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ABSTRACT OF THE THESIS

Development of a Rapid Design Procedure for Emergency Repair of Bridge Columns

Using Fiber-Reinforced Polymers

by
Susan E. Slater
Master of Science in Structural Engineering
University of California, San Diego, 2008

Professor Vistasp Karbhari, Chair

Fiber reinforced polymers (FRP) are increasingly used for seismic retrofit of
undamaged bridge columns. The addition of a confining jacket increases overall strength
and ductility of the column. However, FRPs can also be used for repair of a damaged
bridge column after a seismic event. This research project explores the application of
FRPs for retrofit of damaged circular columns. A decision tree for the emergency repair
of damaged columns is presented. The decision tree aids field engineers first in assessing
the extent of damage to a column from a seismic event, impact or any other source of
damage. Once the level of damage is specified, the decision tree can be used to
determine the feasibility of FRP retrofitting. If an FRP jacket is a viable option,
suggested simplified design guidelines can be used to determine the design thickness and
type of required FRP jacket that should be used for the emergency repair of the column.

The project included detailed evaluation of existing confining models and a proposition



of a new model based on a large database of previously tested specimen columns.
Several design equations were also evaluated in order to find the most accurate yet simple
approach for the design thickness. The end result is a step-by-step simplified guide for

engineers to use in the field for emergency repair of damaged circular bridge columns.

xi



Chapter 1

Introduction

1.1 Introduction

Fiber reinforced polymers (FRPs) are used extensively for seismic retrofit of
columns to enhance the ductility of the column and increase the axial load carrying
capacity. The effectiveness of this method has been widely studied and proven through
full scale laboratory testing and field installation. A variety of fabrication techniques
have been implemented with success including wet layup, winding with wet tow or
prepreg tow, wrapping of prepregs and adhesive bonding of prefabricated sections.

Seismic retrofit focuses on bridges that are currently undamaged, but deemed
deficient for seismic events. There has been little research into the repair of already
deficient columns using FRP systems. There is a need for rapid methods that enable
emergency repair in order to maintain use of high priority bridges after a seismic event.
It is noted that although the seismic retrofit concepts are applicable for emergency repair,

there is a lack of availability of guidelines and testing for this application.

1.2  Research Objectives and Motivations

The main objective for this research is to create guidelines for the emergency
repair of damaged bridge columns. This project will lead to guidelines that can be used
by field engineers to assess whether emergency repair using FRP materials is a viable

option, and if so, steps to be taken to design and implement the repair system. The



motivation for the guidelines is to generate a rapid response for repair of damaged
columns in order to maintain access to key bridges after a seismic event.

There are also several motivations for specifically using FRP as opposed to the
more traditional steel jackets for repair. FRP allows for a more rapid installation process.
Steel jackets would need to be manufactured and then installed; whereas, wet layup based
fabrication of FRP jackets enables the agency to be ready to implement the repair at any
moment. Rapid installation at any time is crucial for emergency repair. FRP wet layup
also allows for ease of talorability to specific column geometries, since the fabric can
conform to any shape of column. The installation process also does not require large
machinery, which allows for implementation in more restricted areas when compared
with steel jacketing. There are also potential long term advantages for using FRP. There
is a potential for enhanced durability and decreased maintenance, due to the materials non

corrosive quality.

1.3 Literature Review

It is well known the effectiveness of using FRP jackets for seismic retrofit and the
concept has been used with success in the field extensively. However, there has been
considerably less research of the use of FRP jackets for repair of damaged or corroded
columns. This section will review important research that has been conducted in the
topic of column repair with FRP jackets. There will also be a review of confinement
models for FRP jackets in Chapter 3 and a review of guidelines for design of FRP jackets

in Chapter 4.



1.3.1 Saadatmanesh et al. (1997)

Saadatmanesh et al. [37] performed experimental tests on reