0.2

0.3

0 10 20 30 40 50
(mm)

R
at

io
 r=
D

R
/
D
 

( )RΔ−Δ

ΔΔ= /: RrRatio

 
 

Figure 4-54 Relationship between r and ( )RΔ−Δ  for specimen CV1 



 145

CHAPTER 5 FINITE ELEMENT ANALYSIS 
 
5.1 Introduction 
 
While it is valuable to conduct large-scale tests on reinforced concrete columns with 
collars, as presented in Chapters 3 and 4, it is not practical to consider the full range of 
geometric dimensions, loading conditions, or other parametric variations that may be 
encountered in practice. It is also convenient if a numerical model is available for the 
design or evaluation of such members. It is therefore necessary to conduct numerical 
simulations of the reinforced concrete columns rehabilitated with external steel collars 
from the experimental program, to aid in development and validation of a proposed 
simplified modelling technique. 
 
The process of developing analytical predictions of the behaviour of reinforced concrete 
structures is relatively complex due to the presence of the reinforcement, nonlinear 
concrete behaviour under multi-axial stress states including cracking, stress transfer 
across cracked concrete sections, and stiffness and strength degradation under cyclic 
loading. Analytical studies through empirical mathematical formulae and/or numerical 
finite element simulation are important techniques for research on reinforced concrete 
structures. These techniques can be used to reproduce experimental results and they also 
allow the study of additional design parameters in a more efficient and less expensive 
manner than additional full-scale laboratory testing. 
 
As reported in Chapters 3 and 4, external steel collars have been proven to be effective in 
the rehabilitation and repair of deficient reinforced concrete short columns under 
combined axial and cyclic lateral loading in an experimental program conducted at the 
University of Alberta. Numerical analysis using the finite element method was conducted 
to simulate the response of the control columns and collared columns tested. A finite 
element model capable of matching the overall lateral force–displacement envelope of 
the experimental results for short collared columns was developed. The validated model 
was then used to conduct parametric studies to explore further aspects of collared column 
behaviour. 
 
5.2 Finite Element Model 
 
Three-dimensional finite element models were developed to simulate the envelope 
response of collared reinforced concrete short columns under combined axial and cyclic 
lateral loading using the commercial finite element program ABAQUS Version 6.4 
(ABAQUS 2003). The ABAQUS program has two main analysis modules: Standard and 
Explicit. These two modules use different solution strategies for solving nonlinear quasi-
static and dynamic problems: ABAQUS/Standard uses an implicit strategy with an 
iterative equation solver to solve a large set of equations and approach the solution 
through successive equilibrium cycles, while ABAQUS/Explicit uses a nonlinear explicit 
dynamic formulation and determines the solution by explicitly advancing the state of the 
model over small time increments without iteration (ABAQUS 2003). 
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The dynamic explicit method was originally developed to analyze high-speed dynamic 
events in which inertia plays a dominant role in the solution, such as short-duration blast 
loading. This would be extremely computationally costly to analyze using an implicit 
solver. Later, it was found that ABAQUS/Explicit is also very efficient for solving highly 
nonlinear quasi-static structural response, including structural elements that exhibit 
material property degradation near failure (ABAQUS 2003). 
 
The finite element analysis in this study was initially performed with the static implicit 
method in ABAQUS/Standard in order to simulate the tests on collared reinforced 
concrete columns, which were conducted under quasi-static conditions. However, 
material degradation often led to severe convergence difficulties in the implicit analysis 
program functions such as the concrete cracking model, where tensile cracking often 
caused the material stiffness to become negative. Extensive concrete cracking made it 
difficult to trace the load-deformation envelope relationship accurately after the peak load 
due to these convergence problems. Other researchers have also reported convergence 
problems during implicit finite element modelling. For example, Cofer et al. (2002) 
reported that solution convergence could not be achieved beyond initial cracking when 
modelling typical reinforced concrete bridge columns. Rusinowski (2005) also identified 
convergence problems in using ABAQUS/Standard for two-way concrete slabs with 
openings because the analyses were sensitive to the discrete change of stiffness 
encountered at the slab opening. For this reason, ABAQUS/Explicit was adopted for use 
in the finite element analysis for this study. 
 
5.2.1 Solution Strategy 
 
ABAQUS/Explicit uses a central difference rule to integrate the equations of motion 
explicitly through time, using the kinematic conditions at one increment to calculate the 
kinematic conditions at the next increment (ABAQUS 2003). Applying the explicit 
dynamic procedure to quasi-static problems requires special considerations since the 
static solution is a long-time process, which requires an excessive number of small time 
increments if analyzed at its natural time scale. The event needs to be accelerated in some 
way to obtain a computationally efficient solution. However, the introduction of large 
accelerations will change the characteristics of the problem into one of dynamics, where 
the influence of inertial forces must be considered. If the loading speed is increased to a 
point where inertia plays a prominent role in the solution, the results will be quite 
different from the quasi-static solution. Hence, the solution strategy should include 
techniques to model the process in the shortest computation time period, while ensuring 
the influence of inertial forces on the predicted response remain insignificant. 
 
Energy history must be studied to evaluate whether the proper simulation of quasi-static 
behaviour is achieved using ABAQUS/Explicit. For quasi-static behaviour, the work 
applied by the external forces should be nearly equal to the internal energy of the system, 
and kinetic energy should be maintained within a small fraction (typically 5% to 10%) 
(ABAQUS 2003) of its internal energy throughout most of the process, as shown 
schematically in Figure 5-1. The energy equation can be stated as follows: 
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CONSTANTEEEEEE totalWFDKEVI ==−+++    [5-1] 
 

where IE  is the internal energy (both elastic and plastic strain energy), VE  is the energy 
absorbed by viscous dissipation, KEE  is the kinetic energy, FDE  is the energy absorbed 
by frictional dissipation, WE  is the energy (work) of external forces, and totalE  is the total 
energy in the system, normally taken as a constant value. Eq. 5-1 can be used to assess 
the suitability of the quasi-static simulation by comparing the internal energy with the 
work by external forces, as well as the ratio of kinetic energy to internal energy 
(ABAQUS 2003). 
 
One method to simulate the quasi-static process using a dynamic explicit solution is to 
increase the loading rate so that the same physical event occurs in less time, as long as the 
solution remains nearly the same as the true static solution and the dynamic effects 
remain insignificant. For efficiency and accuracy, quasi-static analyses require the 
application of loading that is as smooth as possible, as shown in Figure 5-2. Generally, a 
smooth loading history will produce smooth load-deformation results, although certain 
loading rates and energy proportions may result in somewhat oscillatory or “noisy” 
results. Hence, a smooth amplitude function (termed “smooth step” in ABAQUS) was 
used to define the loading rate to ensure accuracy of the analysis. Mass scaling enables an 
analysis to be performed computationally efficiently without artificially increasing the 
rate of loading. However, the solution time reduction associated with the mass scaling 
technique is a function of the square root of the mass scaling factor, whereas the time 
reduction associated with the loading rate is proportional to the loading rate scaling factor 
(ABAQUS 2003). A loading rate of 1 mm/s and a mass scaling factor of 500 were used in 
the finite element analyses in this research, chosen based on the energy balance and the 
economy of the solution time for the whole system. 
 
5.2.2 Geometric Modelling and Element Selection 
 
The large footing for each column specimen was heavily reinforced to avoid local failure 
prior to achieving failure within the column. This failure condition was confirmed 
through visual observation during the experiments. The behaviour of the column itself is 
the main focus of the research; hence, only the column was modelled in the finite element 
analysis and the nodes on the bottom surface of the column are restrained against 
translation in all directions. The results from the analysis were later modified, as 
discussed in Section 5.3.2, to simulate the boundary condition of some rotation at the 
base that was present during the experiment. 
 
The sensitivity of the numerical solution to element size was examined to check the mesh 
objectivity. Mesh sensitivity studies were conducted to find a reasonable mesh that would 
provide accurate results within a minimal computational time. Four different meshes 
were used for specimen CV1 (number of concrete elements in length×width×height of 
the column): 8×8×18, 10×10×18, 16×16×32, and 20×20×32. These meshes are denoted 
as coarser, coarse, fine, and finer meshes, respectively. The results, shown in Figure 5-3, 
indicate that the coarse mesh (10×10×18) can capture the overall behaviour and the peak 



 148

load with significantly less computation time than finer meshes (total analysis CPU time 
47 minutes instead of 78 minutes) and, hence, the 10×10×18 mesh was adopted to model 
all other collared columns in this study. The mesh configuration for the finite element 
model is shown in Figure 5-4 for the case of specimen CV1, the typical collared 
reinforced concrete column in the experimental program. CV1 is also the reference 
column for the parametric study presented in Section 5.4. 
 
Standard elements in ABAQUS/Explicit (Version 6.4) were used in the model. 
Eight-node continuum elements with reduced integration (C3D8R) were used to model 
the concrete. Each node has three translational degrees of freedom. Reduced integration 
elements were used to minimize concerns about shear locking under applied moment and 
to reduce analysis time, while still producing results similar to elements using full 
integration (ABAQUS 2003). 
 
A comparison study was conducted to determine the suitability of different element types 
to represent the internal reinforcement, including truss elements (T3D2) and beam 
elements (B31). Truss elements can carry axial compression and tension, but cannot resist 
bending moment. Conversely, beam elements can carry axial compression and tension, as 
well as shear and bending moment. It was found that models with beam elements used to 
represent the reinforcement provided better agreement with the test capacities than 
models using truss elements, as shown in Table 5-1. Mean values for the ratio of the 
experimental peak lateral force in the push half-cycle to analytical peak lateral force were 
1.05 and 1.13 using beam elements and truss elements, respectively. The coefficients of 
variation were almost the same for the two cases, with values of 0.13 and 0.12, 
respectively. Hence, internal reinforcement, modelled using two-node three-dimensional 
beam elements (B31), was included in the form of embedded discrete elements within the 
column. Similar practice was adopted by Saito and Higai (2001) using beam elements to 
model the internal reinforcement in the FEA of reinforced concrete columns under cyclic 
loading. Perfect bond between reinforcement and concrete was assumed. This assumption 
has been adopted by many researchers when modelling reinforced concrete columns, 
such as Chung and Ahmad (1995), Dowell and Parker (2001), Girard and Bastien (2002), 
and Noguchi and Uchida (2004). Darwin (1991) also pointed out that 15 of the 24 models 
in a survey of finite element analysis research on reinforced concrete structures assumed 
perfect bond between the reinforcing steel and the concrete. Beam elements representing 
the vertical reinforcing bars were connected directly to the nodes of the concrete elements, 
and to the nodes of the top plate and bottom boundary nodes. The internal ties in columns 
CV0A, CV0B, and CV0AR were also modelled with beam elements and the nodes were 
attached to the centrelines of the longitudinal bars. 
 
Steel collars, including the connection bolts and the collar flanges (i.e., the projecting end 
parts of the steel collar with holes through which the connection bolts pass), were also 
modelled with two-node, three-dimensional beam elements (B31) to account for bending 
under concrete expansion. The beam element nodes for the steel collars were placed at 
the centreline of the steel collars, as shown in Figure 5-4. No relative sliding was 
observed between the steel collars and the adjacent concrete during the tests, so a 
multi-point constraint (MPC) type BEAM was imposed between concrete nodes and 
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adjacent nodes on the steel collars to constrain the displacement and rotation at the first 
node (concrete node) to the displacement and rotation at the second node (external steel 
collar node). These constraints prevented relative movement between the steel collar and 
concrete. This technique also ensured that outward deformations of the steel collars were 
consistent with the lateral expansion of the concrete, even under extreme displacements. 
 
The steel top plate was modelled with C3D8R (8-node, reduced integration) continuum 
elements. The two lateral loading plates were modelled as rigid bodies, each with a 
reference node, where the reference nodes correspond to either the lateral loading or 
displacement measurement position in the experiment. 
 
5.2.3 Loading 
 
Monotonic pushover analyses were conducted by pushing each model towards the north 
direction (see Figure 3-12), which corresponds to the push half-cycle direction in the 
experimental program. Initially, the axial compressive load, if applicable, was applied to 
the top steel bearing plate of the column through a uniformly distributed pressure and was 
kept constant during the pushover analysis. Since the pressure load is perpendicular to the 
bearing plate surface, as the column bends and the top surface slopes the axial 
compression is no longer vertical. However, the maximum inclination angle for all the 
columns modelled is less than 5º, hence the error in load magnitude associated with this 
inclination is neglected. Then, monotonic pushover loading in the “push direction” was 
conducted using a displacement boundary condition approach, by increasing the lateral 
displacement at the central node of the lateral loading plate. This displacement-controlled 
loading technique permitted simulation of the post-peak behaviour. The lateral 
displacement was targeted by setting the maximum displacement applied to the node 
equal to the maximum displacement level attained in the experiment. The central node 
was chosen as the reference node of the rigid surface of the lateral loading plate, 
simulating the experiment condition of evenly distributed loading over the entire loading 
plate. The pretension force applied to the steel collar bolts in specimen CV7 was 
generated in ABAQUS by applying a negative temperature change to the bolt as the 
initial load step of the analysis. The behaviour of the collared reinforced concrete 
columns is described in terms of the lateral force versus reference node displacement 
relationship, as well as the peak lateral force, and general observations. 
 
5.2.4 Material Properties 
 
The finite element models were constructed with material components of concrete, steel 
reinforcing bars, and steel collars. The material properties for each component were 
established using relevant cylinder or coupon test results from the experimental program 
described in Chapter 3. 
 
5.2.4.1 Concrete 
 
Under low confining pressures, plain concrete shows relatively brittle behaviour, with 
cracking in tension and crushing in compression. In ABAQUS, concrete can be modelled 
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with a smeared cracking model or a damaged plasticity model. The smeared cracking 
concrete model is based on a damaged elastic formulation and consists of the crack 
detecting surface and propagating a number of micro-cracks. It involves the modification 
of the stress and material stiffness after the occurrence of cracks (ABAQUS 2003). This 
model has convergence problems when extensive cracks exist (Cofer et al. 2002), which 
is the case in the current modelling of collared reinforced concrete columns. 
 
The concrete damaged plasticity model was utilized in this research, including both 
concrete compression hardening and tension stiffening definitions. This model can 
overcome the convergence problems of the smeared crack approach and can capture the 
concrete behaviour and failure modes. The damaged plasticity model in ABAQUS is a 
continuum, plasticity-based damaged model for concrete under low confining pressures 
proposed by Lubliner et al. (1989). This model is an isotropic damage model where 
cracking is indirectly considered. This model uses a non-associated plastic flow rule to 
describe the plastic strain increments. There are five parameters that need to be defined to 
solve the yield and plastic flow functions: dilation angle, flow potential eccentricity 
indicating the rate at which the plastic flow function approaches the asymptote, ratio of 
initial equibiaxial compressive strength to uniaxial compressive strength, viscosity 
parameter, and the ratio of the second stress invariant on the tensile meridian to the 
second stress invariant on the compressive meridian (ABAQUS 2003). The dilation angle 
for concrete is defined under this model to identify the plastic strain direction relative to 
the gradient of the yield surface. 
 
Dilation is the increase of volume relative to the initial state caused by deformation. The 
basic parameter to account for volume increase is the dilation angle. The widely accepted 
definition of dilation is the change in volume that is associated with shear distortion of an 
element in the material (Lubliner et al. 1989, Nielsen 1999, Park et al. 2001). According 
to this definition, the dilation angle, ψ , is found from the ratio of volumetric strain rate, 

p
vdε , to the shear strain rate, pdγ , as follows: 

 
 ( ) ( )pp

v dd γεψ =sin     [5-2a]  
  
where the superscript p means plastic. 
 
According to Park et al. (2001), a dilation angle can be defined for establishing the flow 
rule. If the dilation angle is equal to the internal friction angle, φ , that is φψ = , then the 
flow rule is associative, meaning that plastic straining occurs normal to the yield surface 
and that there is a volumetric expansion of the material with increasing plastic strains. 
However, if φψ < , the flow rule is non-associative and there will be less volumetric 
expansion as compared to the associated flow rule. Clearly, if ψ  is zero, there will be no 
volumetric expansion. The internal friction angle is usually set at 36º to 45º for most 
structural concretes (Goodman 1989). Nielsen (1999) used a value of 37º as the internal 
friction angle for concrete.  
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Lin and Li (2003) proposed a simplified relationship between the internal friction angle 
and concrete compressive strength as follows: 
 
 ( ) 4535136 ' ≤+= cfφ     [5-2b] 
 
where '

cf  is the uniaxial concrete compressive strength. 
 
With the available information, the internal friction angle of concrete was taken as about 
37º for all concrete used in the current research program, which had uniaxial compressive 
strengths between 25 and 33 MPa. The dilation angle should be less than the internal 
friction angle for a non-associated flow rule, and it should decrease with an increase of 
confinement stress. However, there is no well-defined, widely accepted way of 
calculating the dilation angle. The dilation angle can be measured experimentally by 
measuring changes in volume as plastic deformations take place. However, this angle can 
be affected by the constituents of the concrete—such as size, shape or gradation of 
aggregates—and can vary among different concrete specimens from the same batch. In 
two example models described by Lubliner et al. (1989), the dilation angles were chosen 
to be 15º and 32º. In the ABAQUS Example reference (ABAQUS 2003), the damaged 
plasticity model was used with a dilation angle of 36.31º for the model of the Koyna 
concrete dam. A dilation angle of 15º was used in the analysis of composite columns 
under concentric loading by Begum et al. (2004). Since experimental determination of 
this parameter was not considered to be feasible, a value of 36º is used for the dilation 
angle in concrete with very small confinement stresses, and then a smaller value can be 
considered for concrete subject to the confinement provided by the external steel collars. 
A sensitivity study was conducted adopting three configurations of dilation angle for the 
concrete. The first case used a dilation angle of 36º for all concrete. Another case used a 
dilation angle of 15º for concrete at the steel collar elevations and 36º for all other 
concrete. The third case used a dilation angle of 15º for all concrete. Table 5-2 provides 
comparisons of peak lateral force among models with these three dilation angle 
configurations. It was found that the second case, with a dilation angle of 15º for concrete 
at the steel collar elevations along with 36º for the remaining concrete, captured the peak 
lateral force well and resulted in the lowest coefficient of variation in the test-to-predicted 
strength ratios. Therefore, this dilation angle configuration was used in the finite element 
analyses conducted in this research. 
 
The concrete compression model includes both elastic and inelastic parts. The elastic 
limit is chosen as the stress corresponding to 0.3 '

cf . The modulus of elasticity, cE , was 
obtained from the test program, with values shown in Table 3-3. The concrete inelastic 
compressive stress–strain function in uniaxial compression was defined using a double 
exponential model (Barr and Lee 2003): 
 
 ( ) ( )εεε 32

1
cc eecf −− −=     [5-3a] 
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where 1c , 2c , and 3c  are constants controlling the shape of the ( )εf  curve, with 1c  
significantly influencing the peak value of ( )εf , 2c  significantly influencing the tail-end 
of ( )εf  and also the peak, and 3c  impacting the initial shape of the ( )εf  curve. These 
parameters are defined as follows: 
 

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= −− η

η
η ηη 11

1
'

1 cfc     [5-3b] 

 
 ( )[ ]1ln '

2 −= ηεη coc     [5-3c] 
 
 23 cc η=      [5-3d] 
 
where '

cf and '
coε are the peak concrete stress and corresponding strain obtained from 

concrete cylinder tests. The value of η  represents the type of the response, varying from 
brittle to elastic-plastic. As 1→η , this model exhibits a very deep (brittle) post-peak 
curve, while an elastic-plastic curve is manifested with ∞→η . In this study, 10=η  was 
used, similar to the value selected by Begum et al. (2004) that resulted in reasonably 
accurate modelling results compared to test results under confined conditions.  
 
Table 5-3 shows that the use of other compressive concrete models, such as the 
Todeschini curve (Todeschini et al. 1964) and the Barr and Lee (2003) model with 0.6 '

cf  
as the elastic limit, resulted in peak lateral force predictions similar to those obtained with 
the Barr and Lee (2003) model with 0.3 '

cf  as the elastic limit. However, the Barr and Lee 
(2003) model with 0.3 '

cf  as the elastic limit was reported to be suitable for predicting the 
post-peak descending branch of concrete cylinder test curves in compression and has 
been adopted previously by others, such as Begum et al. (2004). Hence, this model was 
selected for the current finite element study. 
 
Figure 5-5 shows a typical concrete cylinder test curve and the corresponding concrete 
compression hardening curve used as ABAQUS input data for specimen CV1. 
 
The tensile strength of concrete is relatively low and it is common practice to neglect it in 
strength calculations of structural concrete members. However, this is not always 
possible; e.g., the shear resistance of a column without shear reinforcement depends on 
tensile stresses in the concrete. Also, the effect of tensile stresses in concrete should be 
taken into account when the overall load–displacement relationship of a member is 
desired, including the post-peak behaviour, as in the current case. Thus, in modelling the 
collared reinforced concrete columns with the finite element method, the effects of 
tension softening and tension stiffening become important and a realistic model should be 
used in the analysis. 
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The stiffness contribution of the concrete in tension between the cracks in reinforced 
concrete is called the tension stiffening effect. It is related to the crack distribution, the 
tensile capacity of the intact concrete between the cracks, and the interaction between the 
reinforcement and the concrete (Massicotte et al. 1988). 
 
The tension stiffening behaviour can be described by defining a fracture energy curve, 
post-cracking tensile stress–strain curve, or stress–crack width curve. As shown in 
Figure 5-6, ABAQUS/Explicit permits three ways of specifying the tension stiffening 
behaviour of concrete: defining the fracture energy needed for crack formation, the 
stress–strain relationship with identification of the strain at which the tensile strength 
drops to zero, or the stress–crack width relationship. To explore the implications of this 
choice, all three methods are used to simulate the tests conducted in the experimental 
program. 
 
Similar to the fracture energy value of 331 N/m for the concrete with '

cf  of 40 MPa used 
by Li et al. (2002), a fracture energy of 300 N/m is used in the analysis with the tension 
stiffening defined through the fracture energy curve. In the definition of tension stiffening 
with a post-crack tensile stress-strain curve, the curve is obtained by defining two pairs of 
stress-strain data. One pair represents the peak tensile stress and zero strain condition, 
while the other represents the total strain at which the tensile stress normal to a crack will 
be zero. The total strain is a multiple of the strain at a crack. The actual value of strain at 
concrete crack for normal strength concrete is near to 0.0003. It is reasonable to assume 
that the stress reduces linearly to zero at a total strain of about 10 times the crack strain 
(ABAQUS 2003). Hence, the total strain when the tensile stress drops to zero is taken as 
0.003 in the analysis. The final method is the case of defining the tension stiffening with 
the stress-crack width curve. According to MacGregor and Bartlett (2000), the tensile 
strength of concrete varies between 8 and 15% of the compressive strength, depending on 
the type of aggregate, the compressive strength itself, and the presence of a compressive 
stress transverse to the tensile stress. It may also be affected by the test method used to 
determine the tensile strength. In this study, the uniaxial tensile strength of concrete is 
assumed to be 10% of the uniaxial compressive strength for normal strength concrete. 
The 10% rule was also used by Begum et al. (2004). The interaction between the 
concrete and reinforcement—the so-called tension stiffening effect—is considered 
through modifying the crack width, and hence the post-cracking stress–displacement 
relationship of the concrete as follows (Li et al. 2002): 
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where '

tf  is the tensile strength of concrete, taken as '' 1.0 ct ff =  for normal strength 
concrete, cw  is the crack width, and ccrw  is the critical crack width when tensile strength 
is assumed to be zero. In this study, 1.5 mm is used for the critical crack width, identical 
to the value used by Begum et al. (2004) for normal strength concrete. 
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Table 5-4 provides comparisons of the peak lateral force for different tension stiffening 
definitions adopted in the analysis. The comparisons show that similar results are 
obtained when appropriate fracture energy or stress–crack width relationships are chosen, 
as discussed above, but poorer agreement with test results is obtained using the stress–
strain relationship model. For the finite element simulations in this research, the stress–
displacement curve following the stress–crack width relationship proposed by Li et al. 
(2002) (Eq. 5-4) was adopted for the analysis. This model was adopted because of its 
simplicity in expressing the stress-crack width relationship for reinforced concrete under 
uniaxial tension with a single continuous expression and the good results shown in 
Table 5-4. 
 
Figure 5-7 shows the tension stiffening relationship used for concrete for the analysis of 
specimen CV1. Note that no direct or indirect tensile tests were completed in the 
experimental program. 
 
The Poisson’s ratio of concrete, cν , under uniaxial compressive stress varies from about 
0.15 to 0.22 for normal strength concrete. Darwin (1991) pointed out that the value of 
Poisson’s ratio plays a minor role in the accurate representation of reinforced concrete 
after summarizing the finite element research on both flexural-type and shear-type 
reinforced concrete members. Hence, in the current study, the Poisson’s ratio of concrete 
was taken as 0.2. 
 
5.2.4.2 Reinforcing Bars, Steel Collars, and Loading Plate 
 
Tension coupon tests were conducted to obtain the average material properties for the 
steel reinforcing bars and the steel plates used to fabricate the collars. No tension coupon 
tests were completed for the top loading plate; as the material properties of this item have 
little influence on the column behaviour, the steel collar material properties were used. In 
all cases, the engineering stress and strain data obtained in the coupon tests were used to 
calculate the corresponding true stress and strain data for input into the ABAQUS 
material model. The steel reinforcement and the external collars were both modelled as 
isotropic elasto-plastic material satisfying the von Mises yield criterion. 
 
The relationship between the true strain, trueε , and engineering (nominal) strain, nomε , can 
be expressed as follows: 
 
 ( )nomtrue εε += 1ln     [5-5] 
 
The relationship between the true stress, trueσ , and engineering (nominal) stress, nomσ , is: 
 
 ( )nomnomtrue εσσ += 1     [5-6] 
 
The stress versus plastic strain curve in Figure 5-8 was used as the plastic portion of the 
reinforcement material definition in the analysis input file. It is converted from the 



 155

material test data into the appropriate input format for ABAQUS as described above. The 
Poisson’s ratio for steel was taken as 0.3. 
 
5.3 Finite Element Analysis Results 
 
Finite element analysis and experimental results were compared in terms of general 
observations, including crack patterns, and the peak lateral forces of the collared 
reinforced concrete columns. The overall shapes of the lateral force versus displacement 
relationships from the quasi-static pushover analysis were also examined in comparison 
with load–deformation envelope curves from the cyclic tests. 
 
5.3.1 General Observations 
 
In conducting each laboratory test, the loads were applied very slowly. To ensure that the 
quasi-static loading condition was also met in the numerical analyses, the energy histories 
of external work, internal energy, and kinetic energy were set as output items. Figure 5-9 
shows the external work, internal energy, and kinetic energy curves for specimen CV1, 
confirming that kinetic energy was negligible compared to the internal energy and 
external work. The internal energy was identical to the external work during the whole 
process. These relationships confirm that the quasi-static loading condition requirements 
were met for the specimen CV1 analysis. Similar results were obtained for the other 
specimens modelled. 
 
Figure 5-10(a) illustrates the deformed shape of specimen CV1 with a displacement 
amplification scale factor of 2.0 at the end of the analysis (still under load) and 
Figure 5-10(b) shows the test specimen at the end of the cyclic test (unloaded) after 
undergoing the same peak displacement in the final excursion. Similar deformed shapes 
were obtained from the analysis and test, and similar results were obtained for the other 
specimens modelled. 
 
In the numerical analyses, all the specimens except specimens CV0A and CV5 reached 
their peak load after the yielding of longitudinal bars, the same behaviour as observed in 
the experiments. For all the specimens except CV0A and CV5, the mean value of the 
ratio of load at first yield to peak load is 78% from the experiments, with a coefficient of 
variation of 0.10, while in the numerical analyses, the mean and coefficient of variation 
are 84% and 0.12, respectively. Specimens CV0A and CV5 experienced longitudinal bar 
yielding immediately after the peak load in both the experiments and analyses. 
 
The crack pattern can be found from the ABAQUS analysis results using the concrete 
damaged plasticity model. The maximum principal (tensile) strain vector plot is shown in 
Figure 5-11 for specimen CV1. The crack plane can be indirectly determined from the 
direction of maximum principal plastic strain since the analysis uses the assumption that 
cracking initiates at locations where the tensile equivalent plastic strain is greater than 
zero and the maximum principal plastic strain is positive (i.e. tensile). Furthermore, the 
analysis assumes that the direction of the principal plastic strain is parallel to the direction 
of the vector normal to the crack plane (ABAQUS 2003). Hence, through the 
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visualization of the maximum principal tensile plastic strain direction (arrowed line, 
Figure 5-11), the crack plane can be constructed normal to this arrowed line. In turn, the 
angle between the crack plane and the longitudinal axis of the specimen can be calculated. 
For specimen CV1, an angle of 36º was obtained from the finite element analysis, which 
is close to the value of 35º measured on the test specimen in the push direction for the 
major diagonal crack. Other specimens provided similar correlation of angles between 
analysis and test specimens. 
 
For the control columns, especially the column with less transverse reinforcement 
(CV0A), the cracking and crushing of concrete extend from the bottom half to the upper 
part of the test regions. For collared columns, most of the damage was found to be 
restricted to the bottom half of the test regions. Figure 5-12 shows the vector plot of the 
maximum principal tensile strain for column CV0A. As indicated in ABAQUS (2003), 
the crack initiates at locations where the tensile equivalent plastic strain is greater than 
zero and the maximum principal plastic strain is positive (i.e. tensile). It can be seen from 
Figure 5-12 that quantitatively more maximum principal tensile strain vectors are present 
in CV0A than in CV1 (Figure 5-11) at the end of the analysis, indicating more cracks are 
formed in CV0A than in CV1. These analysis results are similar to the observations in the 
experiments. 
 
5.3.2 Lateral Force versus Displacement Relationships 
 
In order to present the analytically determined lateral force–displacement relationships 
for the specimens, an equivalent lateral force was determined. This approach was taken in 
an attempt to include, in a simple way, the impact on the lateral behaviour of the vertical 
load acting on the displaced column. The equivalent lateral force is taken as the 
horizontal reaction plus the additional lateral force that would generate the same 
contribution to base moment as the vertical load (similar to Eqs. 4-1 and 4-2). The 
reaction force was taken at the node where the displacement boundary condition was 
applied. This node is at the same position as the lateral loading position and at the same 
height as the deflection measurement in the experiment. 
 
The base of the column was assumed to be fully restrained in the analysis, but since the 
longitudinal bars in the experiment extended into the footing, as shown in Figure 3-1, 
deformations of these bars introduced a discrete rotation at the column base. 
Measurements from strain gauges affixed to the column longitudinal bars embedded in 
the footing indicate unequal elongations among those longitudinal bars, implying a 
discrete base rotation. This rotation affects the lateral displacement at the lateral loading 
position. The rotation-induced displacement is found through the interpretation of the 
strain readings from the longitudinal bars in the experiments. Based on the data from the 
strain gauges installed on the longitudinal bars on specimen CV1, CV4, and CV0B, the 
ratio between the rotation-induced displacement and the total horizontal displacement 
recorded by linear variable displacement transformers (LVDTs) varies with the change of 
the applied displacement. For simplicity, and recognizing the approximate nature of this 
analysis, the ratio has been taken as a constant value of 10%, which is a simplification 
directly from the test results. A detailed discussion about the rotation-induced 
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displacement is reported in Chapter 4, Section 4.11. In order to compare with the 
experimental results appropriately, the displacements presented in the analysis results 
were modified with a 10% increase to account for the rotation-induced displacements. 
The displacements presented, therefore, are the total displacements obtained by adding 
the rotation-induced displacement to the applied displacement. 
 
For comparison of the measured peak lateral force with the pushover analysis results, the 
peak lateral force in the push direction from the hysteresis curve envelope was used for 
consistency. Table 5-5 shows that the mean and coefficient of variation of the 
experimental-to-numerical peak lateral force ratio are 1.05 and 0.13, respectively, 
indicating that the finite element model captures the peak force with reasonable accuracy. 
The numerical simulations yielded accurate predictions of the peak lateral force for 
specimens CV0AR, CV1, CV3, CV4, and CV8 (test-to-numerical ratios from 0.99 to 
1.06). However, the simulations overestimated the peak lateral forces for specimens 
CV0B and CV6 and underestimated them for specimens CV0A, CV2, CV5, and CV7. 
For specimen CV2, with the widest collar spacing, the analysis underestimated the peak 
lateral force significantly (by 22% of the experimental load). For specimen CV6, with no 
vertical load, the analysis overestimated the peak lateral force significantly (by 24%). 
There is no apparent trend in underestimation or overestimation with respect to specimen 
configuration parameters examined in this study. 
 
The predicted lateral force–displacement curves for the control column and collared 
column models are shown in Figures 5-13 through 5-23. The curves are all plotted to the 
same scale to facilitate comparisons among them. Analyses showed good agreement with 
the experimental results in the ascending portion of the lateral force–displacement 
envelope curves for all the specimens except specimen CV0AR. Some perturbation of the 
analytical results towards the end of the analysis can be observed in most cases due to the 
extensive propagation of crack-induced damage, which led to numerical instability and 
poor results in the later stages of analyses. The rapid strength degradation at large 
displacements observed in several of the experiments was generally not captured in the 
finite element analyses. The curves for specimens CV3 and CV6 (especially for CV3) 
actually tended to increase near the end of the curves. This might be due to the originally 
small space between the lowest collar and the footing was reduced because of the hinge 
formation and large rotation at the base of CV3 at large lateral displacements, hence 
causing the bottom collar to have direct contact with the footing and hence contributing 
to the strength gain in the numerical model. The post-peak behaviour for specimen CV7 
in the analysis was not as stable and ductile as that obtained in the experimental program, 
partly because the influence from the pretension of the bolts was not sufficiently captured 
in the analysis. Additional discussion of bolt pretension influence is presented in the 
parametric study in Section 5.4. The analysis model of specimen CV0AR, the repaired 
specimen CV0A, captured the peak force very well, but the initial part of the 
load-displacement curve was much stiffer than the one obtained from the experimental 
results. The stiffer behaviour in the analysis was partly due to the less stiff epoxy mortar 
material in the test compared to concrete, which was ignored during the analysis. The 
epoxy mortar, used to repair the damaged specimen, had a modulus of elasticity of 
3250 MPa, only about one-sixth that of the concrete in the specimen (20 700 MPa). 
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Table 5-6 shows comparisons between displacement data from the experiments and from 
the finite element analyses (including the approximate discrete base rotation adjustment, 
as discussed previously) at first yield of the longitudinal bars and at the peak lateral force. 
First yield of longitudinal bars was determined by comparing the strain of the 
longitudinal bars with their yield strain for both the experiments and analyses. The mean 
value and coefficient of variation of the ratio of the experiment-to-analysis displacement 
values corresponding to first yield of longitudinal bars were 1.24 and 0.44, respectively. 
This indicates that the longitudinal bars yielded at larger displacement levels in the 
experiments than in the analyses for most columns. The strength degradation of columns 
CV3 and CV6 were not captured in the analysis and the longitudinal bars yielded in the 
analysis at significantly larger displacement levels than in the experiments. The mean 
value and coefficient of variation of the ratio of experiment-to-analysis displacement 
values at the peak lateral force were 1.34 and 0.56, respectively, also indicating that the 
peak force was attained in the analyses at smaller displacement levels than in the 
experiments. In general, somewhat stiffer lateral load–displacement responses were 
observed from the analyses compared to the experimental results, although the overall 
trends and shapes of the lateral load–displacement curves from analyses were similar to 
the experimental responses. Stiffer analytical predictions compared to experimental 
results were also reported by Cofer et al. (2002) in the finite element analysis of 
reinforced concrete columns using ABAQUS. The longitudinal bars in columns CV0A 
and CV5 were found to yield after reaching the peak lateral force, which is consistent 
with the findings from experiments, indicating shear failure. 
 
Although there are several factors that may contribute to the higher modelled stiffness, 
given the constraints and testing conditions performed in the experimental program, the 
following seven possible fundamental causes of the discrepancies are proposed: 
(1) inaccuracies in the modelled material properties because of possible variation of 
material properties between the column specimens and the cylinders or coupons; 
(2) possible geometric imperfections in the specimens that were not taken into account in 
the numerical analyses; (3) perfect bonding was assumed between the concrete and 
reinforcement in the numerical simulation, while bond-slip between reinforcement and 
concrete may exist in the experiments; (4) differences resulting from pushover analysis in 
the model and cyclic loading in the tests (cyclic loads were applied to the specimens in 
the test with five cycles at each displacement level, while the numerical simulation used 
monotonic loading without consideration of the additional specimen damage incurred due 
to repeated cracking under load reversal); (5) simplification of the material model with 
the assumption of tensile strength at 10% of the compressive strength of concrete; 
(6) lack of consideration of shrinkage on cracking performance; and (7) simplified 
representation of cracking in the model. 
 
5.4 Parametric Study 
 
Comparisons between analytical and experimental results reported in Section 5.3 
demonstrated the effectiveness of the finite element model in simulating the overall 
behaviour of collared reinforced concrete columns and in achieving good correlation for 
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the peak lateral force. In order to extend the range of application of the rehabilitation with 
external steel collars, and to allow development of an empirical design model for strength 
(presented in Chapter 6), a parametric study was conducted using the validated finite 
element model that focused exclusively on the peak lateral force capacity. The following 
parameters were the major variables studied: column geometry, external steel collar 
spacing, longitudinal reinforcement ratio, shear span-to-depth ratio, pretension of collar 
bolts, axial compression index, concrete compressive strength, and external steel collar 
stiffness. The longitudinal reinforcement ratio, ρ , is the total longitudinal reinforcement 
area, sA , divided by the gross cross-sectional area of the column, gA . That is, 

gs AA /=ρ . The shear span-to-depth ratio, herein referred to as the “aspect ratio” for 
simplicity, is calculated as ( )VDM , where M  is the moment at the critical section, 
taken at the base of the column, V  is the shear force at the critical section, and D  is the 
overall dimension of the cross-section parallel to the shear. The axial compression index 
is calculated from ( )gc AfP ' , where P  is the axial compressive load and '

cf  is the 
measured uniaxial compressive strength of concrete. 
 
Two sizes of column geometry were considered in the parametric study: 400×400 mm 
square columns with an overall height of 800 mm and 600×600 mm square columns with 
an overall height of 1225 mm. Only the 400×400 columns were studied in the 
experimental program. The parametric study was performed with a variation of one 
parameter at a time, while keeping all other aspects unchanged. For the 
400×400×800 mm columns, specimen CV1 was taken as the reference collared column in 
the parametric study for convenience, with variations of the parameters reported in the 
following paragraphs. Similarly, for the 600×600×1225 mm columns, the reference 
collared column has the following features (identical to CV1 except for the shear span): 
30×50 mm external steel collar with centre-to-centre spacing of 150 mm, concrete 
compressive strength of 33.3 MPa, ten 25 M longitudinal bars, shear span of 1100 mm, 
no pretension applied to the collar connection bolts, and axial compression index of 0.3. 
 
Variations of parameters studied are shown in Tables 5-7 and 5-8 for the 
400×400×800 mm columns and 600×600×1225 mm columns, respectively. The layout of 
the ten longitudinal bars is similar to Figure 3-2. The set of five aspect ratios for the 
400×400×800 mm columns corresponds to shear spans of 225 mm, 375 mm, 525 mm, 
650 mm, and 750 mm. The set of five aspect ratios for the 600×600×1225 mm columns 
corresponds to the shear spans of 500 mm, 650 mm, 800 mm, 950 mm, and 1100 mm. 
 
The smallest and largest dimensions of external steel collar, considered to define the 
practical range, were taken as 20 mm and 80 mm, respectively, for all columns. In the 
study of isolated collar stiffness, however, dimensions outside of these limits were also 
considered to extend the data further. Parametric analyses were also conducted on collar 
dimensions within this range to investigate the influence of external steel collar stiffness. 
 
In the experimental program, the following ranges of parameters were studied: three 
collar centre-to-centre spacings (95 mm, 150 mm, and 200 mm); two longitudinal 
reinforcement ratios (1.88% and 3.13%, corresponding to ten 20 M and ten 25 M 
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longitudinal bars); two aspect ratio (0.875 and 1.625, corresponding to shear spans of 
350 mm and 650 mm); two axial compression indices (0.0 and 0.3); two levels of bolt 
pretensions (10 kN for snug-tight condition and 144 kN for pretensioned bolts); and two 
collar sizes (30×50 mm, and 50×50 mm); as shown in Table 3-1. The concrete 
compressive strength ranged from 22 MPa to 33 MPa. 
 
As shown in Figure 5-24, the peak lateral force tended to decrease with an increase in the 
spacing of the steel collars, as expected, but the reduction of the peak lateral force with 
increasing collar spacing was not as significant for the 600×600×1225 mm columns as it 
was for the 400×400×800 mm columns. This may be due to differences in the ratio 
between collar spacing and the column cross-sectional dimensions, which were smaller 
for the 600×600×1225 mm columns studied compared to the 400×400×800 mm columns, 
and hence the reduction in the confinement is less. The 600×600×1225 mm column with 
a collar spacing of 250 mm reached a very slightly larger peak lateral force than the 
column with a collar spacing of 200 mm for some reason. In the experimental study, peak 
lateral forces were normalized with respect to the square root of the concrete compressive 
strength, as discussed in Chapter 4, Section 4.6. Specimen CV3, with the narrowest 
spacing (centre-to-centre spacing of 95 mm), exhibited a 15% higher normalized peak 
lateral force (1.01) than that of the specimen CV1 (0.88), which had a moderate 
centre-to-centre collar spacing of 150 mm. The normalized peak lateral force of CV3 was 
also 12% higher than that of specimen CV2 (0.90) with the widest spacing of collars 
(centre-to-centre spacing of 200 mm). CV1 has a slightly smaller normalized peak lateral 
force than CV2, which might be due to the normalization with respect to concrete 
compressive strength since CV1 had a much greater concrete compressive strength than 
CV2. Lamanna et al. (2001) and Sheikh (2002) also reported that flexure capacity 
decreases with the increase of the shear reinforcement spacing. For reinforced concrete 
members with internal shear reinforcement of constant bar configuration, the shear 
strength decreases with the increase of the spacing of shear reinforcement (ASCE-ACI 
Committee 445, 1998). 
 
From Figure 5-25, it can be determined that the peak lateral force tends to increase with 
an increase in the longitudinal reinforcement ratio. However, after a certain longitudinal 
reinforcement ratio, 3.13% for 400×400×800 mm columns and 4.17% for 
600×600×1225 mm columns, the peak lateral force reduced. After checking the strain of 
the longitudinal bar, it was found that the longitudinal bars did not yield at the peak 
lateral force in 400×400×800 mm columns with a longitudinal reinforcement ratio of 
3.13%, and they slightly exceeded the yield strain for 600×600×1225 mm columns with a 
reinforcement ratio of 4.17%. Hence, the reduction is due to the higher enhancement of 
the flexural capacity relative to the shear capacity with more flexural reinforcement that 
resulted in shear governing the failure. In the experimental study, specimen CV1, with a 
longitudinal reinforcement ratio of 3.13%, exhibited a 9% higher normalized peak lateral 
force than that of specimen CV4 with a smaller longitudinal reinforcement ratio of 1.88%, 
as shown in Table 4-6. It is well know that the flexural capacity increases with the 
increase in the longitudinal reinforcement. ACI-ASCE Committee 426 (1974) reported 
that shear strength of reinforced concrete members drops with the decrease of the 
longitudinal reinforcement. Kani (1966) also reported that the percentage of longitudinal 
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reinforcement has an influence, whereby the shear strength increases when the 
longitudinal reinforcement ratio increases.  
 
The influence of aspect ratio on the peak lateral force is illustrated in Figure 5-26. With 
an increase of aspect ratio, the peak lateral force decreases. This trend was also found in 
the experimental study between specimens CV1 and CV5. In the experimental study, 
specimen CV5 with a smaller aspect ratio (0.875) exhibited a 56% higher normalized 
peak lateral force than specimen CV1 with a larger aspect ratio (1.625), as shown in 
Table 4-6. ACI-ASCE Committee 426 (1974) reported that the aspect ratio is an 
important parameter for the shear strength of reinforced concrete members. Kani (1966) 
reported the same trend that the shear strength decreases with the increase of the aspect 
ratio for a series of shear test. 
 
Figure 5-27 shows that the magnitude of the pretension force applied to the steel collar 
bolts affects the peak lateral force to a certain degree. In the numerical model, the 
specimen with a pretension force of 143 kN in the collar bolts only exhibited 8% higher 
peak lateral force than the specimen without pretension in the collar bolts. However, the 
influence of this parameter in the numerical model was not as significant as the influence 
observed in the experiments, as shown in Figures 4-16 and 4-22. In the experimental 
study, specimen CV7 with a pretension force of 144 kN in the collar bolts at the start of 
the test exhibited 20% higher normalized peak lateral force than specimen CV1 with a 
pretension force of 9 kN in the collar bolts (snug-tight condition), as shown in Table 4-6 
(the results in Figure 5-27 are not normalized to account for concrete material strength). 
This indicates that the effect of the pretension force was not sufficiently captured in the 
analysis. With the increase of the pretension force of the shear reinforcement, the flexural 
capacity should also be increased due to the increased confinement. Saatcioglu and 
Yalcin (2003) investigated external lateral prestressing of concrete columns and reported 
improved shear strength and deformability. 
 
The effect predicted by the finite element model of the axial compression index on the 
peak lateral force is shown in Figure 5-28. With an increase of the axial compression 
index, the peak lateral force also increased, but there was a declining influence as the 
axial compression index increased. For the columns with the external collars of 
30×50 mm, in the analysis, the specimen with an axial compression index of 0.3 
exhibited 29% higher peak lateral force than the specimen with an axial compression 
index of 0.0, though both predicted flexural failure. In the experimental study, 
specimen CV1 with an axial compression index of 0.3 exhibited 31% higher normalized 
peak lateral force than the specimen CV6 with an axial compression index of 0.0, as 
shown in Table 4-6. Abrams (1987) conducted experiments and reported that with the 
increase of axial compression the flexural capacity of reinforced concrete columns 
increase. Gupta and Collins (2001) reported that shear strength increases as the 
compression-shear loading ratio increases after testing a series of 24 reinforced concrete 
members subjected to varying levels of axial compression.  
 
Figure 5-29 shows the influence on peak lateral force for collared columns of concrete 
compressive strength. With an increase in the concrete compressive strength, the peak 
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lateral force also increased, as expected. This parameter was not explicitly studied in the 
experimental program as the specified concrete compressive strength was targeted as the 
same value for all specimens, and the variation of actual strengths was minimal. Note that 
although concrete compressive strengths up to 80 MPa have been used in the analyses, 
the CSA-A23.3-04 design standard only permits the use of concrete strengths up to 
64 MPa for determining the shear strength contribution of concrete (i.e. ≤'

cf 8 MPa). It 
is well known that the flexure capacity increases with the increase of concrete 
compressive strength. ACI-ASCE Committee 426 (1974) reported that contribution from 
concrete to the shear strength of reinforced concrete member increases with the increase 
of concrete compressive strength.  
 
The influence of the collar stiffness (both axial stiffness and flexural stiffness) on the 
peak lateral force was studied through the modelling of a series of collar sizes, as shown 
in Figure 5-30. The axial stiffness relates to the cross-sectional area of the collar scA , 
while the flexural stiffness relates to the moment of inertia of the collar scI . With an 
increase of the collar dimension parallel to the column longitudinal axis (hence, an 
increase of collar stiffness), the peak lateral force increased, with declining influence as 
the collar stiffness increased. This phenomenon can also be seen in Figures 5-28 and 5-29. 
For the same axial compression index or concrete compressive strength, the peak lateral 
force increased when the collar size increased from 20×20 mm to 80×80 mm, but the 
enhancement of peak lateral force from 70×70 mm to 80×80 mm was smaller than the 
enhancement from 20×20 mm to 30×50 mm. The specimens CV1 and CV8 in the 
experimental program also validated this parametric study observation of the effect of the 
collar stiffness. Specimen CV8 with 50×50 mm collars attained 5% higher normalized 
peak lateral force than the specimen CV1 with 30×50 mm collars. Hussain and Driver 
(2005b) also reported that flexural capacity increases with the increase of axial and/or 
flexural stiffness of the steel collar. 
 
Finite element analysis was also conducted to study the isolated effects of the collar axial 
stiffness and flexural stiffness on the peak lateral force of the collared column. The collar 
cross-section was selected to facilitate changes in axial stiffness while keeping moment 
of inertia constant and vice versa. In some cases, collar dimensions beyond the range that 
might be considered as the practical dimensions (20—80 mm) were used to establish the 
trend. Also through finite element parametric study, it suggests that the ratio between the 
bigger dimension of the collar cross-section and the smaller dimension should be less 
than 3 to ensure effectiveness and efficiency of the collar as well as the practicality of 
construction. The effect of the collar axial stiffness was studied for four sets of moment 
of inertia: 112500, 225000, 520833, and 1250000 mm4. The effect of the collar flexural 
stiffness was studied for seven sets of cross-sectional area: 300, 400, 500, 800, 1000, 
2000, and 3000 mm2. For the same cross-sectional area, the moments of inertia were 
selected such that each successive data point was generated using a moment of inertia 
that was four times the previous one. Both the 400×400×800 mm columns and 
600×600×1225 mm columns were modelled. Figure 5-31 shows the peak lateral force 
versus the cross-sectional area of collar. It is clear from this figure that with an increase 
of collar cross-sectional area, the peak lateral forces increases. Moreover, there exists an 
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axial stiffness beyond which the peak lateral force is not enhanced for the 
400×400×800 mm columns, an observation made also by Hussain and Driver (2001). The 
trend also exists for the 600×600×1225 mm columns, but could be at a much higher 
collar axial stiffness than for 400×400×800 mm columns, since the confining effect for 
the same collar cross-section will be different for each column cross-section. Figure 5-32 
shows the peak lateral force versus the collar moment of inertia. It can be seen that with 
the increase of moment of inertia, the peak lateral forces increase, but at a small rate and 
even decreases for small collar cross-sectional area. Comparing Figures 5-31 and 5-32 
indicates that the collar cross-sectional area and, hence, axial stiffness has a greater 
influence on the peak lateral force of the collared column than the moment of inertia and, 
hence, the flexural stiffness. 
 
Among the columns in the parametric study, most columns experienced longitudinal bar 
yielding before reaching the peak lateral force. A few exceptions were columns with 
small size of external steel collar: 400×400×800 columns with external steel collar of 
20×20 and concrete compressive strength of 20 MPa and 30 MPa, axial compression 
index of 0.0, 0.1, and 0.2; and columns with external steel collar of 20×30, 20×40 30×20, 
30×30, 40×20. Other exceptions were columns with external steel collars of 30×50, but 
with smaller shear spans of 225 mm, 350 mm, and 525 mm, or collar spacings of 250 mm 
and 300 mm, or with longitudinal reinforcement ratio of 3.13%. The strains of steel 
collars at the peak lateral force of those columns that experiencing longitudinal bar 
yielding after the peak lateral force are in the range of 200 to 800 microstrain. There are 
many factors that might affect the external steel collar strain at the peak lateral force, 
including the concrete compressive strength, column aspect ratio, axial compression 
index, longitudinal reinforcement ratio, and flexural capacity. At this stage of research, it 
is not possible to develop a general model to predict collar strain for a given set of 
applied loads and member geometry. 
 
5.5 Summary 
 
Laboratory experiments have been shown to be very useful in understanding the 
behaviour of collared reinforced concrete columns. However, it is costly and time 
consuming to perform experiments with multiple variations of geometry and loading 
conditions in practice. Hence, it is desired to develop reliable and efficient analytical 
methods to predict the behaviour. In this chapter, three-dimensional nonlinear finite 
element models were described that simulate the response of collared reinforced concrete 
columns under cyclic loading using the commercial finite element program 
ABAQUS/Explicit. The finite element models were validated against the experimental 
results. The finite element models were also used to study the influence of various design 
parameters on collared reinforced concrete columns through a parametric study. 
 
Comparisons were made between the pushover finite element model developed using 
ABAQUS/Explicit and the experimental results. Although the analytical models 
generally overestimated the column lateral stiffness in the initial part of the test and did 
not fully capture the post-peak range, they predicted the peak lateral force of collared 
reinforced concrete columns under combined axial and lateral loading with reasonable 
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accuracy. For the columns studied in the experimental program, the mean experiment-to-
analysis capacity ratio was 1.05, with a coefficient of variation of 0.13. 
 
Parametric studies were conducted with emphasis placed on the capacity predicted by the 
finite element model. The studies showed that with an increase of external steel collar 
spacing, the peak lateral force typically decreased. With increases of the axial 
compression index, the longitudinal reinforcement ratio, or the concrete compressive 
strength, the peak lateral force increased. Increasing the aspect ratio resulted in a decrease 
in the peak lateral force. A pretension force applied to the steel collar bolts did increase 
the peak lateral force of the collared reinforced concrete column; however, the extent of 
the increase observed in the tests was not fully reflected in the analytical results. With an 
increase of the collar axial and flexural stiffness, the peak lateral force increased, but the 
enhancement drops and the peak lateral force reaches a limit after certain value. The axial 
stiffness of the external collars appears to be a more important parameter for increasing 
the strength of collared columns than the flexural stiffness. 
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Table 5-1 Peak lateral force using beam elements (B31) or truss elements (T3D2) for the 
reinforcement 

 
Beam element B31 Truss element T3D2 

Specimen Vmax,exp,push  
(kN) Vmax,fea

(kN) Vmax,exp,push/ Vmax,fea 
Vmax,fea

(kN) Vmax,exp,push/ Vmax,fea 

CV0A 599 526 1.14 506 1.18 

CV0AR 700 693 1.01 597 1.17 

CV0B 675 754 0.90 646 1.05 

CV1 791 768 1.03 757 1.04 

CV2 701 544 1.29 523 1.34 

CV3 746 701 1.06 673 1.11 

CV4 689 700 0.99 711 0.97 

CV5 1161 1027 1.13 922 1.26 

CV6 555 689 0.81 612 0.91 

CV7 889 769 1.16 708 1.26 

CV8 731 708 1.03 664 1.10 

  Mean 1.05   1.13 

  C. O. V. 0.13   0.12 
 

Table 5-2 Peak lateral force for different concrete dilation angle models 
 

36º 36º/15º* 15º 

Specimen Vmax,exp,push 
(kN) Vmax,fea

(kN) 
Vmax,exp,push/ 

Vmax,fea 
Vmax,fea

(kN) 
Vmax,exp,push/ 

Vmax,fea 
Vmax,fea 

(kN) 
Vmax,exp,push/ 

Vmax,fea 

CV0A 599 526 1.14 526 1.14 461 1.30 
CV0AR 700 885 0.79 693 1.01 640 1.09 
CV0B 675 754 0.90 754 0.90 543 1.24 
CV1 791 967 0.82 768 1.03 684 1.16 
CV2 701 699 1.00 544 1.29 492 1.42 
CV3 746 941 0.79 701 1.06 751 0.99 
CV4 689 803 0.86 700 0.99 684 1.01 
CV5 1161 1242 0.93 1027 1.13 775 1.50 
CV6 555 812 0.68 689 0.81 612 0.91 
CV7 889 924 0.96 769 1.16 667 1.33 
CV8 731 907 0.81 708 1.03 654 1.12 

  Mean 0.88   1.05   1.19 

  C. O. V. 0.14   0.13   0.16 
* Dilation angle of 15º for concrete at the external steel collar elevation along with 36º for 

concrete outside of the external steel collar elevation. 
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Table 5-3 Peak lateral force for different concrete compression hardening models 
 

Todeschini curve 
Barr and Lee model  
with 0.3fc

' as elatic 
limit 

Barr and Lee model 
with 0.6fc

' as elatic 
limit 

Specimen Vmax,exp,push 
(kN) Vmax,fea

(kN) 
Vmax,exp,push/ 

Vmax,fea 
Vmax,fea

(kN) 
Vmax,exp,push/ 

Vmax,fea 
Vmax,fea 

(kN) 
Vmax,exp,push/ 

Vmax,fea 

CV0A 599 517 1.16 526 1.14 532 1.13 

CV0AR 700 680 1.03 693 1.01 724 0.97 

CV0B 675 730 0.92 754 0.90 752 0.90 

CV1 791 728 1.09 768 1.03 761 1.04 

CV2 701 528 1.33 544 1.29 553 1.27 

CV3 746 768 0.97 701 1.06 781 0.96 

CV4 689 674 1.02 700 0.99 682 1.01 

CV5 1161 903 1.29 1027 1.13 1017 1.14 

CV6 555 679 0.82 689 0.81 686 0.81 

CV7 889 694 1.28 769 1.16 741 1.20 

CV8 731 675 1.08 708 1.03 724 1.01 

  Mean 1.09   1.05   1.04 

  C. O. V. 0.15   0.13   0.13 
 

Table 5-4 Peak lateral force for different concrete tension stiffening models 
 

Fracture energy 
model 

Stress–strain 
model 

Li et al. model  
stress-crack width 

Specimen Vmax,exp,push  
(kN) Vmax,fea

(kN) 
Vmax,exp,push

/Vmax,fea 
Vmax,fea

(kN) 
Vmax,exp,push 

/Vmax,fea 
Vmax,fea 

(kN) 
Vmax,exp,push

/Vmax,fea 

CV0A 599 518 1.15 495 1.21 526 1.14 
CV0AR 700 691 1.01 650 1.08 693 1.01 
CV0B 675 746 0.90 730 0.92 754 0.90 
CV1 791 705 1.12 706 1.12 768 1.03 
CV2 701 558 1.25 437 1.60 544 1.29 
CV3 746 763 0.98 738 1.01 701 1.06 
CV4 689 678 1.02 664 1.04 700 0.99 
CV5 1161 1020 1.14 1002 1.16 1027 1.13 
CV6 555 674 0.82 668 0.83 689 0.81 
CV7 889 714 1.24 674 1.32 769 1.16 
CV8 731 705 1.04 680 1.08 708 1.03 

  Mean 1.06   1.12   1.05 
  C. O. V. 0.13   0.18   0.13 
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Table 5-5 Peak lateral force between experiment and analysis 
 

Specimen fc'  
(MPa) 

Vmax,exp,push 
(kN) 

Vmax,fea 
(kN) Vmax,exp,push/ Vmax,fea 

CV0A 26.3 599 526 1.14 

CV0AR 26.6 700 693 1.01 

CV0B 26.9 675 754 0.90 

CV1 33.3 791 768 1.03 

CV2 25.5 701 544 1.29 

CV3 22.0 746 701 1.06 

CV4 30.8 689 700 0.99 

CV5 29.5 1161 1027 1.13 

CV6 31.5 555 689 0.81 

CV7 29.1 889 769 1.16 

CV8 27.4 731 708 1.03 

Mean 1.05 

C. O. V. 0.13 
 

Table 5-6 Displacement at first yield of longitudinal bars and at peak lateral force  
 

Displacement at first yield of 
longitudinal bars (mm) 

Displacement at peak lateral force 
(mm) Specimen 

Experiment Analysis Experiment 
/Analysis Experiment Analysis Experiment

/Analysis 
CV0A 8.15 4.02 2.03 9.19 4.42 2.08 

CV0AR 10.67 7.71 1.38 35.24 55.77 0.63 

CV0B 6.65 3.94 1.69 22.78 16.42 1.39 

CV1 4.31 4.22 1.02 17.78 10.26 1.73 

CV2 6.34 5.66 1.12 23.03 8.65 2.66 

CV3 7.07 15.23 0.46 42.26 71.43 0.59 

CV4 5.86 3.73 1.57 29.60 50.98 0.58 

CV5 3.63 4.74 0.77 4.68 6.34 0.74 

CV6 4.81 11.80 0.41 42.18 74.74 0.56 

CV7 5.84 4.46 1.31 20.15 11.15 1.81 

CV8 7.58 4.07 1.86 31.69 15.70 2.02 

Mean 1.24     1.34 

C. O. V. 0.44     0.56 
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Table 5-7 Parameter variations for 400×400×800 mm columns 
 

Parameters Values considered 

Collar centre-to-centre spacing, mm 100, 150, 200, 250, 300 

Longitudinal reinforcement ratio, Bars, ρ Ten 10M-0.63%, Ten 15M-1.25%, Ten 20M-1.88%, 
Ten 25M-3.13%, Ten 30M-4.38% 

Aspect ratio, M/(VD) 0.5625, 0.9375, 1.3125, 1.625, 1.875 

Pretension force in collar bolt, kN 0, 41, 83, 122, 143 

Axial compression index, P/(fc'Ag) 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 

Concrete Compressive strength, MPa 20, 30, 40, 50, 60, 70, 80 

Collar dimension, mm 20, 30, 40, 50, 60, 70, 80 

 
Table 5-8 Parameter variations for 600×600×1225 mm columns 

 
Parameters Values considered 

Collar centre-to-centre spacing, mm 100, 150, 200, 250, 300 

Longitudinal reinforcement ratio, Bars, ρ Ten 15M-0.56%, Ten 25M-1.39%, Ten 30M-1.94%, 
Ten 35M-2.78%, Ten 45M-4.17% 

Aspect ratio, M/(VD) 0.8333, 1.0833, 1.3333, 1.5833, 1.8333 

Pretension force in collar bolt, kN 0, 41, 83, 122, 143 

Axial compression index, P/(fc'Ag) 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 

Concrete Compressive strength, MPa 20, 30, 40, 50, 60, 70, 80 

Collar dimension, mm 20, 30, 40, 50, 60, 70, 80 
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Figure 5-1 Energy history for quasi-static simulation 
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Figure 5-2 Amplitude of displacement controlled loading using smooth step definition 
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Figure 5-3 Mesh sensitivity study comparison 
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Figure 5-4 Finite element model mesh (1/4 cross-section inset) 
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Figure 5-5 Specimen CV1 (a) typical concrete cylinder test curve, and (b) concrete 

compression hardening model used in ABAQUS 
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Figure 5-6 Concrete tension stiffening definitions available in ABAQUS 
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Figure 5-7 Concrete tension stiffening model used in ABAQUS for specimen CV1 
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Figure 5-8 Stress–plastic strain relationship for longitudinal bars used in ABAQUS for 

specimen CV1 
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Figure 5-9 Energy curves from ABAQUS analysis of specimen CV1 
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 (a) (b) 

 
Figure 5-10 Deformed shape of specimen CV1 from (a) analysis and (b) experiment 

 

 
 

Figure 5-11 Vector plot of maximum principal tensile strain and crack plane direction for 
specimen CV1 
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Figure 5-12 Vector plot of maximum principal tensile strain for specimen CV0A 
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Figure 5-13 Lateral force–displacement curves from analysis and experiment for 
specimen CV0A 
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Figure 5-14 Lateral force–displacement curves from analysis and experiment for 
specimen CV0AR 
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Figure 5-15 Lateral force–displacement curves from experiment and analysis for 
specimen CV0B 
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Figure 5-16 Lateral force–displacement curves from experiment and analysis for 
specimen CV1 
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Figure 5-17 Lateral force–displacement curves from experiment and analysis for 
specimen CV2 
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Figure 5-18 Lateral force–displacement curves from experiment and analysis for 
specimen CV3 
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Figure 5-19 Lateral force–displacement curves from experiment and analysis for 
specimen CV4 
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Figure 5-20 Lateral force–displacement curves from experiment and analysis for 
specimen CV5 
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Figure 5-21 Lateral force–displacement curves from experiment and analysis for 
specimen CV6 
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Figure 5-22 Lateral force–displacement curves from experiment and analysis for 
specimen CV7 
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Figure 5-23 Lateral force–displacement curves from experiment and analysis for 
specimen CV8 
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Figure 5-24 Parametric study—different external collar spacings 
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Figure 5-25 Parametric study—different longitudinal reinforcement ratios 
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Figure 5-26 Parametric study—different aspect ratios 
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Figure 5-27 Parametric study—different pretension forces applied to collar bolts 
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Figure 5-28 Parametric study—different axial compression indices 
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Figure 5-29 Parametric study—different concrete compressive strengths 
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Figure 5-30 Parametric study—different collar sizes 
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Figure 5-31 Parametric study— isolated effect of collar axial stiffness 
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Figure 5-32 Parametric study— isolated effect of collar flexural stiffness 
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CHAPTER 6 ANALYTICAL APPROACHES 
 
6.1 Introduction 
 
In this chapter, the abilities of various simple analytical tools to predict the peak lateral 
force capacity of collared reinforced concrete short columns are investigated. Existing 
analytical tools utilized include the CSA-A23.3-04 and ACI 318-05 design codes with 
both sectional shear and flexure models, the software Response 2000, and the 
strut-and-tie modelling technique for full-member response. An improved sectional shear 
and flexural model is proposed and calibrated against the experimental and finite element 
analysis results presented in Chapters 4 and 5. Comparisons are focused exclusively on 
the peak lateral force capacity. 
 
6.2 Published Sectional Analysis Models 
 
Available published sectional analysis models, including the flexure and shear model, are 
more appropriate for concrete members with aspect ratios greater than about 2.5. It has 
long been recognized that the average shear stress at failure for members with aspect 
ratios smaller than 2.5 is larger than in slender members with large aspect ratios 
(ASCE-ACI Committee 445, 1998). When sectional analysis models, instead of 
strut-and-tie models, are applied to columns with aspect ratios smaller than 2.5, they 
usually result in an underestimation of the member shear strength (MacGregor and 
Bartlett 2000, Kani 1979). However, strength degradation under cyclic loading 
encountered in the experiment is not considered in the sectional analysis model, which 
may partially offset the shear strength underestimation from the analysis. Hence, 
sectional analysis models are applied to predict the peak lateral force for the collared 
columns in the experimental program. 
 
6.2.1 CSA-A23.3-04 and ACI 318-05 Code Equations 
 
The sectional shear models from CSA-A23.3-04 and ACI 318-05 were utilized to predict 
the shear strength of the collared reinforced concrete columns. The “General Method” in 
CSA-A23.3-04 and the detailed method in ACI 318-05 were used, and those models were 
described in Chapter 2, Section 2.6. For CSA-A23.3-04, an iterative solution approach 
was adopted to obtain the nominal shear strength. For both the CSA and ACI cases, the 
external steel collars of the collared columns were treated similar to traditional internal 
shear reinforcement, by utilizing the cross-sectional area of the steel collar, scA , and the 
yield strength of the steel collar, yscf , in place of vA  and yf  in Eqs. 2-9c and 2-11a. 
Using the yield stress for the collars, however, seems inappropriate since the collars did 
not actually yield by the time the peak lateral force was reached in the tests, a 
discrepancy that is addressed in Section 6.4. For the repaired collared column, CV0AR, 
shear contributions from both the internal shear reinforcement and the external steel 
collar were calculated separately and then were combined by direct summation. 
 
Sectional analyses were also conducted to obtain the peak lateral forces corresponding to 
the flexural capacity of the columns. The sectional analysis was based on measured 



 189

material properties and an assumed concrete compressive strain at the extreme fibre, cuε , 
of -0.0035 in the CSA-A23.3-04 sectional flexure model, while the value of -0.003 is 
used in the ACI 318-05 model. Equivalent rectangular stress blocks using the respective 
formulations from each code are used for calculation of the concrete contribution on the 
flexural compression side. The strength of concrete in tension was neglected. 
 
Material properties were presented in the discussion of the experimental program in 
Chapter 3, Section 3.3. Measured material properties for the reinforcement include the 
longitudinal bar yield stress and yield strain. Strain hardening was neglected. Measured 
concrete properties included the concrete compressive strength. 
 
Galal et al. (2005) used confined concrete strength to calculate the concrete shear 
contribution for columns rehabilitated with external fibre reinforced polymer (FRP). 
Hence, for collared columns, unconfined concrete strength and confined concrete 
strengths were both considered within the CSA-A23.3-04 and ACI 318-05 sectional shear 
and flexure models. 
 
The confined concrete strength was obtained adopting a procedure proposed by Chapman 
and Driver (2006) and was adapted in Chapter 2, Section 2.3.3. The approach first 
determines the confining pressures induced by the collars through a simplified plastic 
analysis. For the confined model, analysis results are reported that include or omit 
consideration of strain gradient effects within the cross-section. The gradient in axial 
strains that occurs across a cross-section affects the confinement efficiency by reducing 
the effective confined area and hence the average confined concrete strength. This 
phenomenon was reported by Parvin and Wang (2001) through experimental tests and 
numerical analyses of FRP-jacketed square concrete columns under eccentric loading, 
where the effects of various eccentricities and FRP jacket thicknesses were investigated. 
The results from Parvin and Wang (2001) showed that the strain gradient decreases the 
rehabilitation efficiency of the FRP jacket for concrete columns. For columns 
experiencing low axial force and flexural dominated by bar yielding, if the extreme fibre 
of the cross-section has a compressive strain of cuε , the average compressive strain over 
the compression zone is cuε5.0 . Further considering that only part of the overall section 
may be in compression when a strain gradient exists over the cross-section, the average 
compressive strain for the whole section is smaller than cuε5.0 . To account for the lower 
average strain, an additional reduction factor of 33.0=sgK was introduced in the 
calculation of the confinement efficiency factor when the cross-section experiences a 
strain gradient, K , as discussed in Chapter 2, Section 2.3.3, if strain gradient to be 
considered. 
 
The final predicted capacity and governing mode of failure were determined by 
comparing the predicted strengths from the two modes of failure—flexural or shear—
with the lower value governing. These predicted capacities were used to determine the 
ratio of the experimental peak lateral force to the predicted peak lateral force. 
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The peak lateral force comparisons between the experimental results and predictions 
from the CSA-A23.3-04 and ACI 318-05 sectional models are summarized in Tables 6-1 
through 6-3 using unconfined concrete strength or confined concrete strength, with the 
confined concrete strength either including or omitting the consideration of the strain 
gradient effect at the cross-section. The magnitude of expmax,V  represents the average of 
the peak lateral forces reached for the push and pull cycles in each laboratory test. csaVmax,  
and aciVmax,  are the peak lateral force predicted by CSA-A23.3-04 and ACI 318-05, 

respectively. '
cf  is the unconfined concrete strength, while '

ccsgf  and '
ccf  are the confined 

concrete strength considering and omitting the strain gradient effect at the cross-section, 
respectively. The coefficients of variation of the ratios between the experiment and 
prediction with CSA-A23.3-04 are consistently smaller than with ACI 318-05 although 
the mean values are close, indicating that the prediction with CSA-A23.3-04 is more 
consistent than with ACI 318-05. In both code predictions, CV0A and CV5 are governed 
by the shear capacity, while the others are governed by flexural capacity, which is 
consistent with the experimental results where the longitudinal bars yielded after reaching 
the peak load for CV0A and CV5. Both code equations are extremely conservative for 
the column with little shear reinforcement (specimen CV0A). The CSA-A23.3-04 and 
ACI 318-05 sectional models also predicted shear failure for specimen CV0A, but the 
predicted shear capacities according to CSA-A23.3-04 and ACI 318-05 were 30% and 
40% lower, respectively, than the experimentally obtained maximum lateral force. The 
mean and coefficient of variation of the experimental to CSA-A23.3-04 sectional 
prediction ratios were 1.28 and 0.07 with unconfined concrete strength, 1.23 and 0.07 
with confined concrete strength considering the strain gradient, and 1.15 and 0.10 with 
confined concrete strength omitting the strain gradient effect. The mean and coefficient 
of variation of the experimental to ACI 318-05 prediction ratios were 1.29 and 0.12 with 
unconfined concrete strength, 1.25 and 0.13 with confined concrete strength considering 
the strain gradient, and 1.19 and 0.15 with confined concrete strength omitting the strain 
gradient effect. It shows that better predictions were obtained with the confined concrete 
strength omitting the strain gradient effect than with the other two types of concrete 
strength. 
 
The assumption that plane sections remain plane, neglect of strain hardening, and the 
exclusion of the shear strength contribution from the direct strut action results in an 
underestimation of the peak lateral force of short columns. But the strength degradation 
under cyclic load is not considered in the code model predictions, which might offset the 
strength underestimation somewhat. 
 
6.2.2 Response 2000 
 
The nonlinear sectional analysis program Response 2000 (Bentz 2000) adopts the 
modified compression field theory (Vecchio and Collins 1986, 1988) to obtain the 
behaviour of reinforced concrete elements subjected to combinations of axial, flexural 
and shear loading. The actual properties of the materials as summarized in Chapter 3, 
Section 3.3 were used. The tensile capacity of the concrete was taken as 10% of the peak 
compressive strength of the concrete. Measured material properties for the reinforcement 



 191

include longitudinal bar yield stress and yield strain. Strain hardening was neglected. 
Response 2000 solves shear and flexural response simultaneously. Results reported in 
this study represent the lateral force corresponding to the peak load, not necessarily the 
lateral force corresponding to a shear failure. 
 
The peak lateral force comparisons between experimental results and predictions by 
Response 2000 are shown in Tables 6-1 through 6-3, using the unconfined concrete 
strength, and confined concrete strength including or omitting the strain gradient effect. 

responseVmax,  is the peak lateral force predicted by Response 2000. The Response 2000 
program predicted flexural failure for all the specimens except CV0A. The peak lateral 
forces obtained from Response 2000 were generally lower than the peak lateral forces 
reached in the tests. The mean and coefficient of variation of the experimental to 
Response 2000 prediction ratios were 1.32 and 0.09 with unconfined concrete strength, 
1.25 and 0.08 with confined concrete strength considering the strain gradient, and 1.21 
and 0.09 with confined concrete strength omitting the strain gradient effect. Thus, better 
predictions were obtained with the confined concrete strength omitting the strain gradient 
effect than with the other two representations of concrete strength. The general 
conservatism of the program is partly the result of the plane section assumption of the 
program and the exclusion of the shear strength contribution from the direct strut action. 
Lack of strain hardening also makes the predictions conservative. Since the aspect ratios 
of the column specimens in this research program were quite small, it was likely that 
there was significant direct strut action rather than a uniform diagonal stress field. Thus, 
sectional approaches such as Response 2000 are conservative. Bentz (2001) also reported 
conservative results when modelling shear-dominant columns tested at the University of 
California at San Diego with Response 2000. However, it can be seen that the coefficient 
of variation is small compared to that of the ACI 318 predictions, indicating better 
consistency. 
 
6.3 Strut-and-Tie Model 
 
According to Schlaich et al. (1987) and MacGregor and Bartlett (2000), the following 
procedure can be adopted to predict the strength of discontinuity (“D”) regions with a 
strut-and-tie model: (1) select an appropriate strut-and-tie model to transmit the applied 
forces from boundary to boundary of the D-region; (2) calculate the force in the struts 
and ties in terms of the external applied force; (3) check the stresses in the individual strut 
and tie members and the nodes against the allowable stresses; (4) the lowest external load 
leading to the failure of the weakest elements (compression struts, tension ties, or nodal 
zones) is the predicted failure load. For statically indeterminate truss models, an estimate 
of relative stiffness of the members will be needed to determine the force capacity of the 
truss model. The struts, ties, and nodal zones all have finite dimensions with stress limits. 
According to the strut-and-tie model provisions in CSA-A23.3-04, the maximum 
compressive strength of a concrete strut is also affected by the component of the tensile 
strain in the perpendicular direction. 
 
Strut-and-tie models were developed for each collared column in the test program. The 
models incorporated the two traditional mechanisms of compression fans and 
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compression fields reported by MacGregor and Bartlett (2000). The layouts of the 
strut-and-tie models for each specimen are presented in Figures 6-1 through 6-3. The 
strut-and-tie model provisions in CSA-A23.3-04 were adopted to set the allowable limits. 
 
The peak lateral force comparisons between the experimental results and the strut-and-tie 
model predictions are listed in Tables 6-1 through 6-3, using unconfined concrete 
strength, as well as confined concrete strength either considering or omitting the strain 
gradient effect. stmVmax,  is the peak lateral force predicted by the strut-and-tie model. The 
mean and coefficient of variation of the experimental to strut-and-tie model prediction 
ratios were, respectively, 1.53 and 0.10 with unconfined concrete strength, 1.47 and 0.11 
with confined concrete strength considering the strain gradient, and 1.36 and 0.14 with 
confined concrete strength omitting the strain gradient effect. Again, better predictions 
were obtained with the confined concrete strength omitting the strain gradient effect than 
with the other two representations of concrete strength. These analyses indicate that the 
failure is related to yielding of the longitudinal reinforcement, and the typical limiting 
element is the longitudinal reinforcement. In the test, all the specimens except the control 
column with widely spaced shear reinforcement (CV0A) and the collared column with 
the smaller aspect ratio (CV5) experienced longitudinal bars yielding before the peak 
lateral force was reached. The conservative results are expected due to the lower bound 
nature of this modelling approach. Neither tension stiffening in the concrete nor strain 
hardening in the longitudinal reinforcement was considered, which contributed to the 
conservatism of the strut-and-tie model strength predictions. 
 
6.4 Proposed Strength Model 
 
For practitioners, it is convenient to adopt a simple to understand, simple to implement 
analytical model to evaluate the capacity of columns rehabilitated with external steel 
collars. Among the models discussed above, the sectional strength models in 
CSA-A23.3-04 or ACI 318-05 appear to be a good basis to follow. However, improved 
consideration of the confinement provided by the external steel collar shall be considered. 
Hence, a new strength model is proposed to evaluate the peak lateral capacities of 
columns with external steel collars. The proposed model is based on the format of the 
code sectional equations, but considers the confined concrete strength and effective strain 
of the steel collar. Similar to other researchers who considered the effects of external 
jackets as being equivalent to an increased quantity of stirrups, the effect of each external 
steel collars is also simplified as an equivalent stirrup with a large cross-sectional area. 
The model was developed and validated for columns subjected to various combinations 
of axial, moment and shear. Validation utilized the results of the eccentrically loaded 
column tests conducted by Chapman and Driver (2006), tests on collared columns under 
combined axial and lateral loading reported by Hussain and Driver (2005b), the current 
experimental investigation, and the finite element studies reported in Chapter 5 
Section 5.4. 
 
Sectional shear analysis in the proposed model was performed using a modified version 
of the CSA-A23.3-04 general method. The proposed shear model is described in 
Section 6.4.1. 
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The sectional flexural analysis was based on measured material properties and an 
assumed concrete compressive strain at the extreme fibre, cuε , of -0.0035, equal to the 
value adopted in the CSA-A23.3-04 sectional flexure model. Two methods were 
investigated for calculation of the concrete compression in the sectional analysis: layered 
sectional analysis and equivalent rectangular stress block sectional analysis, described in 
Sections 6.4.2 and 6.4.3, respectively. Equivalent rectangular stress block sectional 
analysis obtained marginally better quality predictions for the collared columns studied in 
the current test program than layered sectional analysis, but showed similar predictions 
for 400×400×800 mm columns and worse predictions for 600×600×1225 mm columns in 
the parameter study. Hence, equivalent stress block sectional analysis is recommend over 
layered sectional approach for columns with a similar small cross-section as 
400×400×800 mm columns. 
 
The confined concrete stress-strain relationship was obtained adopting a procedure 
proposed by Chapman and Driver (2006) and was adapted in Chapter 2, Section 2.3.3. 
Since predictions using confined concrete strength but omitting strain gradient effects 
resulted in improved results compared to analysis with unconfined concrete strength or 
confined concrete strength including the strain gradient effect for the current 
experimental program, only confined concrete strength omitting strain gradient effect is 
used in this section to perform sectional flexural and shear analysis. 
 
The predicted capacity and governing mode of failure were determined by comparing the 
predicted strengths from the two modes of failure—flexural or shear—with the lower 
value governing. These predicted capacities were used to determine the ratios of the 
experimental or finite element analytical peak lateral force to the predicted peak lateral 
force. 
 
6.4.1 Shear Strength 
 
For the “General Method” in CSA-A23.3-04, described in Section 2.6, an iterative 
solution approach was adopted to obtain the nominal shear strength, which is the 
summation of contributions from the concrete and internal shear reinforcement. In the 
proposed model, the external steel collars were treated similarly to traditional internal 
shear reinforcement, with scA  representing the cross-sectional area of the steel collar. The 
stress in the steel collar legs is found as the product of the effective collar strain, escε , and 
the modulus of elasticity, scE . Hence, while Eqs. 2-11b through 2-11d of the general 
method remain unchanged, Eq. 2-11a is replaced by: 
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A23.3-04 Eq. 11-12: 
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A23.3-04 Eq. 11-13 for non-prestressed member: 
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where nV  is the nominal shear strength, cV  is the shear contribution from the concrete, sV  
is the shear contribution from the internal shear reinforcement, scV  is the shear 
contribution from the external steel collars, β  is a factor accounting for shear resistance 
of cracked concrete, '

ccf  is the confined compressive strength of concrete omitting the 
strain gradient, wb  is the effective width of the section, vd  is the effective shear depth, 

vA  is the total cross-sectional area of the internal shear reinforcement, yf  is the yield 
stress of the internal shear reinforcement, θ  is the direction of the average principal 
compression with respect to the longitudinal axis, s  is the longitudinal spacing of the 
internal shear reinforcement, scA  is the total cross-sectional area of the steel collar, escε  is 
the effective strain of external steel collars, scE  is the modulus of elasticity of the 
external steel collars, scd  is the effective shear depth for the steel collars, and it can be 
taken equal to vd  in order to align with the longitudinal reinforcement of the truss model, 

scs  is the centre-to-centre spacing of steel collars, xε  is the longitudinal strain calculated 
at the mid-height of the cross-section resulting from the direct shear force, axial force, 
moment, and prestressing force, if applicable, zes  is the effective crack spacing related to 
the basic crack spacing and coarse aggregate sizes, fM  is the moment at the 
cross-section, fP  is the axial force applied at the member cross-section (with 
compression taken negative), sE  is the modulus of elasticity of the longitudinal 
reinforcement, and tA  is the area of non-prestressed tension reinforcement. 
 
In the current test program, all longitudinal bars in the collared columns had yielded 
before reaching the peak lateral force except those in specimen CV5. The strains at the 
peak lateral force in the steel collars of the columns considered in the finite element 
analysis parametric study discussed in Section 5.4 are in the range of 200 to 
800 microstrain. There are many factors that might affect the collar strain at the peak 
lateral force, such as concrete compressive strength, aspect ratio, axial compression index, 
longitudinal reinforcement ratio, and so on. It is difficult to predict this value without 
enough experimental validation for finite element analysis. Hence, at the current stage of 
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research, the steel collar strain at the peak lateral force is simply taken as 500 microstrain 
from the tests. 
 
For columns with internal shear reinforcement, such as the repaired collared column, 
CV0AR, shear contributions from both the internal shear reinforcement and the external 
steel collars were calculated separately and then were combined by direct summation. 
 
Similar to the “General Method” in CSA-A23.3-04, a maximum nominal shear capacity 
is defined as follows to prevent a strut crushing mode in the concrete diagonals: 
 
 dbfV wccn

'25.0≤     [6-2] 
 
where d  is the distance from the extreme compression fibre to the centroid of the 
longitudinal tension reinforcement. It is noted that this maximum value will sometimes 
govern for collar sizes expected to be used in practice, in effect reducing the influence of 
the approximated collar strain used in Eq. 6-1. 
 
6.4.2 Layered Sectional Analysis for Flexure 
 
In layered sectional analysis, the concrete compression zone is divided into ten parts of 
equal thickness along the compression depth. The concrete in tension is neglected. The 
trial-and-error procedure to determine the flexural capacity is as follows and was carried 
out with the aid of a spreadsheet: 
 
[Step 1] A concrete compression depth is initially assumed for which the concrete strain 
in each layer is to be determined. The concrete strain is assumed to possess a linear 
distribution at the critical section, with the extreme fibre compression strain, cuε , 
of -0.0035. Strain compatibility is assumed between the concrete and bars at their 
interface; 
[Step 2] The average value of concrete strain across each layer is used to calculate a 
corresponding concrete stress for the layer using the stress-strain relationship; the tensile 
or compressive stresses of the reinforcing bars are calculated from the strains obtained in 
Step 1 using the measured material properties; 
[Step 3] The compressive force in each layer of the concrete compressive zone is 
calculated as the stress in that layer multiplied by the area of the layer, adjusted by the 
area of any reinforcing bars present in that layer, as required; the tensile or compressive 
forces in the reinforcing bars are calculated by multiplying the bar area by the 
corresponding bar stress; 
[Step 4] The moment incurred due to each individual compressive and tensile force is 
then calculated as the force times the moment arm to the column centroid; 
[Step 5] The total column axial force is obtained by the summation of the forces obtained 
in Step 3; 
[Step 6] The axial force equilibrium of the whole section is checked and if equilibrium is 
not satisfied, a new concrete compression depth, and hence a new linear strain 
distribution, is selected (Step 1) and the steps above are repeated; 
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[Step 7] The moment on the whole section is obtained by the summation of the individual 
moments calculated in Step 4; 
[Step 8] The corresponding equivalent lateral force, flexurelsaV , , is obtained by dividing the 
column moment by the shear span. 
 
Shear strength from layered sectional analysis, shearlsaV , , is obtained from shear strength 
model discussed in Section 6.4.1, lsaVmax, , the maximum lateral force from layered 
sectional analysis, hence, is taken as the smaller value of flexurelsaV ,  and shearlsaV , . 
 
6.4.3 Equivalent Rectangular Stress Block Sectional Analysis for Flexure 
 
In sectional analysis with an equivalent rectangular stress block, similar to equations in 
CSA-A23.3-04 are used and concrete in tension is neglected. Similar to the layered 
sectional analysis, a trial-and-error procedure is adopted. The difference is that the total 
concrete compression force is determined through the equivalent rectangular stress block 
of uniform stress instead of implementing a summation of the effects from multiple 
layers, each with its own uniform stress value. The corresponding equivalent lateral force, 

flexureesaV ,  , is obtained by dividing the predicted flexural capacity by the shear span. Shear 
strength from equivalent rectangular stress block sectional analysis, shearesaV , , is obtained 
from shear strength model discussed in Section 6.4.1, esaVmax, , the maximum lateral force 
from equivalent rectangular stress block sectional analysis, hence, is taken as the smaller 
value of flexureesaV ,  and shearesaV , . This procedure was also carried out with the aid of a 
spreadsheet. 
 
6.4.4 Capacities Based on the Proposed Model 
 
Comparisons between experimental results and evaluations by the proposed strength 
model are shown in Tables 6-4 through 6-6, using the confined concrete strength omitting 
the strain gradient effect. Nominal values are discussed in this chapter. For specimens in 
the current test program, the effectiveness of the proposed model is demonstrated through 
the test-to-predicted ratio of maximum lateral applied force. For the specimens under 
eccentric loading tested by Chapman and Driver (2006), the test-to-predicted ratio of 
maximum axial load was evaluated. In this case, the predicted maximum axial load 
values from layered sectional analysis and equivalent rectangular stress block sectional 
analysis, lsaPmax, , and, esaPmax, , were evaluated by increasing the axial load and 
maintaining the moment equal to the axial load multiplied by the eccentricity. For the 
specimens under combined axial and lateral loading tested by Hussain and Driver 
(2005b), the peak moment values from layered sectional analysis and equivalent 
rectangular stress block sectional analysis, lsaM max, , and, esaM max, , were evaluated and 
compared against the corresponding test values. 
 
As shown in Table 6-4, the proposed strength model obtained reasonably accurate results 
compared to the experimental results from Chapman and Driver (2006), with small 
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coefficients of variation for sectional analyses: 0.05 and 0.09. However, the layered 
sectional analysis underestimated the peak axial load and hence corresponding column 
moment, while the equivalent rectangular stress block sectional analysis overestimated it, 
with mean values of the strength ratios of 1.07 and 0.86, respectively. The peak moments 
for the specimens tested by Hussain and Driver (2005b) were underestimated by both 
sectional analyses, as shown in Table 6-5, with mean values of the strength ratios of 1.28 
and 1.25, and coefficients of variation of 0.12 and 0.13, indicating that the effect of 
confinement was not accounted for sufficiently. 
 
From Table 6-6, it was found that the proposed strength model gives predictions of the 
peak lateral force below the test values and finite element results for all specimens in the 
current test program except for the column with the smaller aspect ratio (CV5). The mean 
and coefficient of variation of the experimental to proposed strength model ratios are 1.16 
and 0.07 for layered sectional analysis, and 1.13 and 0.05 for equivalent rectangular 
stress block sectional analysis. The mean and coefficient of variation of the finite element 
analysis to proposed strength model ratios are 1.13 and 0.14 for layered sectional analysis, 
and 1.10 and 0.13 for equivalent rectangular stress block sectional analysis. The ratios 
between the finite element analysis results and the corresponding proposed model 
evaluations showed larger variation than the ratios between the experimental results and 
proposed model evaluations. 
 
Tables 6-7 and 6-8 show a summary of the comparisons between the finite element 
analysis results and the proposed model evaluations for the 400×400×800 mm and 
600×600×1225 mm columns considered in the parametric study. Detailed values are 
shown in Appendix C. For the 400×400×800 mm columns in Table 6-7, specimen CV1 
was taken as the reference standard case with variations of parameters as reported in the 
table. Thus, the reference case has 30×50 mm external steel collars with centre-to-centre 
spacing of 150 mm, concrete compressive strength of 33.3 MPa, ten 25M longitudinal 
bars, shear span of 650 mm, no pretension applied to the collar connection bolts, and 
axial compression index of 0.3. Similarly, for the 600×600×1225 mm columns in Table 
6-8, the reference standard case has features identical to CV1 except for the shear span: 
30×50 mm external steel collar with centre-to-centre spacing of 150 mm, concrete 
compressive strength of 33.3 MPa, ten 25M longitudinal bars, shear span of 1100 mm, no 
pretension applied to the collar connection bolts, and axial compression index of 0.3. 
Parameters considered include collar centre-to-centre spacing, longitudinal reinforcement 
ratio, aspect ratio, bolt pretension, axial compression index, concrete compressive 
strength, and collar stiffness. 
 
For the 400×400×800 mm columns, with a total of 130 cases considered, the proposed 
model obtained reasonably accurate results, with the mean of the ratio between the finite 
element result and model evaluation ranging from 0.99 to 1.15, and coefficient of 
variations typically ranging from 0.01 to 0.19 with some values as high as 0.32. Also, 
from the detailed results provided in Appendix C, no apparent trend was found in terms 
of the ratio between the finite element result and the prediction from the proposed model 
for variation of several parameters: aspect ratio, bolt pretension, and collar stiffness. The 
ratio between the finite element result and prediction from the proposed model was found 
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to increase for increases in collar spacing, concrete compressive strength, and axial 
compression index. The finite element to model ratio decreases with the increase of 
longitudinal reinforcement ratio. For 600×600×1225 mm columns, the quality of the 
predictions of the proposed model compared to the finite element results were less 
satisfactory. The mean of the ratio between the finite element result and model prediction 
ranges from 1.06 to 1.58, with typical results in the range of 1.30 to 1.40. The coefficient 
of variations ranges from 0.00 to 0.17 with some values as high as 0.24. Also as shown in 
Appendix C, similar trends occur between the studied parameters and the finite element 
result to model prediction values. In addition to the results reported in Tables 6-7 and 6-8, 
several sets of additional analyses were conducted where more than one parameter was 
simultaneously changed from the standard reference case. When variations in axial 
compression index or concrete compressive strength were introduced, the influence of 
steel collar sizes including 20×20, 60×60, 70×70, and 80×80, were studied, with the 
results provided in Appendix C. For both column sizes, the model evaluation is less 
accurate for the parameters of concrete compressive strength and the axial compression 
index compared to the other parameters, especially for cases with small steel collars. 
From the values of the mean and coefficient of variation of the ratios between the finite 
element analysis results and model evaluations as shown in Tables 6-7 and 6-8, in general, 
the quality of the model evaluation using the layered sectional analysis approach were 
similar or better to results with the equivalent rectangular stress block sectional analysis 
approach. Also, the model evaluations are closer to the finite element results for the 
400×400×800 mm columns than the 600×600×1225 mm columns. No shear capacity 
prediction is limited by concrete crushing (i.e. dbfV wccn

'25.0≤ ) except for 
400×400×800 mm columns with concrete compressive strength of 20 MPa and external 
steel collar of 60×60 mm, 70×70 mm, and 80×80 mm. 
 
More accurate predictions of the steel collar contribution and confined concrete strength, 
especially with respect to shear capacity, are required to improve the proposed model. 
However, the proposed model represents an initial step towards a simplified design 
approach for external steel collars around reinforced concrete columns. 
 
6.5 Results Comparisons of Analytical Approaches Considered 
 
In general, the CSA-A23.3-04 and ACI 318-05 sectional models and the proposed 
strength model use simple formulae and, hence, avoid the complexity that might be 
involved in the Response 2000 program and the strut-and-tie models. The flexural 
analysis methods from the codes and from the Response 2000 program obtained lower 
than experimental peak lateral force predictions for most cases, but the under-estimation 
is not as significant as those encountered when using strut-and-tie models. The mean 
value and coefficient of variation of the test to prediction capacity ratios obtained with 
CSA-A23.3-04 is smaller than those with ACI 318-05. Also both CSA-A23.3-04 and 
ACI 318-05 sectional models overestimated the strength of CV5, the collared column 
with small aspect ratio. 
 
The proposed strength model provided predictions with reasonable accuracy, though 
generally below the actual strength of the test specimens and the predicted strength from 
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the finite element model. The test to predicted capacity ratios and corresponding 
coefficients of variation of both the proposed equivalent rectangular stress block sectional 
analysis and the layered sectional analysis were better compared to the ACI 318-05 
approach, and similar to the CSA-A23.3-04 approach. Equivalent rectangular stress block 
sectional analysis was considered to give marginally better quality predictions for the 
collared columns studied in the current test program than layered sectional analysis, but 
showed similar predictions for 400×400×800 mm columns and worse predictions for 
600×600×1225 mm columns in the parameter study. Hence, equivalent stress block 
sectional analysis is recommend over layered sectional analysis approach for columns has 
a similar small cross-section as 400×400×800 mm columns. While some additional 
research is warranted to further refine the proposed model, as discussed in Section 6.4.4, 
the proposed strength model can be adopted for predicting the peak lateral force of 
collared reinforced concrete column. 
 
6.6 Summary 
 
Sectional strength models from CSA-A23.3-04 and ACI 318-05, along with the 
Response 2000 program and strut-and-tie models were used to evaluate the capacities of 
column specimens tested as part of this research project. Comparisons were made 
between the predicted strengths and the experimental results. A new strength model for 
collared concrete columns with a square cross-section has been proposed. This model 
determines the peak lateral force the column can carry as the lower value of the flexural 
capacity and shear strength, with the shear strength determined from summation of 
contributions from the concrete mechanism and shear reinforcement truss mechanism. 
Predictions from the proposed model were compared with experimental results as well as 
the columns from the finite element parametric study discussed in Chapter 5, Section 5.4, 
and other results from earlier experimental program on collared columns under eccentric 
axial loading or combined axial and lateral loading. The proposed strength model 
generally provided predictions below the actual strength of the test specimens and the 
predicted strength from the finite element model for the effects of collar spacing and 
collar stiffness, bolt pretension, longitudinal reinforcement ratio, aspect ratio, axial 
compression index, concrete compressive strength. Of the two flexural analysis 
approaches studied in the proposed model, the layered sectional analysis approach was 
considered to be marginally better for 600×600×1225 mm columns, but equivalent 
rectangular stress block sectional analysis was considered to give marginally better 
quality predictions for the collared columns studied in the current test program than 
layered sectional analysis, and showed similar predictions for 400×400×800 mm columns. 
Further research is required, however, to generalize and validate this strength model since 
it is based on limited experimental data and the finite element parametric study reported 
in Chapter 5. Additional experimental validations are needed for parameters beyond the 
ranges considered. 
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Table 6-1 Peak lateral force comparisons between experimental results and evaluations 
with unconfined concrete strength 

 

Specimen fc'  
(MPa) 

Vmax,exp 
/Vmax,csa 

Vmax,exp 
/Vmax,aci 

Vmax,exp 
/Vmax,response 

Vmax,exp 
/Vmax,stm 

CV0A 26.3 1.42 1.67 1.46 1.79 
CV0AR 26.6 1.26 1.26 1.24 1.52 
CV0B 26.9 1.18 1.18 1.36 1.42 
CV1 33.3 1.14 1.16 1.14 1.37 
CV2 25.5 1.24 1.24 1.25 1.50 
CV3 22.0 1.38 1.38 1.50 1.66 
CV4 30.8 1.36 1.37 1.33 1.67 
CV5 29.5 1.30 1.09 1.28 1.25 
CV6 31.5 1.15 1.15 1.23 1.45 
CV7 29.1 1.35 1.38 1.49 1.63 
CV8 27.4 1.28 1.28 1.26 1.54 

Mean   1.28 1.29 1.32 1.53 
C. O. V.   0.07 0.12 0.09 0.10 

 
Table 6-2 Peak lateral force comparisons between experimental results and evaluations 

with confined concrete strength considering strain gradient* 
 

Specimen fccsg'  
(MPa) 

Vmax,exp 
/Vmax,csa 

Vmax,exp 
/Vmax,aci 

Vmax,exp 
/Vmax,response 

Vmax,exp 
/Vmax,stm 

CV0A 26.3 1.42 1.67 1.46 1.79 

CV0AR 30.3 1.21 1.22 1.19 1.44 

CV0B 26.9 1.18 1.18 1.36 1.42 

CV1 37.1 1.11 1.13 1.11 1.31 

CV2 27.3 1.22 1.22 1.20 1.46 

CV3 28.1 1.29 1.30 1.27 1.51 

CV4 34.5 1.31 1.32 1.29 1.57 

CV5 33.2 1.15 1.01 1.25 1.19 

CV6 35.2 1.14 1.14 1.22 1.45 

CV7 38.3 1.26 1.29 1.26 1.60 

CV8 33.0 1.21 1.22 1.19 1.43 

Mean   1.23 1.25 1.25 1.47 

C. O. V.   0.07 0.13 0.08 0.11 
* The confined concrete strength was obtained including the consideration of strain gradient 

effects within the cross-section (see Section 2.3.3). 
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Table 6-3 Peak lateral force comparisons between experimental results and evaluations 
with confined concrete strength omitting strain gradient* 

 

Specimen fcc'  
(MPa) 

Vmax,exp 
/Vmax,csa 

Vmax,exp 
/Vmax,aci 

Vmax,exp 
/Vmax,response 

Vmax,exp 
/Vmax,stm 

CV0A 26.3 1.42 1.67 1.46 1.79 

CV0AR 37.7 1.14 1.16 1.14 1.31 

CV0B 26.9 1.18 1.18 1.36 1.42 

CV1 45.1 1.05 1.08 1.06 1.20 

CV2 31.8 1.17 1.18 1.14 1.37 

CV3 43.1 1.15 1.18 1.19 1.24 

CV4 42.4 1.22 1.25 1.23 1.39 

CV5 41.0 0.94 0.96 1.23 1.08 

CV6 43.2 1.12 1.13 1.20 1.45 

CV7 54.3 1.16 1.19 1.19 1.46 

CV8 43.8 1.12 1.14 1.13 1.24 

Mean   1.15 1.19 1.21 1.36 

C. O. V.   0.10 0.15 0.09 0.14 
* The confined concrete strength was obtained omitting the consideration of strain gradient 

effects within the cross-section (see Section 2.3.3). 
 

Table 6-4 Peak lateral force comparisons between experimental results by Chapman and 
Driver (2006) and proposed model evaluations* 

 

Specimen Eccentricity 
(mm) 

Pmax,exp 
(kN) 

Pmax,lsa 
(kN) 

Pmax,esa 
(kN) 

Pmax,exp 
/Pmax,lsa 

Pmax,exp 
/Pmax,esa 

CE07 30  2997  2895  3645  1.04 0.82 

CE08 60  2276  2192  2783  1.04 0.82 

CE09 10  3861  3606  5006  1.07 0.77 

CE10 0  4490  4171  4512  1.08 1.00 

CE11 30  3415  3071  4299  1.11 0.79 

CE12 30  2744  2759  2956  0.99 0.93 

CE13 30  3695  3180  4293  1.16 0.86 

CE14 30  3171  2868  3515  1.11 0.90 

Mean         1.07  0.86  

C. O. V.         0.05  0.09  
* Specimens under eccentric axial loading tested by Chapman and Driver (2006). 
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Table 6-5 Peak lateral force comparisons between experimental results by Hussain and 
Driver (2005b) and proposed model evaluations* 

 

Specimen Mmax,exp 
(kN·m) 

Mmax,lsa 
(kN·m) 

Mmax,esa 
(kN·m) Mmax,exp/Mmax,lsa Mmax,exp/Mmax,esa 

CL1 235  177  175  1.33 1.34 

CL2 277  187  181  1.48 1.53 

CL3 301  197  211  1.53 1.43 

CL4 297  239  243  1.24 1.22 

CL5 207  195  205  1.06 1.01 

CL6 283  241  249  1.17 1.14 

CL7 297  246  254  1.21 1.17 

CL8 296  244  248  1.21 1.20 

Mean       1.28  1.25  

C. O. V.       0.12  0.13  
* The specimens under combined axial and lateral loading tested by Hussain and Driver (2005b). 

 
Table 6-6 Peak lateral force comparisons between experimental/finite element analysis 

results and proposed model evaluations* 
 

Specimen Vmax,exp 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa
(kN) 

Vmax,esa
(kN) 

Vmax,exp 
/Vmax,lsa 

Vmax,exp 
/Vmax,esa 

Vmax,fea 
/Vmax,lsa 

Vmax,fea 
/Vmax,esa 

CV0AR 748  693  635  657  1.18 1.14 1.09 1.05 

CV1 815  768  770  777  1.06 1.05 1.00 0.99 

CV2 724  736  625  622  1.16 1.16 1.18 1.18 

CV3 760  846  607  664  1.25 1.14 1.39 1.27 

CV4 721  700  567  584  1.27 1.23 1.23 1.20 

CV5 1194  1027  1157  1157  1.03 1.03 0.89 0.89 

CV6 604  689  539  538  1.12 1.12 1.28 1.28 

CV7 916  769  745  789  1.23 1.16 1.03 0.97 

CV8 767  708  652  688  1.18 1.12 1.09 1.03 

Mean         1.16  1.13  1.13  1.10  

C. O. V.         0.07  0.05  0.14  0.13  
* The specimens under combined axial and lateral loading in the current test program. 
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Table 6-7 Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations for 400×400×800 mm columns with parameter variations 

 

Parameters Values considered 
Mean, 
coefficient of 
variation of 
Vmax,fea / Vmax, lsa 

Mean, 
coefficient of 
variation of  
Vmax,fea / Vmax, esa 

Collar centre-to-centre 
spacing, mm 100, 150, 200, 250, 300 1.00, 0.05 1.00, 0.03 

Longitudinal 
reinforcement ratio, 
Bars, ρ 

Ten 10M-0.63%, Ten 15M-
1.25%, Ten 20M-1.88%, Ten 
25M-3.13%, Ten 30M-4.38% 

1.15, 0.22 1.13, 0.21 

Aspect ratio, M/(VD) 0.5625, 0.9375, 1.3125, 
1.625, 1.875 1.01, 0.16 1.13, 0.32 

Pretension force in 
collar bolt, kN 0, 41, 83, 122, 143 1.01, 0.02 0.99, 0.01 

Axial compression 
index, P/(fc'Ag) 

0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 
0.6, 0.7 1.12, 0.14 1.10, 0.11 

Concrete compressive 
strength, MPa 20, 30, 40, 50, 60, 70, 80 1.05, 0.17 1.06, 0.19 

Collar dimension, mm 30×20, 30×30, 30×40, 30×50, 
30×60, 30×70, 30×80 1.05, 0.05 1.03, 0.05 

 
Table 6-8 Peak lateral force comparisons between finite element analysis results and 

proposed model evaluations for 600×600×1225 mm columns with parameter variations 
 

Parameters Values considered 
Mean, 
coefficient of 
variation of 
Vmax,fea / Vmax, lsa 

Mean, 
coefficient of 
variation of  
Vmax,fea / Vmax, esa 

Collar centre-to-centre 
spacing, mm 100, 150, 200, 250, 300 1.33, 0.01 1.36, 0.03 

Longitudinal 
reinforcement ratio, 
Bars, ρ 

Ten 15M-0.56%, Ten 25M-
1.39%, Ten 30M-1.94%, Ten 
35M-2.78%, Ten 45M-4.17% 

1.06, 0.17 1.12, 0.12 

Aspect ratio, M/(VD) 0.8333, 1.0833, 1.3333, 
1.5833, 1.8333 1.19, 0.11 1.19, 0.12 

Pretension force in 
collar bolt, kN 0, 41, 83, 122, 143 1.33, 0.00 1.31, 0.03 

Axial compression 
index, P/(fc'Ag) 

0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 
0.6, 0.7 1.49, 0.15 1.58, 0.17 

Concrete compressive 
strength, MPa 20, 30, 40, 50, 60, 70, 80 1.31, 0.07 1.54, 0.24 

Collar dimension, mm 30×20, 30×30, 30×40, 30×50, 
30×60, 30×70, 30×80 1.33, 0.01 1.35, 0.02 
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Figure 6-1 Strut-and-tie models for specimens CV0A and CV0B 
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Figure 6-2 Strut-and-tie models for specimens CV0AR, CV1, CV2, CV4, CV7, and CV8 
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Figure 6-3 Strut-and-tie models for specimens CV3, CV5 and CV6 
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CHAPTER 7 DESIGN GUIDELINES 
 
7.1 Introduction 
 
Responses of as-built and rehabilitated reinforced concrete short columns were examined 
through experimental and analytical research. From the evaluation of the results of the 
current experimental and analytical investigation and previous studies conducted by 
Hussain and Driver (2005b) and Chapman and Driver (2006), it was concluded that 
external steel collars can provide effective rehabilitation of columns under axial 
concentric or eccentric loading, and combined axial and lateral loading. Based on the 
current research and available knowledge on the steel collar system, general guidelines 
for the design of external steel collars for rehabilitation or strengthening of reinforced 
concrete columns were developed. The guidelines consider flexural, axial, and shear 
performance for columns with external steel collars. The guidelines are based on existing 
sectional reinforced concrete design provisions from CSA-A23.3-04 and ACI 318-05, as 
discussed in Chapter 6, and on limit states design principles. Implementation of the 
guidelines is illustrated through design examples in this chapter. 
 
7.2 Rehabilitation and Strengthening Design Goal 
 
When selecting the rehabilitation method, the goal or objective of the rehabilitation 
should be defined to reflect the desired structural performance criteria. When seismic 
rehabilitation is performed for a column, the rehabilitation goals usually include 
improvements in strength and ductility. According to limit states design philosophy, the 
ultimate limit state criterion is established to ensure that the load effects are smaller than 
the strength of the structure. Serviceability limit states are to ensure that the structure can 
fulfill its function satisfactorily under service loads. In the case of seismic rehabilitation, 
the enhancement of ductility may be the overriding criterion. The rehabilitation and 
strengthening should also follow limit states design philosophy. A flowchart to describe 
the rehabilitation design goal is shown in Figure 7-1. However, only the ultimate limit 
state is discussed in the current study. 
 
Rehabilitation with external steel collars can satisfy the limit states design philosophy if 
designed according to available experimental and analytical research guidelines. A design 
methodology and design equations for determining the required dimensions and spacing 
of the steel collars are needed to form guidelines in fulfilling those design requirements. 
For non-seismic application of strengthening, the intent is to provide enough confinement 
to increase the axial strength, and/or shear strength (besides confinement, the collars 
provide shear reinforcement), and/or flexural strength. The design basis for seismic 
rehabilitation is that reliable response in terms of strength and ductility should be ensured, 
even at relatively high ductility levels. Considerations shall also be given to the ease of 
rehabilitation construction and post-rehabilitation maintenance, as well as overall 
rehabilitation economy. 
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7.3 Rehabilitation and Strengthening Design Guidelines 
 
Overall and detailed procedures are discussed along with assumptions and scope in this 
section. 
 
7.3.1 Overall Rehabilitation and Strengthening Procedures 
 
A flowchart for the overall rehabilitation and strengthening of structures is provided as 
Figure 7-2 and briefly described below. 
 
[Step 1] Rehabilitation need. Evaluate the existing structure to determine the current 
performance and compare with the desirable performance, to identify deficient members 
in need of rehabilitation. 
 
[Step 2] Rehabilitation method. Select an appropriate rehabilitation method and 
determine the materials to be used. Factors that should be considered in selecting the 
rehabilitation method include: the current performance status of the existing structure 
determined through detailed inspection and evaluation; the performance requirements of 
the structure; the effectiveness of the rehabilitation method with respect to the required 
performance improvements; the construction and erection constraints of the structure; the 
viability of the execution of the rehabilitation work; the impact of the rehabilitation work 
on the surrounding environment; the disruption of the use, occupancy, and operation of 
the existing structure; and the economy and ease of maintenance after rehabilitation. 
 
[Step 3] Rehabilitation design. Perform the rehabilitation design, and provide detailed 
specifications and construction method requirements. Rehabilitation design shall be 
conducted to ensure adequate flexural strength, axial compression capacity, shear 
resistance, and ductility capacity. 
 
[Step 4] Rehabilitation implementation. Implement the rehabilitation according to the 
design. 
 
7.3.2 General Assumptions and Scope 
 
In this chapter, it is assumed that the appropriate evaluation of an existing structural 
member has been completed and the use of external steel collars is selected as the 
preferred rehabilitation method. The following design discussion concentrates on and is 
applicable to columns with square cross-section. The design procedure determines the 
required dimensions and spacing of the external steel collars needed for the appropriate 
rehabilitation of reinforced concrete columns under a given applied load. 
 
Chapman and Driver (2006) tested one specimen to simulate an existing building column 
in a rehabilitation scenario. An axial preload was introduced to the deficient column 
before applying the steel collars, with a magnitude corresponding to the axial 
compression index of 0.50. After collars were installed, the specimen was loaded to 
failure in the usual manner under increasing axial load. Test results showed that installing 
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external collars on a column already under significant preload resulted in similar strength 
and ductility to a column where the collars were installed prior to the application of any 
axial load. Therefore, it is appropriate to assume that initial strains in the section at the 
time of rehabilitation with steel collars can be ignored. This assumption is similar to the 
recommendations by Bisby and Williams (2004) for rehabilitation of concrete structures 
with external FRP wrapping. Similar assumptions were made for flexure and shear 
strengthening. 
 
The rehabilitation guideline proposed focuses on strength rehabilitation only. Other 
considerations might be taken into account, such as corrosion of steel under exposure to 
certain environments, like alkalinity/acidity. It might also need to be checked for 
fire-resistance rating since steel loses strength under high temperature. Hence, reasonable 
rehabilitation limits might be applied to prevent the rehabilitated columns/beams from 
failure due to fire and other environmental effects. Special surface treatment to protect 
the steel collars from corrosion might also be required. 
 
7.3.3 Collar Spacing 
 
Requirements for minimum area of steel collars and maximum spacing can be taken 
similar to the current minimum tie reinforcement requirements in CSA-A23.3-04: 
Clause 7.6.5 for compression members, Clause 11.2.8 for minimum shear reinforcement, 
and Clause 21.4.4 for transverse reinforcement for ductile moment-resisting frame 
members subjected to flexure and significant axial load. Clause 7.6.5.1 states that “In 
compression members, all non-prestressed longitudinal bars of sizes 30M or smaller shall 
be enclosed by ties having a diameter of at least 30% of that of the largest longitudinal 
bars.” Clause 7.6.5.2 states that “Tie spacing shall not exceed the smallest of: (a) 16 times 
the diameter of the smallest longitudinal bars or the smallest bar in a bundle; (b) 48 tie 
diameters; (c) the least dimension of the compression member; and (d) 300 mm in 
compression members containing bundled bars.” Clause 11.2.8.2 states that “where shear 
reinforcement is required by Clause 11.2.8.1 or by calculation, the minimum area of 

shear reinforcement shall be such that s
f
b

fA
y

w
cv
'06.0= ”, where vA  is the area of shear 

reinforcement within a distance s , '
cf  is the compressive strength of concrete, wb  is the 

minimum effective web width, yf  is the specified yield strength of reinforcement, and s  
is the spacing of the shear reinforcement measured along the longitudinal axis. 
Clause 21.4.4 is discussed in Chapter 3, Section 3.2.2. 
 
Experimental studies showed that collared columns exhibit improved behaviour in terms 
of strength and ductility compared to the control column without collars, for collar 
centre-to-centre spacing up to 200 mm (half of the square column cross-sectional 
dimension). Finite element analyses were also conducted for columns having 
centre-to-centre spacing larger than half of the square column cross-sectional dimension 
(up to 75% of the cross-sectional dimension). In these cases, stable response was 
achieved which demonstrates that use of spacings larger than half of the square column 
cross-sectional dimension spacing is promising. Hence, with currently available 
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information, the maximum spacing of steel collars can be taken as 75% of the smaller 
cross-sectional dimension of the column. Finite element analysis suggested that a 
proposed practical range of collar sizes of 20 to 80 mm in each dimension is reasonable, 
since beneficial effects from smaller collar dimensions is limited and larger collars do not 
continue to bring increasing strength improvement. Also, the finite element parametric 
study suggests that the ratio between the bigger dimension of the collar cross-section and 
the smaller dimension should be less than 3 to ensure effectiveness and efficiency of the 
collar as well as the practicality of construction. The bigger dimension is preferred to be 
oriented parallel to column axis to increase the directly contacted area. 
 
7.3.4 Flexural and Axial Rehabilitation 
 
The safety of the rehabilitated structure shall be verified by confirming that the flexural 
and axial load-carrying capacities are greater than the flexural and axial load effects 
acting on the structure. According to experimental and analytical studies conducted by 
Hussain and Driver (2005b) and by Chapman and Driver (2006), the flexural and axial 
load-carrying capacities and the deformation capability were improved through the 
rehabilitation with external steel collars. 
 
The flexural and axial capacities of a column with external steel collars are determined 
through cross-sectional analysis at the ultimate limit state, including the confining effect 
of the steel collars. The confined concrete stress-strain relationship is used in the ultimate 
state analysis to obtain the axial load versus moment interaction diagram for the 
rehabilitated reinforced concrete columns. The confinement model, proposed by 
Chapman and Driver (2006), was discussed in Chapter 2, Section 2.3 neglecting strain 
gradient effects within the cross-section. The axial load versus moment interaction 
diagram is referred to herein as the P-M interaction diagram. Elastic–perfectly plastic 
stress-strain relationships are assumed for both the longitudinal reinforcement and the 
external steel collars. Those curves, along with the following assumptions, form the basis 
for the ultimate limit state analysis of collared reinforced concrete columns. An 
equivalent rectangular compressive stress block was used for concrete in the analysis. 
 
(1) Design calculations are based on measured geometric dimensions, internal 
reinforcement details, and the material properties of the existing column to be 
rehabilitated. 
 
(2) Plane sections remain plane after loading so that a linear strain distribution exists 
across the column cross-section. 
 
(3) There is no relative slip between the external steel collars and the concrete. This 
assumption has been verified through the experimental observations in the current study 
and results reported by Hussain and Driver (2005b) and by Chapman and Driver (2006). 
 
(4) Strain compatibility exists between the concrete and longitudinal reinforcement 
through a perfect bond model. 
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(5) Initial strains in the concrete and internal reinforcement at the time of strengthening 
can be ignored. This assumption was also suggested by Bisby and Williams (2004) for 
rehabilitation of concrete structures with FRP wraps. 
 
(6) Strength degradation and corrosion of steel reinforcement are ignored. This 
assumption was also adopted by Nezamian et al. (2004) for rehabilitation design of 
concrete bridge piers with externally applied FRP. 
 
A trial-and-error procedure for collar size and spacing is adopted to evaluate flexural and 
axial rehabilitation design alternatives. A flowchart for the rehabilitation design for 
flexural and axial strength is shown in Figure 7-3 and briefly described below. 
 
[Step1] Determine the factored axial and flexural loading requirements: fM and fP . 
Slenderness effects should be considered where appropriate. 
 
[Step2] Select a collar size, tw× , and collar centre-to-centre spacing, scs , to meet the 
requirement of the tie reinforcement for compression members, Clause 7.6.5 in CSA-
A23.3-04, where twAv ××= 2  and scss = . w  and t  are the dimensions perpendicular 
and parallel to the longitudinal axis of the column, respectively. This minimum 
reinforcement requirement normally gives very small collar dimensions. The minimum 
practical dimension is suggested as 20×20 mm in order to achieve the benefit from collars 
obtained in the finite element parametric study. 
 
[Step 3] For the parameters tw× and scs  selected at Step 2, determine the confined 
concrete compressive strength, '

ccf , from the relationship proposed by Chapman and 
Driver (2006) and adapted in Chapter 2, Section 2.3 as Eqs. 2-2 to 2-8, omitting the strain 
gradient in the cross-section in the calculation of the confinement efficiency factor. 
 
[Step 4] Perform an equivalent rectangular stress block sectional analysis to construct the 
P–M interaction diagram. 
 
[Step 5] Check whether ( )ff PM ,  falls inside the enclosed region of the P–M interaction 
diagram, in which case the size and spacing of the steel collars are acceptable. Otherwise, 
a smaller spacing, s , or larger collar size, tw× , must be selected at Step 3 until 
( )ff PM ,  falls inside the enclosed region. The first collar should be spaced away from 
the ends by half of the typical spacing used in the middle portion. 
 
The procedure to construct the P–M interaction diagram is similar to that adopted for 
conventional practice for the design of reinforced concrete columns, as documented in 
MacGregor and Bartlett (2000). In the case of collared columns, the confined concrete 
compressive strength, '

ccf , is used in place of the unconfined compressive strength, '
cf . 

Material resistance factors are taken as those suggested in the CSA-A23.3-04 code 
provisions, that is, 85.0=sφ and 65.0=cφ  for reinforcing steel and concrete, 
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respectively. 85.0=scφ  is used for the steel collars. The upper limit of 080.0 P , where 0P  
is the concentrically loaded column capacity, is used to account for accidental axial load 
eccentricities. The factored concentrically loaded column capacity can be found from 

( ) ysssgcc fAAAfP φαφ +−= '
10 , where gA  is the gross cross-sectional area of the column, 

sA  is the total longitudinal reinforcement area, and 1α  is the ratio of average stress in 
rectangular compression block to the specified concrete strength. The design interaction 
diagram represents the failure surface of the collared column. Only loading points falling 
inside the interaction diagram represent safe combinations of applied axial load and 
moment, and hence are acceptable. (The resistance factors recommended in this 
paragraph are believed to be reasonable for this application based on experience with 
reinforced concrete structural members. It is emphasized that although a reliability study 
is beyond the scope of this research, it would be required to assess fully the adequacy of 
the values selected.) 
 
The interaction diagram for a collared column will move toward higher combined axial 
load and moment combinations than the original column at the failure state, as shown in 
the Section 7.4.1, Example 1, indicating the effect of the external steel collar system in 
enhancing the capacity. 
 
7.3.5 Shear Rehabilitation 
 
The shear rehabilitation design of a reinforced concrete column with external steel collars 
should ensure that the shear capacity exceeds the shear demand on the column. In order 
to extend the limited experimental results into more general circumstances, an empirical 
shear strength model for the rehabilitated column with external steel collars was proposed 
in Chapter 6, Section 6.4. The empirical shear strength model was derived from a 
parametric study using finite element analysis and verified through experimental results 
on short column CV5 that failed in shear. 
 
According to capacity design philosophy in seismic shear rehabilitation of a frame 
member, over-strength shall be taken into account to obtain the probable moment 
strength used to determine the maximum shear force that can be imparted to the member. 
CEB-FIB (2003) suggests that the shear capacity of a rehabilitated column should exceed 
the shear force corresponding to the flexural capacity of the column, with consideration 
of over-strength due to reinforcement strain hardening by 25%. CSA-A23.3-04 
Clause 21.4.5.1 stipulates that “A column shall have a factored shear resistance that 
exceeds…the design shear force determined from consideration of the maximum 
forces…using the maximum probable moment strength…”. MacGregor and Bartlett 
(2000) pointed out that the probable moment strength can be determined by replacing the 

yf  with 1.25 yf  since the average yield strength of the longitudinal bars tends to be 
greater than yf . Hence, the over-strength factor applied to the nominal moment capacity 
is taken as 1.25 in the current study. This over-strength factor is also applied to the 
moment capacity after consideration of flexural strength increase due to confinement is 
applied. 
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The design for shear rehabilitation of the reinforced concrete columns is based on the 
modified truss model for sectional shear, similar to the model commonly used for 
conventional reinforced concrete columns. A summation approach of contributions from 
concrete, internal shear reinforcement, and external steel collars was adopted. The design 
procedure for this model requires a trial-and-error solution technique with different collar 
spacing and collar size to predict the capacity and compare with the demand. A flowchart 
describing the design sequence for shear strength rehabilitation is shown in Figure 7-4 
and the procedure is summarized as follows: 
 
[Step 1] Calculate the shear demand at the critical section. Shear demand is calculated 
from the nominal moment demand by dividing the moment demand by the shear span and 
then multiplying by the over-strength factor 1.25. 
 
[Step 2] Calculate vA  and s  according to CSA-A23.3-04 Clause 11.2.8 requirements of 

minimum shear reinforcement, s
f
b

fA
y

w
cv
'06.0= . Then choose the size of steel collars 

tw×  (the second dimension is parallel to the longitudinal axis of the column) and 
spacing scs , with vAtw =××2  and sssc = . Alternatively, a set of scs  and tw×  values 
can be estimated to start the iteration, with a check that they conform to the minimum 
shear reinforcement requirements. 
 
[Step 3] Using the spacing scs  and tw×  from Step 2, determine the shear contribution 
from the external steel collar, scV , using Eqs. 6-1 and 6-2, and Eqs. 2-11b through 2-11d 
discussed in Chapter 6, Section 6.4. 
 
[Step 4] Calculate the factored shear strength, scscssccr VVVV φφφ ++= , and compare this 
factored shear strength with the factored shear force, fV . 
 
The shear strength of the rehabilitated column is determined by adding the contribution 
of the external steel collars to the contributions from the concrete and the internal shear 
reinforcement (if applicable) as described in Chapter 6. The term scd  is the effective 
shear depth for the steel collar, and in order to align with the longitudinal reinforcement 
of the truss model, it can be taken as the same as vd , which is the effective shear depth, 
taken as the greater of d9.0  or h72.0 , while d  is the distance from the extreme 
compression fibre to centroid of longitudinal tension reinforcement, and h  is the section 
depth of the column in the direction of shear force. The maximum allowable shear 
contributions from the internal shear reinforcement and external steel collars are 
described by the following expression: bdfVV ccscs

'66.0 φ≤+ . Material resistance 
factors are taken as those suggested in the CSA-A23.3-04 code provisions, that is, 

85.0=sφ and 65.0=cφ  for steel and concrete, respectively. The factor of 85.0=scφ is 
assumed in the calculation of the factored shear contribution from the steel collars. 
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[Step 5] If fr VV ≥ , then the spacing and size of the steel collars determined at Step 2 are 
acceptable. Otherwise, a smaller spacing scs  or larger size tw×  must be selected at 
Step 2. The first collar should be spaced from the ends at a distance of half the typical 
spacing used in the middle portion. 
 
The influence of the axial-shear interaction was already incorporated in the proposed 
empirical shear strength model since the model was formed out of the analysis of 
columns under shear loading with and without axial loading. The effect of axial load is 
explicitly included in Eq. 2-11 d, which in turn is considered in the shear capacity in 
Eq. 6-1. 
 
7.4 Rehabilitation Design Examples 
 
Three design examples for rehabilitation of reinforced concrete frame members (i.e., 
columns and beams) with external steel collars are presented to illustrate the design 
guidelines proposed in Section 7.3. 
 
7.4.1 Example 1-Flexural and Shear Rehabilitation of Column 
 
Details of the column to be rehabilitated are shown in Figure 7-5, including the geometry, 
reinforcement details and loading condition. The design yield strength of reinforcement is 
400 MPa, and the design compressive strength for concrete is 25 MPa. The modulus of 
elasticity for the longitudinal reinforcement and the steel used for the collars is 

000200=sE MPa. The secant modulus of the concrete is taken as 50022=cE MPa. 
The column is subject to combined axial and lateral loads, with the factored gravity load 
of gc Af '3.0 , which is 1200 kN. A 200 kN factored lateral load is applied at the 
mid-height of the column. The maximum moment at the critical section, which is the end 
of the column, is 300 kN·m. 
 
The factored flexural resistance of the existing column is calculated to be 246 kN·m from 
sectional analysis of the column with the coexisting axial load, and assuming the extreme 
compressive strain of concrete reaches -0.0035. The factored resistance of the existing 
column under pure axial load is 2736 kN, obtained from ( ) ysssgcc fAAAfP φαφ +−= '

10  
and setting the upper limit as 080.0 P . The factored shear resistance is 108 kN, calculated 
from Eqs. 2-11a to 2-11d, ssccr VVV φφ += , where cV  and sV  are the contributions to the 
shear capacity from the concrete and internal shear reinforcement. The existing column is 
assumed to have been constructed before strict requirements were introduced on shear 
reinforcement details. Such a column would typically have widely spaced internal shear 
reinforcement, hence, the internal shear reinforcement contribution can be neglected for a 
conservative estimate of original capacity. Thus, sV  can be taken as 0 kN. 
 
Rehabilitation design procedure: 
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Initial evaluation of the flexural, axial and shear capacity of the column showed that this 
column is deficient in flexural as well as shear strength; hence, rehabilitation is required. 
The use of steel collars is evaluated as a technique to enhance the flexural and shear 
strength. The design procedure is described as follows: 
 
[Step 1] Determine the factored flexural and axial requirements of the column: 

300=fM kN·m, and 1200=fP kN. Perform a sectional analysis to obtain the P–M 
interaction diagram for the original column. It is found that the flexural and axial 
demands with the coordinates ( )ff PM ,  of (300, 1200) fall outside the region enclosed by 
the interaction diagram, as shown in Figure 7-6. 
 
[Step 2] Choose the size and spacing of the steel collars as 20×20 mm and 200 mm, 
respectively, according to the criteria described in Section 7.3.2: the dimension of 20 mm 
is larger than 30% of the largest longitudinal bars 25M (7.5 mm), and the spacing of 
200 mm is smaller than the least of 16 times the diameter of the smallest longitudinal bars 
(400 mm), 48 tie diameter (480 mm), and the least cross-sectional dimension of the 
column (400 mm). 
 
[Step 3] Calculate '

ccf  according to the analytical model discussed in Chapter 2, 
Section 2.3 Eqs. 2-2 to 2-8. A value of 6.26' =ccf MPa is obtained. 
 
[Step 4] Perform an equivalent rectangular stress block sectional analysis to obtain a 
capacity point in the P–M interaction diagram for the column with the proposed collar 
configuration and corresponding confined concrete strength of 6.26' =ccf MPa, as shown 
in Figure 7-6. It is found that the flexural and axial demands with the coordinates 
( )ff PM ,  of (300, 1200) falls outside the region enclosed by the interaction diagram for 
the proposed collar configuration selected at Step 2. 
 
[Step 5]: To enhance the strength increase from the external steel collar scheme, the size 
and spacing of the steel collars was modified to reduce the collar spacing and increase the 
collar cross-sectional dimensions. Modify the size and spacing of the steel collars by 
using 30×50 mm steel collar spaced at 150 mm. Repeat Step 3 and obtain 

3.36' =ccf MPa, and repeating Step 4 shows that the flexural and axial demands are 
within the region enclosed by the interaction diagram as shown in Figure 7-6. 
 
Finally, 30×50 mm steel collar spaced at 150 mm are the chosen size and spacing for 
flexural and axial rehabilitation. 
 
Shear rehabilitation design procedure: 
 
Note that the influence of the axial-shear interaction was already incorporated in the 
proposed shear strength model discussed in Chapter 6, Section 6.4, since this model was 
formed out of the analysis of columns under shear loading with and without axial loading. 
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The effect of axial load is explicitly included in Eq. 2-11d, which in turn is considered in 
the shear capacity in Eq. 6-1. 
 
[Step 1] Since the column in this example has already been rehabilitated in flexure, the 
factored shear demand for this seismic rehabilitation is calculated assuming a flexural 
over-strength factor of 1.25 is applied to the flexural strength considering the 
confinement provided by the 30×50 mm steel collars spaced at 150 mm, hence 

261=fV kN is obtained. 
 
[Step 2] From the above flexural and axial rehabilitation design, 30×50 mm steel collars 
spaced at 150 mm were selected as the first trial size and spacing of the collars for the 
shear rehabilitation design. This collar size and spacing also meet the minimum shear 
reinforcement requirement according to CSA-A23.3-04 Clause 11.2.8. 
 
[Step 3] Determine the shear contribution from the external steel collar, scV , and calculate 
the factored shear strength using the shear model proposed in Chapter 6, Section 6.4 
Eqs. 6-1 to 6-2, and Eqs. 2-11b to 2-11d, with the effective strain of the steel collars 
taken as 500 microstrain and 578=rV kN is obtained. 
 
[Step 4] Comparison between this factored peak lateral force and the factored shear force 
shows that fr VV ≥ , hence the chosen size and spacing are acceptable. Therefore, 
30×50 mm steel collars spaced at 150 mm are chosen as the size and spacing for the shear 
rehabilitation. 
 
The final layout of the steel collars for the column rehabilitation is shown in Figure 7-7. 
 
7.4.2 Example 2-Shear Rehabilitation of Columns in a Three-Story Building 
 
Abou-Elfath and Ghobarah (2000) investigated the seismic performance of a three-storey 
nonductile reinforced concrete building rehabilitated using concentric steel bracing. The 
selected building was designed for gravity loads according to the 1963 ACI 318 code 
(Abou-Elfath and Ghobarah 2000). The concrete strength is 21 MPa and the reinforcing 
steel yield strength is 300 MPa. Dimensions and reinforcement details for interior and 
exterior beams and columns are shown in Figure 7-8. A typical elevation and plan of the 
building is shown in Figure 7-9. Transverse reinforcements (both ties and stirrups) with 
90º hooks are assumed to be U.S. No. 3 bars spaced at 400 mm for interior columns and 
spaced at 300 mm for exterior columns. Concrete clear cover is assumed to be 20 mm for 
the columns. The design live load for the building is taken as 2.4 kN/m2 and the ground 
snow load is taken as 1.6 kN/m2, assuming the building is located in Vancouver. 
 
Abou-Elfath and Ghobarah (2000) pointed out that the ratio of the ultimate base shear 
capacity to the weight of the existing building determined using a pushover analysis was 
0.15. The ratio of the ultimate base shear to the weight for a similar building in the 
Vancouver area is 0.23 according to NBCC 1995. The base shear design value provided 
by Abou-Elfath and Ghobarah (2000) was based on importance and foundation factors of 
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unity and a reduction factor 1=R  (NBCC 1995) for a nonductile structure. Hence, 
according to Abou-Elfath and Ghobarah (2000), rehabilitation is needed to increase the 
lateral load resistance capacity of the original columns to a value higher than the NBCC 
1995 design lateral load. Abou-Elfath and Ghobarah (2000) proposed rehabilitation with 
concentric steel bracings and studied different bracing layouts. In the current study, the 
nonductile frame columns were considered to be rehabilitated with external steel collars. 
A check on the flexural rehabilitation needs and consideration of the shear corresponding 
to the collar-enhanced flexural failure mode would ordinarily be needed in this type of 
rehabilitation application. However, since no detailed flexural requirement information 
was available in the report by Abou-Elfath and Ghobarah (2000), only shear 
rehabilitation is considered in the current example. 
 
For the external steel collar rehabilitation option in this study, the modulus of elasticity of 
the steel collars, scE , is assumed to be 200 000 MPa. Only columns in the first floor are 
considered in this example. For interior columns, the factored axial compressive load is 
found to be 1057 kN, which is about gc Af '31.0 . For exterior columns, the factored axial 

compressive load is 561 kN, which is about gc Af '30.0 . 
 
The shear contribution from concrete, axial compressive load, internal shear 
reinforcement, and steel collars can be obtained using the empirical shear model reported 
in Chapter 6. 
 
 scscn VVVV ++=     [7-1] 
 
 scscssccr VVVV ⋅+⋅+⋅= φφφ     [7-2] 
 
 scscr VVVV ⋅+⋅+⋅= 85.085.065.0    [7-3] 
 
In the original column, a shear resistance of W15.0 is provided by the shear capacity 
contribution from the concrete ( cV ) and the internal stirrups ( sV ). The rehabilitated 
column must provide a greater shear resistance than W23.0 from the cV , sV , and collar 
( scV ) components. Thus, the required scV  can be determined through the ratio: 
 

 
W

WW
VV

V

sc

sc

15.0
15.023.0

85.065.0
85.0 −

≥
⋅+⋅

⋅    [7-4] 

 
By rearranging Eq. 7-4, one can obtain: 
 
 ( )scsc VVV ⋅+⋅⋅≥⋅ 85.065.053.085.0    [7-5] 
 
where nV  and rV are the nominal and factored shear capacities, respectively, of a 
reinforced concrete column rehabilitated with external steel collars, which is equal to the 
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sum of the contributions from the concrete, cV , the internal shear reinforcement, sV , and 
the external steel collars, scV  (this contribution does not exist before rehabilitation), and 
W  is the weight of the structure. 
 
For an interior column: 
 

 ( )sc
sc

scscescsc VV
s

dEA
⋅+⋅⋅≥⋅ 85.065.053.0

cot
85.0

θε

 
 [7-6] 

 

 39.3≥
sc

sc

s
A

mm    [7-7] 

 
where scA  is the cross-sectional area of the collar, escε  is the effective strain of the steel 
collar taken as 500 microstrain in the current study, scE  is the modulus of elasticity of the 
steel collars, scd  is the effective shear depth for the steel collars, θ  is the direction of the 
average principal compression with respect to the longitudinal axis, and scs  is the spacing 
of the external steel collars. 
 
Possible collar configurations that satisfy this requirement include 30×30 mm steel 
collars spaced at 250 mm; 20×30 mm steel collars spaced at 175 mm; and 20×20 mm 
steel collars spaced at 100 mm. 
 
For an exterior column: 
 

 ( )sc
sc

scscescsc VV
s

dEA
⋅+⋅≥⋅ 85.065.053.0

cot
85.0

θε
  [7-8] 

 

 2≥
sc

sc

s
A

mm     [7-9] 

 
Possible configurations include: 20×30 mm steel collars spaced at 225 mm; and 
20×20 mm steel collars spaced at 150 mm. 
 
Select 20×30 mm steel collars with a centre-to-centre spacing of 175 mm for interior 
columns and 225 mm for exterior columns for this example. With the selected collar 
configuration, the shear strength and flexure strength of the interior collared column and 
the exterior collared column must be checked with the proposed strength model discussed 
in Chapter 6, Section 6.4. Assuming a flexure over-strength factor of 1.25 (applied to the 
rehabilitated flexural capacity), the required shear capacity corresponding to the flexural 
strength of the interior collared column is 159 kN. The shear strength of the collared 
interior column is 300 kN, hence, the relatively ductile flexural failure mode governs. 
Similarly, required minimum shear strength of the exterior collared column accounting 
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for flexural overstrength is 74 kN. The provided shear strength of the collared exterior 
column is 131 kN, hence, the relatively ductile flexure failure mode governs. Thus, 
20×30 mm steel collars are used for both interior and exterior columns but with different 
centre-to-centre spacing: 175 mm and 225 mm for interior and exterior columns, 
respectively. The layout for the steel collars for the rehabilitation design is shown in 
Figure 7-10. 
 
7.4.3 Example 3-Shear Rehabilitation of Beam 
 
Although the guidelines discussed in Section 7.3 pertain to the rehabilitation of columns, 
external steel collars may also be considered for rehabilitation of beams. A similar design 
principle can be adopted for rehabilitation of beams subjected to combined flexural, axial 
and shear demands. The rehabilitated member should target a more ductile failure mode 
than brittle shear failure. 
 
Duong et al. (2007) studied the behaviour of a shear-critical reinforced concrete building 
frame under reversed cyclic lateral loads. A single-bay, two-storey, reinforced concrete 
frame with shear-critical beams was constructed and tested until significant shear damage 
occurred in the first floor beam. Dimensions and reinforcement details for the beams and 
columns in the tested frame are shown in Figure 7-11. Axial load of 420 kN was applied 
during the tests. The beams were then repaired with five carbon fibre reinforced polymer 
(CFRP) strips that were wrapped fully around each beam. Each strip was 150 mm wide 
and equally spaced along the length of the beam. An overlap of 75 mm was used for all 
the CFRP strips at the top surface. The rehabilitated frame was then retested to failure. 
The peak shear force in the original first-storey beam was estimated to be 202 kN using 
the CSA-A23.3-04 code provisions, while the peak shear force for the rehabilitated 
first-storey beam was found to be at least 264 kN. Thus, an enhancement of 62 kN in the 
shear capacity was reported due to the introduction of the CFRP strips. 
 
In this design example, an alternative rehabilitation system with external steel collars is 
investigated, with a similar target minimum enhancement to the nominal beam shear 
capacity of 62 kN. Note that since measured capacities from the experimental test are 
compared in this example, all load and resistance factors are taken as unity. The modulus 
of elasticity of the steel collars, scE , is assumed to be 200 000 MPa in this study, as 
shown in Figure 7-12. 
 
The shear contribution from steel collars can be obtained using the empirical shear model 
reported in Chapter 6, Section 6.4 Eqs. 6-1 to 6-2, and Eqs. 2-11b to 2-11d: 
 

 ( ) 62202264
cot
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Possible collar configurations include: 20×20 mm steel collars spaced at 200 mm and 
20×30 mm steel collars spaced at 300 mm. Considering the suggestion based on the 
currently available information that spacings be no greater than 75% of the smaller 
cross-sectional dimension of the primary member, 20×20 mm steel collars spaced at 
200 mm is selected for beam shear rehabilitation for this example. Hence, a total of eight 
steel collars are needed for the first storey beam. The proposed layout for the steel collar 
rehabilitation option is shown in Figure 7-12. The procedure to determine collars for 
strengthening of the second storey beam would be similar.  
 
7.5 Summary 
 
The design guidelines presented in this chapter were developed by a combination of 
experimental and analytical results in previous chapters and existing practices for the 
design of reinforced concrete frame members. The design methodology was illustrated by 
three design examples. They are generically applicable to rehabilitation of reinforced 
concrete columns or beams. 
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Figure 7-1 Rehabilitation design goal flowchart 
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Figure 7-2 Overall rehabilitation procedures flowchart 
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Figure 7-3 Proposed flexural and axial rehabilitation design flowchart 
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* Alternatively, a set of scs  and tw×  can be estimated to start the iteration, and with a check the 

minimum shear reinforcement.  
 

Figure 7-4 Proposed shear rehabilitation design flowchart 
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Figure 7-5 Details for design example 1 column 
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Figure 7-6 The axial-moment (P–M) interaction diagram for the example 1 column 
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Figure 7-7 Steel collar layout for design example 1 
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Figure 7-8 Details of columns and beams for design example 2 (adapted from 
Abou-Elfath and Ghobarah 2000) 
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Figure 7-9 Dimension of the 3-story office building for design example 2 
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Figure 7-11 Details of design example 3 (adapted from Duong et al. 2007) 
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CHAPTER 8 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
8.1 Summary 
 
The objective of the ongoing research at the University of Alberta is to evaluate the 
effectiveness of the proposed rehabilitation scheme for deficient reinforced concrete 
frame columns with external steel collars. This proposed rehabilitation scheme has been 
demonstrated to be a promising rehabilitation solution through research examining the 
behaviour of collared reinforced concrete columns under concentric and eccentric axial 
loading, and under combined axial and flexural-dominant lateral loading. 
 
In the current study, the behaviour of reinforced concrete short columns was studied 
experimentally and analytically. An experimental program involving construction and 
eleven tests on ten full-scale reinforced concrete short columns was conducted. The 
primary parameters studied in the experiments include collar spacing, collar size/stiffness, 
longitudinal reinforcement ratio, axial compression index, pretension of collar bolts, and 
shear span-to-depth ratio. Pseudo-seismic force and gravity force were used to simulate 
the conditions of earthquake loading. Three-dimensional nonlinear finite element models 
were established with ABAQUS/Explicit program and were validated with the 
experimental results. The finite element models were also used to study how the 
behaviour of the collared reinforced concrete short columns was influenced by various 
parameters through a parametric study. Research was conducted to examine the peak 
lateral force of the collared reinforced concrete columns with other conventional 
computation approaches, such as CSA-A23.3-04 and ACI 318-05 code provisions, 
Response 2000 program, and strut-and-tie model. A new strength model for columns with 
external steel collars was proposed based on the current and prior test data and results 
from the validated finite element model. Finally, design guidelines were proposed for the 
rehabilitation of reinforced concrete frame columns using the proposed strength model. 
 
8.2. Conclusions 
 
Based on both the experimental and analytical study of the behaviour of collared 
reinforced concrete short columns, along with previous research results, this 
rehabilitation technique is shown to be effective for seismic rehabilitation of deficient 
reinforced concrete columns. Conclusions can be drawn from the experimental and 
analytical study as follows. 
 
8.2.1 Experimental Behaviour of Collared Columns 
 
Experimental results showed that external steel collars, with significant flexural and axial 
stiffness, provide significant confinement to the existing concrete columns.  The collars 
were demonstrated to improve the strength of the existing (unrehabilitated) columns, and 
to enhance the ductility and energy dissipation capacity of the columns. 
 
The external steel collars were bolted in place, directly on the surface of the square 
columns. Unlike other rehabilitation techniques, no rounding of the corners at a certain 
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radius was needed prior to installation. The viability of using pretensioned collar bolts 
was demonstrated. 
 
Collared reinforced concrete columns subject to combined axial and cyclic lateral loading 
experienced less damage than control columns without collars, and remained intact at 
much larger imposed displacements. No slippage of the collars was observed during the 
tests of collared columns, even when severe spalling and crushing of cover concrete took 
place between them, implying the composite action between concrete and steel collars 
has been achieved. This feature is beneficial for seismic rehabilitation. 
 
In general, collared reinforced concrete columns attained much higher ultimate drift ratio, 
showed improved deformability, and exhibited much better energy dissipation capacity 
under cyclic loading than control columns without collars, which are beneficial to the 
structure prone to earthquake. Collared reinforced concrete columns showed impressive 
ductile response with stable hysteresis loops and gradual post-peak degradation. All 
collared reinforced concrete columns exhibited 14% to 93% higher normalized peak 
lateral force than the control column with internal conventional transverse reinforcement 
spaced at 400 mm (CV0A) except the collared reinforced concrete column without axial 
compressive load exhibited 5% lower normalized peak lateral force. All collared 
reinforced concrete columns attained ductility 7% to 122% higher than this control 
column (CV0A). Furthermore, the ultimate drift ratios for all the collared reinforced 
concrete columns were 54% to 508% higher than this control column (CV0A). It was 
also found that the total energy dissipated by the collared reinforced concrete columns 
was 1.6 to 23.7 times that dissipated by the control column without collars (CV0A). The 
repaired specimen demonstrated significantly improved ductility, deformability, energy 
dissipation, and enhancement in strength over the original control column. These 
observations validate the feasibility and effectiveness of this rehabilitation technique. 
 
Decreasing the centre-to-centre collar spacing from 200 mm to 95 mm improved the 
overall behaviour of the collared reinforced concrete column with less concrete spalling 
and crushing, including 12% increase in normalized peak lateral force, 46% increase in 
displacement ductility, 87% enhancement in drift ratio, and 2.8 times the energy 
dissipated. 
 
For collared reinforced concrete columns, decreasing the longitudinal reinforcement ratio 
from 3.13% to 1.88% reduced the normalized peak lateral force by 9%, but increased the 
displacement ductility by 69%, the ultimate drift ratio by 61% and the energy dissipated 
by 43%. 
 
Increasing the aspect ratio of the collared reinforced concrete column from 0.88 to 1.63 
resulted in a 56% decrease in normalized peak lateral force, but an increase in 
displacement ductility by 26%, the ultimate drift ratio by 87%, and the energy dissipated 
by 490%. 
 
The collared reinforced concrete column with axial compression load of gc Af '3.0  (CV1) 
exhibited a 31% enhancement in normalized peak lateral force, but a 42% decrease in the 
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ultimate drift ratio compared to the collared reinforced concrete column without axial 
compressive load (CV6). The total energy dissipated by specimen CV6 is 0.6 times that 
dissipated by CV1, while the displacement ductilities are similar. 
 
Comparison between collared reinforced concrete column with pretension applied to the 
connection bolts (CV7) and collared reinforced concrete column with snug-tight 
connection bolts (CV1) showed that an increase of 20% in the normalized peak lateral 
force, 19% enhancement in the energy dissipation, but only marginal increase in 
displacement ductility and ultimate drift ratio. The bolt pretension was at 35% of the 
minimum specified tensile strength of the bolt. 
 
Collared reinforced concrete column CV8 with a larger size of external collars 
(50×50 mm) and hence large collar stiffness exhibited 5% higher normalized peak lateral 
force than the collared reinforced concrete column CV1 with smaller size of external 
collars (30×50 mm) and hence smaller collar stiffness. The displacement ductility of 
column CV8 was increased by 56% and the ultimate drift ratio enhanced by 50%, while 
the total energy dissipated increased by 64% from column CV1. 
 
Epoxy mortar injection followed by installation of collars proved to be a promising repair 
method that is easy to implement and quick to serve its function. A 28% enhancement in 
the normalized peak lateral load, 64% enhancement in displacement ductility, and 22.7 
times increase in energy dissipated was obtained in CV0AR compared to the original 
control column before rehabilitation (CV0A). This level of enhancement showed that 
proper repair to an initially damaged reinforced concrete column with epoxy mortar and 
external steel collars can achieve good performance. CV0AR was similar in final 
configuration to the base case collared column (CV1). The similar normalized peak 
lateral force attained by specimen CV0AR, 25% enhancement in the displacement 
ductility, 55% increase in the ultimate drift ratio, and 1.6 times increase the energy 
dissipated as compared to the base case collared column (CV1) indicates that external 
steel collars and epoxy grout can rehabilitate specimens and exhibit behaviour as good as 
an undamaged collared column. 
 
The experimental results of the collared reinforced concrete columns and columns 
without collars demonstrated that, for the same specimen size and longitudinal 
reinforcing bars, collared reinforced concrete columns exhibited higher peak lateral force, 
displacement ductility, greater energy dissipation, and more stable hysteresis loops with 
less degradation. The overall behaviour of the collared reinforced concrete column was 
much improved from columns without collars due to the existence of external steel 
collars. 
 
8.2.2 Analytical Behaviour of Collared Columns 
 
Analytical behaviour of collared column has been studied from finite element analysis 
and other analytical approaches. 
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8.2.2.1 Finite Element Analysis 
 
Comparisons between a pushover finite element model developed using 
ABAQUS/Explicit and the experimental results showed that the model offered a 
reasonably reliable analytical tool that was capable of capturing the major performance 
characteristics of collared reinforced concrete columns under combined axial and lateral 
loading. Although the finite element models generally overestimated the column lateral 
stiffness in the initial part of the test and did not fully catch the post-peak degradation, it 
was shown that the proposed model was capable of predicting the peak lateral force with 
reasonable accuracy. For the columns studied, the mean experiment-to-analysis capacity 
ratio was 1.05, with a coefficient of variation of 0.13. 
 
Parametric studies showed that with the increase of external steel collar spacing, the peak 
lateral force decreased and more brittle behaviour in the post-peak region was observed. 
With increased axial compression load, longitudinal reinforcement ratio, or concrete 
compressive strength, the peak lateral force also increased but a less ductile and less 
stable response with faster post-peak degradation was found. The influence of the aspect 
ratio on the behaviour of the collared reinforced concrete column was that increasing the 
aspect ratio resulted in a decrease of the peak lateral force but with a more ductile 
response. Pretension force applied to the steel collar bolts was observed to affect the 
overall behaviour of the collared reinforced concrete column during the experimental 
program. However, this influence was not apparent in the finite element analysis 
parametric study for unknown reasons. Increases in the axial or the flexural stiffness of 
the collars influenced the strength of the collared reinforced concrete column but to 
different extents. Influence of those two factors, however, tended to reach a limit after 
some values. 
 
8.2.2.2 Analytical Approaches 
 
Comparisons were made between the predicted strengths according to various analytical 
models with the peak lateral force values for the test specimens. Codes CSA-A23.3-04 
and ACI 318-05, software Response 2000, and the strut-and-tie methods were examined.  
All models typically provided conservative results for most cases, but unconseravtive 
predictions occurred for the column with small aspect ratio (CV5) by codes CSA-
A23.3-04 and ACI 318-05. 
 
A new strength model for collared reinforced concrete columns was proposed. The 
proposed model is based on the format of the code sectional equations for shear and 
flexure, but considers the confined concrete strength and effective strain of external steel 
collars. The final predicted capacity and governing mode of failure were determined as 
the lower value of predicted strength for the flexural or shear capacities. The flexural 
model used a layered sectional approach with concrete confinement according to a 
procedure that was proposed by Chapman and Driver (2006) and discussed in Chapter 2, 
Section 2.4.3. The shear strength model used a composition approach for the 
contributions of concrete and truss mechanisms. Capacity predictions using the proposed 
model were compared with specimen test results from three collared column 
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experimental programs conducted at the University of Alberta as well as columns from 
the parametric study conducted using the developed finite element model. The model was 
in reasonable agreement with the test results. More accurate prediction of the steel collar 
contribution and confined concrete strength are required to improve the proposed model. 
However, the proposed model represents an initial step towards a simplified design 
approach for external steel collars around reinforced concrete columns. 
 
8.3 Recommendations for Future Research 
 
Based on the findings from current research, the following major research areas are 
recommended for future work. 
 
8.3.1 Experimental Research 
 
1. Additional full scale laboratory tests should be conducted on collared reinforced 
concrete columns with other geometry of steel collars to confirm the results obtained 
from the finite element parametric study. 
 
2. Systematic experimental study of column with shear failure in the absence of flexural 
yielding and under monotonic loading is needed in order to further validate the proposed 
shear capacity model. In the current study, most specimens had longitudinal bars which 
yielded prior to final failure. The cyclic loading also resulted in degradation of the shear 
capacity with increased cycles and increased specimen deformation, and thus the ability 
to predict the monotonic shear capacity of a short collared column is uncertain. 
Furthermore, the proposed shear strength model included an effective strain term with 
assumed value, which requires further assessment. Hence additional tests on specimen 
with shear-critical behaviour under monotonic loading are needed. 
 
3. An experimental study should be initiated to investigate the behaviour of collared 
reinforced concrete columns under other loading conditions, such as biaxial lateral 
loading, and variable axial loading. Actual seismic action usually involves biaxial lateral 
movement in a random pattern of horizontal displacement, rather than the uniaxial lateral 
movement considered in the present research (Jirsa et al. 1980; Kobayashi et al. 1986). 
Previous research demonstrated that in comparison with uniaxial displacement paths, 
biaxial displacements lead to more severe degradation of stiffness and strength and hence 
also energy dissipation (Jirsa et al. 1980; Kobayashi et al. 1986; Wong et al. 1993). In 
general, the ultimate strength under biaxial lateral loading was lower than that under 
uniaxial lateral loading. Even if a column was designed to be flexural-critical under 
uniaxial lateral loads, shear failure might occur when the column is subjected to biaxial 
lateral loads. Most previous research on reinforced concrete columns subject to seismic 
action has been conducted under constant axial load and a lateral monotonic or cyclic 
displacement or force. However, as pointed out by Esmaeily and Xiao (2004), in some 
earthquakes the strong vertical motion has played a significant role in the damage of the 
reinforced concrete structures. The vertical force due to the vertical ground motion is not 
necessarily proportional to the horizontal loading nor remains constant. Research using 
columns subject to variable axial loads is needed. The performance of collared reinforced 
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concrete columns subjected to a combination of variable axial load and various levels of 
lateral load reversing cycles need to be studied. 
 
4. All previous research on the collared reinforced concrete columns has dealt exclusively 
with columns having square cross-sections. In order to generalize the conclusions of 
those studies, columns with rectangular (unsymmetric) cross-section should be 
investigated. It is anticipated that the behaviour of a rectangular cross-section cannot be 
adequately represented by the results obtained from a square section. This is especially 
true for the shear capacity of a rectangular cross-section loaded in some arbitrary 
diagonal direction.  
 
5. One of the main concerns about the seismic performance of as-built reinforced 
concrete frame column has been the insufficient development length of vertical 
reinforcement at lap-splice regions at the bottom of columns. Insufficient splices may 
result in loss of column strength and stiffness, and strength degradation resulted from 
bond deterioration between the reinforcement bars and the surrounding concrete, causing 
premature failure of the structure. (Melek and Wallace 2004, Valluvan et al. 1993) 
Rehabilitation techniques, such as use of steel angles and straps or ties with grout and 
welding the lap spliced bars, improved the performance of the specimens with short 
lap-splice. Failure can be prevented if the confinement in the fracture surface provides an 
adequate clamping pressure so that the bar forces can be transferred. Valluvan et al. 
(1993) tested twelve specimens to examine two approaches for strengthening column 
splices. Aboutaha et al. (1996) indicated that using steel jackets is an effective method for 
improving the cyclic response of columns with compression lap splices. Ghosh and 
Sheikh (2007) studied seismic upgrade with carbon fibre-reinforced polymer of columns 
containing lap-spliced reinforcing bars. Study on the rehabilitation of those deficient 
columns with inadequate lap splices using external collars should be conducted. 
 
6. Tests are required for reinforced concrete frames rehabilitated with steel collars and 
infill steel plate shear wall panels to evaluate the effectiveness of the combined 
rehabilitation system. Previous experiments have applied external lateral loads directly to 
the column rather than applying external loads to the collars. There is concern that if a 
steel plate shear wall panel is connected directly to the steel collars the rehabilitation 
effectiveness of each collar may be reduced due to corresponding changes in confinement 
provided by the steel collars. 
 
7. Future experimental programs should seek to determine the appropriate dilation angle 
for concrete for use in the finite element simulations of collared reinforced concrete 
columns. Modeling results tend to be very sensitive to selected dilation angle, however, 
Values used by other researchers are not consistent and there is no widely accepted 
simple way to experimentally obtain the value for this parameter. Targeted experiments 
need to be conducted to enhance the understanding of this parameter and lead to simpler 
techniques to arrive at an appropriate value. 
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8.3.2 Analytical Research 
 
1. Perfect bond was assumed between the reinforcement and concrete in conducting finite 
element analysis of the collared reinforced concrete columns. This is a reasonable and 
widely accepted practice for pushover analysis under monotonic loading. Cyclic loading, 
however, may influence the reinforcement-concrete interface behaviour. As the number 
of cycles increases, the bond strength might decreases significantly. This was evidenced 
in the current investigation by the observation of cracks along the longitudinal bars 
during the experiments. The use of the perfect bond assumption in the current analytical 
investigation may have contributed to the overestimation of lateral stiffness in the models. 
In order to improve the analytical models, a realistic interfacial bond-slip model between 
the concrete and longitudinal reinforcement needs to be studied instead of assuming 
perfect bond. It is expected that an interface element with bond-slip relationship that 
considers the degradation due to cyclic loading can better capture the general behaviour 
of collared columns through finite element analysis. 
 
2. Degradation of response due to the cyclic loading in the tests was not considered when 
performing pushover numerical analysis. This resulted in higher modelled stiffness than 
the tests. Hence, further work to simulate reverse-cyclic loading during modelling is 
needed, including incorporation of the mechanical properties of the materials under 
reversed cyclic loading conditions. 
 
3. Sectional flexural analysis based on a moment-curvature approach has been conducted 
with the confined concrete stress-strain relationships. However, additional study is 
required on methods to better model the confinement level introduced by the external 
steel collars under axial and lateral cyclic loading, including the effect of strain gradients. 
 
4. Research to establish the reliability factors is needed, such as the resistance factors for 
concrete and steel, lateral force reduction factors for use in seismic design, to obtain more 
efficient and reliable design guidelines. 
 
5. Since inelastic deformations generated during seismic response are not limited to 
flexural deformation, and increased portion of shear displacement in the total 
displacement will lead to increased ductility demand, which in turn will affect the overall 
behaviour. Hence, to better understanding the behaviour of collared reinforced concrete 
columns, decomposition of the total displacement into shear and flexural displacement 
components should be performed, and to assess the interaction between the shear and 
flexural behaviour through either experimental or analytical efforts. 
 
6. Further study on the effective strain of steel collars is needed to validate the proposed 
shear strength model, and to relate the effective strain to various parameters, such as 
aspect ratio, longitudinal reinforcement ratio, axial compression index, concrete 
compressive strength, and steel collar dimension/spacing. 
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Appendix A—Photos for specimens during tests 
 

     
 

         (a) At cycle 16 (μ =2.3) (West side)          (b) At cycle 16 (μ =2.3) (East side) 
 

     
 

              (c) At end of test (North side)                     (d) At end of test (South side) 
 

Figure A-1 Specimen CV0A 

Diagonal crack Diagonal crack

After removal of 
loosened 
concrete, greater 
range of damage 

After removal of 
loosened 
concrete, greater 
range of damage 
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            (e) At end of test (West side)                         (f) At end of test (East side) 
 

Figure A-1 Specimen CV0A (Cont’) 
 

     
 

     (a) Cracks at cycle 16 (μ =2) (West side)  (b) Cracks at cycle 16 (μ =2) (East side) 
 

Figure A-2 Specimen CV0AR 
 

After removal of 
loosened 
concrete, greater 
range of damage 

After removal of 
loosened 
concrete, greater 
range of damage 
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             (c) At end of test (North side)                        (d) At end of test (South side) 
 

     
 
             (e) At end of test (West side)                          (f) At end of test (East side) 

 
Figure A-2 Specimen CV0AR (Cont’) 

 

Longitudinal 
bars visible

Interface damage 

Concrete 
spalling

Concrete 
spalling 
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(g) End of test-bending of collars (South side) (h) Crushing (Southwest corner at cycle 52) 
 

     
 

  (i) Wide crack in interface (At cycle 31)       (j) Visible of bars end of test (North side) 
 

Figure A-2 Specimen CV0AR (Cont’) 
 

Interface crack

Collar 1

Deformed collars

Concrete 
spalling

Corner concrete 
crushing 

Longitudinal 
bars visible

Collar 1
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(a) Cracks at cycle 16 (μ =4) (West side)   (b) Cracks at cycle 16 (μ =4) (East side) 
 

     
 

             (c) At end of test (North side)                       (d) At end of test (South side) 
 

Figure A-3 Specimen CV0B (Cont’) 
 

Diagonal crack
Diagonal crack 

After removal of 
loosened 
concrete, greater 
range of damage 

After removal of 
loosened 
concrete, greater 
range of damage 
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             (e) At end of test (West side)                           (f) At end of test (East side) 
 

Figure A-3 Specimen CV0B (Cont’) 
 

 

      
 

               (a) Cracks at cycle 16 (μ =4)                (b) At end of test (μ =8) (West side) 
 

Figure A-4 Specimen CV1 
 

After removal of 
loosened 
concrete, greater 
range of damage 

After removal of 
loosened 
concrete, greater 
range of damage 

Longitudinal crack

Diagonal crack 

Collar 3 Concrete 
spalling
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        (c) At cycle 21 (μ =6) (West side)               (d) At cycle 25 (μ =6) (West side) 
 

     
 

           (e) At end of test (North side)                         (f) At end of test (South side) 
 

Figure A-4 Specimen CV1 (Cont’) 
 

Longitudinal 
crack 

Diagonal crack 

Collar 3 

More concrete 
spalling 

Interface damage 
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          (g) At end of test (West side)                            (h) At end of test (East side) 
 

     
 

              (i) Collars after test (collar 1)                       (j) Collars after test (collar 2)  
 

Figure A-4 Specimen CV1 (Cont’) 
 

Longitudinal 
bars visible 

Longitudinal 
bars visible 

Interface damage 

Collar bent 

Deformation 
in collars small
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(a) Diagonal and longitudinal cracks (West side)    (b) At the end of test (West side) 
 

     
 

          (c) At end of test (North side)                         (d) At end of test (South side) 
 

Figure A-5 Specimen CV2 
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and spalling 

Diagonal crack 
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          (e) At end of test (West side)                            (f) At end of test (East side) 
 

Figure A-5 Specimen CV2 (cont’) 
 

     
 

       (a) At cycle 16 (μ =4) (West side)                  (b) At cycle 16 (μ =4) (East side) 
 

Figure A-6 Specimen CV3 
 

Longitudinal 
bars visible Longitudinal 

bars visible 
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     (c) Column sustained large displacement   (d) Damage at the interface (North side) 
 

     
 
          (e) At end of test (North side)                         (f) At end of test (South side) 

 
Figure A-6 Specimen CV3 (Cont’) 
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          (g) At end of test (West side)                           (h) At end of test (East side) 
 

Figure A-6 Specimen CV3 (Cont’) 
 

     
 

     (a) Cracks at cycle 16 (μ =4) (West side)  (b) Cracks at cycle 21 (μ =6) (East side) 
 

Figure A-7 Specimen CV4 
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Gap 2 damage Gap 2 damage
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            (c) At end of test (North side)                         (d) At end of test (South side) 
 

     
 

             (e) At end of test (West side)                          (f) At end of test (East side) 
 

Figure A-7 Specimen CV4 (Cont’) 
 

Longitudinal 
bars fractured 

Longitudinal 
bars fractured Longitudinal 

bars visible 

Concrete spalling 
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(g) Fracture of bars (South side) 
 

     
 

            (h) Collar after test (collar 1)                         (i) Collar after test (collar 2) 
 

Figure A-7 Specimen CV4 (Cont’) 
 

Longitudinal 
bars fractured 

Longitudinal 
bars fractured 

Deformation 
in collars small

Deformation 
in collars small
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(a) At cycle 16 (μ =2.26) (West side)             (b) At cycle 16 (μ =2.26) (East side) 
 

     
 

(c) Damage at cycle 26 (μ =4.52) (West side)     (d) At cycle 26 (μ =4.52) (East side) 
 

Figure A-8 Specimen CV5 
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           (e) At end of test (North side)                         (f) At end of test (South side) 
 

     
 

           (g) At end of test (West side)                          (h) At end of test (East side) 
 

Figure A-8 Specimen CV5 (Cont’) 
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(i) Cracks in footing 
 

     
 

(j) Shear displacement 
 

Figure A-8 Specimen CV5 (Cont’) 
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Gap 2 damage 
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   (a) Cracks at cycle 16 (μ =4) (West side)    (b) Damage at cycle 18 (μ =4) (West side) 
 

     
 

  (c) Damage at cycle 21 (μ =6) (West side)  (d) Damage at cycle 26 (μ =7) (West side) 
 

Figure A-9 Specimen CV6 
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(e) At end of test (No slippage of collars even under significant concrete spalling) 
 

     
 

           (f) At end of test (North side)                         (g) At end of test (South side) 
 

Figure A-9 Specimen CV6 (Cont’) 
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            (h) At end of test (West side)                          (i) At end of test (East side) 
 

Figure A-9 Specimen CV6 (Cont’) 
 

     
 

             (j) Collar after test (collar 1)                         (k) Collar after test (collar 2) 
 

Figure A-9 Specimen CV6 (Cont’) 
 

Collar bent 

South side

North side
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        (a) At cycle 16 (μ =4) (West side)               (b) At cycle 21 (μ =6) (West side) 
 

     
 

        (c) At cycle 26 (μ =8) (West side)               (d) At cycle 29 (μ =8) (West side) 
 

Figure A-10 Specimen CV7 
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            (e) At end of test (North side)                      (f) At end of test (South side) 
 

     
 

(g) Minor damage except at the bottom (West side)      (h) At end of test (East side) 
 

Figure A-10 Specimen CV7 (Cont’) 
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              (i) Collar after test (collar 1)                        (j) Collar after test (collar 2) 
 

Figure A-10 Specimen CV7 (Cont’) 
 

    
 

    (a) Cracks at cycle 16 (μ =4) (West side)          (b) At cycle 16 (μ =4) (East side) 
 

Figure A-11 Specimen CV8 
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            (c) At end of test (North side)                       (d) At end of test (South side) 
 

     
 

            (e) At end of test (West side)                         (f) At end of test (East side) 
 

Figure A-11 Specimen CV8 (Cont’) 
 

Concrete spalling Gap 2 damage

Interface damage 

Gap 1 damage 

Gap 1 damage
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                   (a) Form for grout                                          (b) Form for grout 
 

     
 

                   (c) Brace system for form                               (d) After grout 
 

Figure A-12 Repair of damaged specimen 
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Appendix B—Moment-drift hysteresis curves for test specimens 
 
As mentioned in the Chapter 4 Section 4.3, the moment at the base, where the critical 
section is, accounts for the geometry, lateral loads, and axial loads within the system, 
including the Δ−P  effect. Moment is calculated by Eq. 4-1. Lateral drift, expressed in 
percentage, is defined as the lateral displacement at the point of application ( 2Δ ) of the 
horizontal load divided by the vertical distances from the base of the column to the 
horizontal loading position ( 1H ), and calculated as follow: 
 
 %10012 ×Δ= HDrift     [B-1] 
 
where 1H  is 650 mm for all the test specimens except specimen CV5 which is 350 mm. 
 
Figure B-1 to Figure B-11 show the moment-drift hysteretic response for the test 
specimens. 
 
A moment-drift envelope for each column was obtained by connecting the peak points 
for the initial hysteresis loop obtained at each displacement level. The moment-drift 
envelopes for the test specimens are shown in Figure B-12. 
 

-800

-600

-400

-200

0

200

400

600

800

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
Drift (percent)

M
om

en
t (

kN
·m

)

P 

R 

80
0 

65
0 

200 200 

 
 

Figure B-1 Moment–drift hysteresis loops for specimen CV0A 
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Figure B-2 Moment–drift hysteresis loops for specimen CV0AR 

-800

-600

-400

-200

0

200

400

600

800

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
Drift (percent)

M
om

en
t (

kN
·m

)

P 

R 

80
0 

65
0 

200 200 

 
 

Figure B-3 Moment–drift hysteresis loops for specimen CV0B 
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Figure B-4 Moment–drift hysteresis loops for specimen CV1 
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Figure B-5 Moment–drift hysteresis loops for specimen CV2 
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Figure B-6 Moment–drift hysteresis loops for specimen CV3 
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Figure B-7 Moment–drift hysteresis loops for specimen CV4 
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Figure B-8 Moment–drift hysteresis loops for specimen CV5 
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Figure B-9 Moment–drift hysteresis loops for specimen CV6 



 280

 

-800

-600

-400

-200

0

200

400

600

800

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
Drift (percent)

M
om

en
t (

kN
·m

)

P 

R 

80
0 

65
0 

200 200 

 
 

Figure B-10 Moment–drift hysteresis loops for specimen CV7 
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Figure B-11 Moment–drift hysteresis loops for specimen CV8 
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Figure B-12 Moment–drift envelopes for test specimens 
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Appendix C—Peak lateral force comparisons between finite element analysis results 
and proposed model evaluations for columns with parameter variations 

 
As discussed in the Chapter 6 Section 6.4.4, Tables 6-7 and 6-8 show the range of the 
comparison between the finite element analysis result and the proposed model evaluation 
for 400×400×800 mm and 600×600×1225 mm columns with parameters varied. 
Parameters considered include collar spacing and collar stiffness, bolt pretension, 
longitudinal reinforcement ratio, aspect ratio, axial compression index, concrete 
compressive strength. Detailed values for finite element result and proposed model 
evaluations are shown in Tables C-1 (a) through C-1 (u) and Tables C-2 (a) through 
C-2 (u).  
 
For the 400×400×800 mm columns, the specimen CV1 was taken as the standard case 
reference collared column in the parametric study for convenience, with variations of the 
parameters reported in the corresponding tables: 30×50 mm external steel collar with 
centre-to-centre spacing of 150 mm, concrete compressive strength of 33.3 MPa, ten 25M 
longitudinal bars, shear span of 650 mm, no pretension applied to the collar connection 
bolts, and axial compression index of 0.3. Similarly, for the 600×600×1225 mm columns, 
the standard case reference collared column has the following features (identical to CV1 
except for the shear span): 30×50 mm external steel collar with centre-to-centre spacing 
of 150 mm, concrete compressive strength of 33.3 MPa, ten 25M longitudinal bars, shear 
span of 1100 mm, no pretension applied to the collar connection bolts, and axial 
compression index of 0.3. 
   

flexurelsaV ,  is the lateral force corresponding to flexural strength from layered sectional 
analysis; shearlsaV ,  is the shear strength from layered sectional analysis; flexureesaV ,  is the 
lateral force corresponding to flexural strength from equivalent rectangular stress block 
sectional analysis; shearesaV ,  is the shear strength from equivalent rectangular stress block 
sectional analysis; feaVmax,  is the peak lateral force from finite element analysis; esaVmax,   
is the maximum lateral force from equivalent rectangular stress block sectional analysis, 
which is taken as the smaller value of flexureesaV ,  and shearesaV , ; lsaVmax,  is the maximum 
lateral force from layered sectional analysis, which is taken as the smaller value of 

flexurelsaV ,  and shearlsaV , . 
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Table C-1 (a) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with collar spacing varied) 

 
Collar 

c/c 
spacing 

(mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

100 777  1243  818  1242  846  777  818  1.09  1.03  

150 770  977  777  977  768  770  777  1.00  0.99  

200 768  825  748  825  736  768  748  0.96  0.98  

250 767  728  734  728  704  728 * 728  0.97  0.97  

300 762  661  725  661  668  661  661  1.01  1.01  

Mean               1.00  1.00  

C. O. V.               0.05  0.03  
* Shaded cell in the following tables indicates the peak lateral force is governed by the shear 

strength instead of the flexural strength 
 
Table C-1 (b) Peak lateral force comparisons between finite element analysis results and 

proposed model evaluations (400×400×800 mm columns with bolt pretension varied) 
 

Bolt 
pretens-
ion (kN) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

0 770  977  777  977  768  770  777  1.00  0.99  

41 777  981  792  980  786  777  792  1.01  0.99  

82 785  985  808  984  782  785  808  1.00  0.97  

123 793  988  821  988  807  793  821  1.02  0.98  

143 797  990  827  989  828  797  827  1.04  1.00  

Mean               1.01  0.99  

C. O. V.               0.02  0.01  
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Table C-1 (c) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with longitudinal reinforcement 

varied) 
 

Long. 
reinfor.

and 
ratio 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

Ten 
10M-

0.63% 
430  585  440  977  581  430  440  1.35  1.32  

Ten 
15M-

1.25% 
516  792  525  977  697  516  525  1.35  1.33  

Ten 
20M-

1.88% 
601  873  609  977  754  601  609  1.25  1.24  

Ten 
25M-

3.13% 
770  977  777  977  768  770  777  1.00  0.99  

Ten 
30M-

4.38% 
939  1045  943  977  729  939  943  0.78  0.77  

Mean               1.15  1.13  

C. O. V.               0.22  0.21  
 

Table C-1 (d) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with aspect ratio varied) 

 
Aspect 
ratio, 
shear 
span 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

0.5625, 
225 mm 2230  1353  2245  977  1694  1353  977  1.25  1.73  

0.9375, 
375 mm 1331  1166  1347  977  1096  1166  977  0.94  1.12  

1.3125, 
525 mm 952  925  962  977  743  925  962  0.80  0.77  

1.625, 
650 mm 770  977  777  977  769  770  777  1.00  0.99  

1.875, 
750 mm 667  930  673  977  706  667  673  1.06  1.05  

Mean               1.01  1.13  

C. O. V.               0.16  0.32  
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Table C-1 (e) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

20×20 763  507  728  507  666  507  507  1.31  1.31  

20×30 761  598  734  598  691  598  598  1.16  1.16  

20×40 762  687  741  687  707  687  687  1.03  1.03  

20×50 763  774  750  774  721  763  750  0.94  0.96  

20×60 765  858  761  858  727  765  761  0.95  0.96  

Mean               1.08  1.08  

C. O. V.               0.15  0.14  
 

Table C-1 (f) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

30×20 763  598  735  598  690  598  598  1.15  1.15  

30×30 767  731  746  731  727  731  731  0.99  0.99  

30×40 769  858  759  857  758  769  759  0.99  1.00  

30×50 770  977  777  977  768  770  777  1.00  0.99  

30×60 771  1087  786  1087  812  771  786  1.05  1.03  

30×70 774  1191  801  1191  825  774  801  1.07  1.03  

30×80 776  1289  818  1288  836  776  818  1.08  1.02  

Mean               1.05  1.03  

C. O. V.               0.05  0.05  
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Table C-1 (g) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

40×20 768  688  744  688  699  688  688  1.02  1.02  

40×30 770  858  759  857  760  770  759  0.99  1.00  

40×40 772  1014  774  1013  820  772  774  1.06  1.06  

40×50 773  1156  790  1155  851  773  790  1.10  1.08  

40×60 774  1287  807  1286  866  774  807  1.12  1.07  

40×70 778  1409  826  1408  874  778  826  1.12  1.06  

40×80 781  1521  846  1520  884  781  846  1.13  1.04  

Mean               1.08  1.05  

C. O. V.               0.04  0.02  
 

Table C-1 (h) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

50×20 767  774  750  774  754  767  750  0.98  1.01  

50×30 770  975  768  975  791  770  768  1.03  1.03  

50×40 772  1155  785  1155  844  772  785  1.09  1.07  

50×50 774  1317  804  1316  862  774  804  1.11  1.07  

50×60 778  1464  824  1463  898  778  824  1.15  1.09  

50×70 782  1598  844  1597  871  782  844  1.11  1.03  

50×80 788  1722  868  1720  880  788  868  1.12  1.01  

Mean               1.09  1.05  

C. O. V.               0.05  0.03  
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Table C-1 (i) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

60×20 768  857  755  857  756  768  755  0.99  1.00  

60×30 774  1085  775  1084  839  774  775  1.08  1.08  

60×40 771  1285  794  1284  897  771  794  1.16  1.13  

60×50 780  1463  815  1461  907  780  815  1.16  1.11  

60×60 783  1622  836  1620  908  783  836  1.16  1.09  

60×70 787  1766  858  1764  918  787  858  1.17  1.07  

60×80 794  1898  880  1896  920  794  880  1.16  1.05  

Mean               1.13  1.08  

C. O. V.               0.06  0.04  
 

Table C-1 (j) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

70×30 773  1187  780  1187  865  773  780  1.12  1.11  

70×40 776  1404  801  1403  904  776  801  1.17  1.13  

70×50 780  1595  823  1594  916  780  823  1.17  1.11  

70×60 786  1764  845  1763  923  786  845  1.17  1.09  

70×70 792  1916  868  1915  927  792  868  1.17  1.07  

70×80 799  2055  890  2053  930  799  890  1.16  1.05  

Mean               1.16  1.09  

C. O. V.               0.02  0.02  
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Table C-1 (k) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

80×30 776  1283  784  1282  888  776  784  1.14  1.13  

80×40 779  1515  806  1514  912  779  806  1.17  1.13  

80×50 784  1716  848  1715  926  784  848  1.18  1.09  

80×60 789  1894  852  1892  930  789  852  1.18  1.09  

80×70 796  2053  875  2051  937  796  875  1.18  1.07  

80×80 804  2321  897  2321  934  804  897  1.16  1.04  

Mean               1.17  1.09  

C. O. V.               0.01  0.03  
 

Table C-1 (l) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with concrete strength varied) 

 
Collar, 

concrete
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

20x20, 
20 MPa 627  427  613  427  391  427  427  0.92  0.92  

20x20, 
30 MPa 730  487  700  486  596  487  486  1.22  1.22  

20x20, 
40 MPa 801  520  784  550  788  520  550  1.52  1.43  

20x20, 
50 MPa 925  619  865  619  1010  619  619  1.63  1.63  

20x20, 
60 MPa 1023  695  944  691  1217  695  691  1.75  1.76  

Mean               1.41  1.39  

C. O. V.               0.24  0.24  
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Table C-1 (m) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with concrete strength varied) 

 
Collar, 

concrete
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

30×50, 
20 MPa 638  911  652  910  505  638  652  0.79  0.77  

30×50, 
30 MPa 736  960  743  959  713  736  743  0.97  0.96  

30×50, 
40 MPa 835  1010  829  1009  878  835  829  1.05  1.06  

30×50, 
50 MPa 926  1061  910  1061  1094  926  910  1.18  1.20  

30×50, 
60 MPa 1032  1115  988  1115  1286  1032  988  1.25  1.30  

Mean               1.05  1.06  

C. O. V.               0.17  0.19  
 

Table C-1 (n) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with concrete strength varied) 

 
Collar, 

concrete
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

60×60, 
20 MPa 652  1305  701  1305  556  652  701  0.85  0.79  

60×60, 
30 MPa 731  1604  804  1602  804  731  804  1.10  1.00  

60×60, 
40 MPa 847  1658  899  1657  1008  847  899  1.19  1.12  

60×60, 
50 MPa 941  1713  989  1712  1194  941  989  1.27  1.21  

60×60, 
60 MPa 1035  1769  1075  1767  1400  1035  1075  1.35  1.30  

Mean               1.15  1.08  

C. O. V.               0.17  0.18  
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Table C-1 (o) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with concrete strength varied) 

 
Collar, 

concrete
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

70×70, 
20 MPa 661  1558  727  1558  594  661  727  0.90  0.82  

70×70, 
30 MPa 761  1897  835  1896  821  761  835  1.08  0.98  

70×70, 
40 MPa 855  1955  933  1954  1034  855  933  1.21  1.11  

70×70, 
50 MPa 949  2012  1016  2011  1218  949  1016  1.28  1.20  

70×70, 
60 MPa 1040  2072  1113  2071  1407  1040  1113  1.35  1.26  

Mean               1.16  1.07  

C. O. V.               0.15  0.17  
 

Table C-1 (p) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with concrete strength varied) 

 
Collar, 

concrete  
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

80×80, 
20 MPa 675  1843  745  1843  618  675  745  0.92  0.83  

80×80, 
30 MPa 773  2318  863  2318  838  773  863  1.08  0.97  

80×80, 
40 MPa 869  2328  964  2328  1044  869  964  1.20  1.08  

80×80, 
50 MPa 960  2336  1057  2336  1247  960  1057  1.30  1.18  

80×80, 
60 MPa 1051  2343  1146  2343  1440  1051  1146  1.37  1.26  

Mean               1.17  1.06  

C. O. V.               0.15  0.16  
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Table C-1 (q) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

20×20, 0.0 540  393  532  393  487  393  393  1.24  1.24  

20×20, 0.1 655  426  634  425  543  426  425  1.28  1.28  

20×20, 0.2 722  463  688  463  608  463  463  1.31  1.31  

20×20, 0.3 763  507  728  507  671  507  507  1.32  1.32  

20×20, 0.4 793  601  736  559  710  601  559  1.18  1.27  

20×20, 0.5 755  607  686  599  787  607  599  1.30  1.31  

20×20, 0.6 710  633  632  599  823  633  599  1.30  1.37  

20×20, 0.7 661  599  570  599  838  599   570  1.40  1.47  

Mean               1.29  1.32  

C. O. V.               0.05  0.05  
 

Table C-1 (r) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

30×50, 0.0 541  856  540  855  597  541  540  1.11  1.11  

30×50, 0.1 657  894  648  894  641  657  648  0.98  0.99  

30×50, 0.2 729  935  724  934  701  729  724  0.96  0.97  

30×50, 0.3 769  977  777  977  768  769  777  1.00  0.99  

30×50, 0.4 802  947  810  1022  827  802  810  1.03  1.02  

30×50, 0.5 770  1003  808  1070  904  770  808  1.17  1.12  

30×50, 0.6 709  1087  764  1062  942  709  764  1.33  1.23  

30×50, 0.7 680  893  716  892  967  680  716  1.42  1.35  

Mean               1.12  1.10  

C. O. V.               0.14  0.11  
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Table C-1 (s) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

60×60, 0.0 543  1466  553  1464  665  543  553  1.22  1.20  

60×60, 0.1 660  1517  667  1515  715  660  667  1.08  1.07  

60×60, 0.2 738  1569  769  1567  801  738  769  1.09  1.04  

60×60, 0.3 783  1622  836  1620  907  783  836  1.16  1.09  

60×60, 0.4 820  1676  893  1675  979  820  893  1.19  1.10  

60×60, 0.5 801  1330  932  1730  1069  801  932  1.33  1.15  

60×60, 0.6 724  1788  951  1787  1114  724  951  1.54  1.17  

60×60, 0.7 719  1846  919  1845  1161  719  919  1.61  1.26  

Mean               1.28  1.14  

C. O. V.               0.14  0.06  
 

Table C-1 (t) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

70×70, 0.0 544  1791  560  1791  673  544  560  1.24  1.20  

70×70, 0.1 662  1801  677  1799  737  662  677  1.11  1.09  

70×70, 0.2 743  1858  785  1857  819  743  785  1.10  1.04  

70×70, 0.3 790  1917  869  1915  926  790  869  1.17  1.07  

70×70, 0.4 828  1976  931  1974  1023  828  931  1.23  1.10  

70×70, 0.5 816  1791  984  2034  1096  816  984  1.34  1.11  

70×70, 0.6 779  1915  1023  2095  1156  779  1023  1.48  1.13  

70×70, 0.7 739  2085  1030  2157  1214  739  1030  1.64  1.18  

Mean               1.29  1.12  

C. O. V.               0.13  0.04  
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Table C-1 (u) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (400×400×800 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

80×80, 0.0 546  2322  567  2322  688  546  567  1.26  1.21  

80×80, 0.1 665  2322  687  2322  769  665  687  1.16  1.12  

80×80, 0.2 755  2322  799  2322  831  755  799  1.10  1.04  

80×80, 0.3 804  2322  899  2322  936  804  899  1.16  1.04  

80×80, 0.4 847  2322  966  2322  1038  847  966  1.23  1.07  

80×80, 0.5 853  2322  1029  2322  1111  853  1029  1.30  1.08  

80×80, 0.6 819  2322  1079  2322  1183  819  1079  1.44  1.10  

80×80, 0.7 782  2775  1118  2322  1230  782  1118  1.57  1.10  

Mean               1.28  1.10  

C. O. V.               0.11  0.05  
 

Table C-2 (a) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with collar spacing varied) 

 
Collar 

c/c 
spacing 

(mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

100 1092  1793  1130  1792  1466  1092  1130  1.34  1.30  

150 1089  1478  1070  1477  1457  1089  1070  1.34  1.36  

200 1090  1298  1045  1297  1434  1090  1045  1.32  1.37  

250 1084  1183  1031  1182  1454  1084  1031  1.34  1.41  

300 1084  1105  1023  1104  1412  1084  1023  1.30  1.38  

Mean               1.33  1.36  

C. O. V.               0.01  0.03  
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Table C-2 (b) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with bolt pretension varied) 

 
Bolt 

pretens
-ion 
(kN) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

0 1089  1478  1070  1477  1457  1089  1070  1.34  1.36  

41 1102  1485  1107  1484  1466  1102  1107  1.33  1.32  

82 1114  1491  1139  1490  1485  1114  1139  1.33  1.30  

123 1126  1496  1164  1496  1494  1126  1164  1.33  1.28  

143 1129  1499  1175  1498  1498  1129  1175  1.33  1.27  

Mean               1.33  1.31  

C. O. V.               0.00  0.03  
 

Table C-2 (c) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with longitudinal 

reinforcement varied) 
 

Long. 
reinfor.

and 
ratio 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

Ten 
15M-

0.56% 
842  1771  829  1477  1116  842  829  1.33  1.35  

Ten 
25M-

1.39% 
1088  1486  1070  1477  1227  1088  1070  1.13  1.15  

Ten 
30M-

1.89% 
1250  1594  1229  1477  1310  1250  1229  1.05  1.07  

Ten 
35M-

2.78% 
1493  1710  1466  1477  1457  1493  1466  0.98  0.99  

Ten 
45M-

4.17% 
1896  1841  1857  1477  1528  1841  1477  0.83  1.03  

Mean               1.06  1.12  

C. O. V.               0.17  0.12  
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Table C-2 (d) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with aspect ratio varied) 

 
Aspect 
ratio, 
shear 
span 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

0.8333, 
500 mm 2393  2119  2354  2103  2104  2119  2103  0.99  1.00  

1.0833, 
650 mm 1841  1882  1811  1869  2048  1841  1811  1.11  1.13  

1.3333, 
800 mm 1496  1421  1471  1705  1760  1421  1471  1.24  1.20  

1.5333, 
950 mm 1259  1588  1239  1578  1581  1259  1239  1.26  1.28  

1.8333, 
1100 m

m 
1088  1486  1070  1477  1457  1088  1070  1.34  1.36  

Mean               1.19  1.19  

C. O. V.               0.11  0.12  
 

Table C-2 (e) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

20×20 1081  1156  1023  1156  1393  1081  1023  1.29  1.36  

20×30 1083  1395  1030  1395  1410  1083  1030  1.30  1.37  

20×40 1085  1133  1034  1133  1421  1085  1034  1.31  1.37  

20×50 1085  1236  1043  1235  1428  1085  1043  1.32  1.37  

20×60 1086  1336  1054  1335  1430  1086  1054  1.32  1.36  

Mean               1.31  1.37  

C. O. V.               0.01  0.01  
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Table C-2 (f) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

30×20 1088  1395  1029  1394  1406  1088  1029  1.29  1.37  

30×30 1087  1185  1041  1185  1424  1087  1041  1.31  1.37  

30×40 1085  1336  1054  1335  1448  1085  1054  1.33  1.37  

30×50 1089  1478  1070  1477  1457  1089  1070  1.34  1.36  

30×60 1088  1610  1087  1609  1457  1088  1087  1.34  1.34  

30×70 1092  1733  1109  1732  1464  1092  1109  1.34  1.32  

30×80 1096  1848  1132  1847  1473  1096  1132  1.34  1.30  

Mean               1.33  1.35  

C. O. V.               0.01  0.02  
 

Table C-2 (g) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

40×20 1088  1134  1040  1134  1418  1088  1040  1.30  1.36  

40×30 1093  1337  1057  1336  1440  1093  1057  1.32  1.36  

40×40 1094  1523  1077  1523  1455  1094  1077  1.33  1.35  

40×50 1097  1693  1100  1692  1470  1097  1100  1.34  1.34  

40×60 1093  1847  1125  1846  1484  1093  1125  1.36  1.32  

40×70 1103  1988  1152  1976  1496  1103  1152  1.36  1.30  

40×80 1102  2358  1181  1896  1506  1102  1181  1.37  1.27  

Mean               1.34  1.33  

C. O. V.               0.02  0.02  
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Table C-2 (h) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

50×20 1088  1238  1051  1237  1439  1088  1051  1.32  1.37  

50×30 1095  1479  1076  1478  1443  1095  1076  1.32  1.34  

50×40 1096  1694  1102  1692  1481  1096  1102  1.35  1.34  

50×50 1097  1884  1131  1882  1499  1097  1131  1.37  1.33  

50×60 1102  2346  1160  1877  1516  1102  1160  1.38  1.31  

50×70 1103  2364  1191  2061  1536  1103  1191  1.39  1.29  

50×80 1107  2346  1223  2341  1551  1107  1223  1.40  1.27  

Mean               1.36  1.32  

C. O. V.               0.02  0.03  
 

Table C-2 (i) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

60×20 1089  1338  1064  1337  1433  1089  1064  1.32  1.35  

60×30 1095  1611  1094  1610  1459  1095  1094  1.33  1.33  

60×40 1098  1848  1126  1846  1508  1098  1126  1.37  1.34  

60×50 1102  1782  1158  1833  1528  1102  1158  1.39  1.32  

60×60 1104  2364  1190  2115  1636  1104  1190  1.48  1.37  

60×70 1107  2450  1223  2449  1558  1107  1223  1.41  1.27  

60×80 1114  2785  1247  2785  1566  1114  1247  1.41  1.26  

Mean               1.39  1.32  

C. O. V.               0.04  0.03  
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Table C-2 (j) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

70×30 1100  1734  1112  1733  1489  1100  1112  1.35  1.34  

70×40 1099  1987  1146  1968  1536  1099  1146  1.40  1.34  

70×50 1102  2364  1180  2058  1553  1102  1180  1.41  1.32  

70×60 1107  2447  1215  2447  1561  1107  1215  1.41  1.28  

70×70 1112  2837  1242  2837  1569  1112  1242  1.41  1.26  

70×80 1120  3228  1264  3228  1580  1120  1264  1.41  1.25  

Mean               1.40  1.30  

C. O. V.               0.02  0.03  
 

Table C-2 (k) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with collar dimension varied) 

 
Collar 
(mm× 
mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

80×30 1100  1847  1126  1846  1512  1100  1126  1.38  1.34  

80×40 1101  1891  1162  1891  1547  1101  1162  1.40  1.33  

80×50 1106  2335  1199  2335  1565  1106  1199  1.42  1.30  

80×60 1112  2779  1233  2779  1570  1112  1233  1.41  1.27  

80×70 1121  3223  1255  3223  1578  1121  1255  1.41  1.26  

80×80 1127  3670  1278  3670  1578  1127  1278  1.40  1.24  

Mean               1.40  1.29  

C. O. V.               0.01  0.03  
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Table C-2 (l) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with concrete strength varied) 

 
Collar, 

concrete
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

20x20, 
20 MPa 815  724  791  724  880  724  724  1.22  1.22  

20x20, 
30 MPa 1018  1122  966  677  1267  1018  677  1.24  1.87  

20x20, 
40 MPa 1215  1219  1138  830  1599  1215  830  1.32  1.93  

20x20, 
50 MPa 1408  1305  1305  1071  1893  1305  1071  1.45  1.77  

20x20, 
60 MPa 1607  1382  1466  1382  2178  1382  1382  1.58  1.58  

Mean               1.36  1.67  

C. O. V.               0.11  0.17  
 

Table C-2 (m) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with concrete strength varied) 

 
Collar, 

concrete
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

30×50, 
20 MPa 823  1179  837  1315  960  823  837  1.17  1.15  

30×50, 
30 MPa 1024  1437  1013  1436  1310  1024  1013  1.28  1.29  

30×50, 
40 MPa 1220  2528  1184  1563  1641  1220  1184  1.35  1.39  

30×50, 
50 MPa 1410  2627  1350  1030  1943  1410  1030  1.38  1.89  

30×50, 
60 MPa 1617  2702  1511  1133  2239  1617  1133  1.38  1.98  

Mean               1.31  1.54  

C. O. V.               0.07  0.24  
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Table C-2 (n) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with concrete strength varied) 

 
Collar, 

concrete
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

60×60, 
20 MPa 842  2089  931  2089  1116  842  931  1.33  1.20  

60×60, 
30 MPa 1039  2109  1128  2109  1418  1039  1128  1.37  1.26  

60×60, 
40 MPa 1235  2554  1310  2126  1713  1235  1310  1.39  1.31  

60×60, 
50 MPa 1429  2875  1484  2141  2008  1429  1484  1.41  1.35  

60×60, 
60 MPa 1622  3252  1653  2154  2347  1622  1653  1.45  1.42  

Mean               1.39  1.31  

C. O. V.               0.03  0.06  
 

Table C-2 (o) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with concrete strength varied) 

 
Collar, 

concrete
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

70×70, 
20 MPa 855  2809  956  2809  1153  855  956  1.35  1.21  

70×70, 
30 MPa 1049  2831  1173  2831  1450  1049  1173  1.38  1.24  

70×70, 
40 MPa 1243  2849  1373  2849  1739  1243  1373  1.40  1.27  

70×70, 
50 MPa 1433  2864  1553  2864  2051  1433  1553  1.43  1.32  

70×70, 
60 MPa 1623  3027  1726  2877  2375  1623  1726  1.46  1.38  

Mean               1.41  1.28  

C. O. V.               0.03  0.05  
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Table C-2 (p) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with concrete strength varied) 

 
Collar, 

concrete  
(mm× 
mm, 
MPa) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

80×80, 
20 MPa 868  3639  977  3638  1166  868  977  1.34  1.19  

80×80, 
30 MPa 1065  3663  1205  3663  1463  1065  1205  1.37  1.21  

80×80, 
40 MPa 1256  3681  1420  3681  1755  1256  1420  1.40  1.24  

80×80, 
50 MPa 1443  3698  1617  3698  2078  1443  1617  1.44  1.29  

80×80, 
60 MPa 1632  3712  1795  3712  2398  1632  1795  1.47  1.34  

Mean               1.40  1.25  

C. O. V.               0.04  0.05  
 

Table C-2 (q) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

20×20, 0.0 525  598  521  594  650  525  521  1.24  1.25  

20×20, 0.1 781  687  761  684  963  687  684  1.40  1.41  

20×20, 0.2 975  797  935  794  1214  797  794  1.52  1.53  

20×20, 0.3 1082  1164  1021  722  1395  1082  722  1.29  1.93  

20×20, 0.4 1152  1164  1057  982  1540  1152  982  1.34  1.57  

20×20, 0.5 1116  1164  978  1154  1626  1116  978  1.46  1.66  

20×20, 0.6 1044  1164  872  1154  1671  1044  872  1.60  1.92  

20×20, 0.7 942  1164  728  1154  1654  942  728  1.76  2.27  

Mean               1.45  1.69  

C. O. V.               0.11  0.18  
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Table C-2 (r) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

30×50, 0.0 526  1159  525  1152  733  526  525  1.39  1.40  

30×50, 0.1 782  1260  770  1253  983  782  770  1.26  1.28  

30×50, 0.2 979  1369  969  1361  1243  979  969  1.27  1.28  

30×50, 0.3 1088  1486  1070  1477  1457  1088  1070  1.34  1.36  

30×50, 0.4 1161  2527  1132  1007  1616  1161  1007  1.39  1.61  

30×50, 0.5 1131  2527  1102  949  1751  1131  949  1.55  1.85  

30×50, 0.6 1062  2527  1019  1048  1854  1062  1019  1.75  1.82  

30×50, 0.7 965  2527  905  1280  1888  965  905  1.96  2.09  

Mean               1.49  1.58  

C. O. V.               0.15  0.17  
 

Table C-2 (s) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

60×60, 0.0 527  2125  535  2114  704  527  535  1.34  1.32  

60×60, 0.1 785  2125  791  2114  1009  785  791  1.29  1.28  

60×60, 0.2 990  2125  1016  2114  1304  990  1016  1.32  1.28  

60×60, 0.3 1104  2364  1187  2114  1547  1104  1187  1.40  1.30  

60×60, 0.4 1186  2125  1294  2114  1783  1186  1294  1.50  1.38  

60×60, 0.5 1172  2517  1370  2114  1916  1172  1370  1.64  1.40  

60×60, 0.6 1112  3068  1384  2114  2025  1112  1384  1.82  1.46  

60×60, 0.7 1026  3816  1331  2114  2116  1026  1331  2.06  1.59  

Mean               1.55  1.38  

C. O. V.               0.16  0.07  
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Table C-2 (t) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

70×70, 0.0 528  2848  541  2837  710  528  541  1.34  1.31  

70×70, 0.1 786  2848  802  2837  1015  786  802  1.29  1.26  

70×70, 0.2 995  2848  1039  2837  1317  995  1039  1.32  1.27  

70×70, 0.3 1115  2848  1242  2837  1569  1115  1242  1.41  1.26  

70×70, 0.4 1201  2848  1377  2837  1830  1201  1377  1.52  1.33  

70×70, 0.5 1198  2848  1480  2837  2037  1198  1480  1.70  1.38  

70×70, 0.6 1144  2848  1554  2837  2204  1144  1554  1.93  1.42  

70×70, 0.7 1065  2931  1561  2837  2364  1065  1561  2.22  1.51  

Mean               1.59  1.34  

C. O. V.               0.19  0.06  
 

Table C-2 (u) Peak lateral force comparisons between finite element analysis results and 
proposed model evaluations (600×600×1225 mm columns with axial compression varied) 

 
Collar, axial 

compression 
index 

(mm×mm) 

Vlsa,flexure 
(kN) 

Vlsa,shear 
(kN) 

Vesa,flexure 
(kN) 

Vesa,shear 
(kN) 

Vmax,fea 
(kN) 

Vmax,lsa 
(kN) 

Vmax,esa 
(kN) 

Vmax,fea 
/Vmax,lsa

Vmax,fea 
/Vmax,esa

80×80, 0.0 529  3680  547  3668  705  529  547  1.33  1.29  

80×80, 0.1 788  3680  812  3668  1021  788  812  1.30  1.26  

80×80, 0.2 1001  3680  1058  3668  1322  1001  1058  1.32  1.25  

80×80, 0.3 1126  3680  1275  3668  1580  1126  1275  1.40  1.24  

80×80, 0.4 1218  3680  1443  3668  1855  1218  1443  1.52  1.29  

80×80, 0.5 1227  3680  1568  3668  2078  1227  1568  1.69  1.33  

80×80, 0.6 1178  3680  1668  3668  2292  1178  1668  1.94  1.37  

80×80, 0.7 1107  3680  1740  3668  2504  1107  1740  2.26  1.44  

Mean               1.60  1.31  

C. O. V.               0.20  0.05  
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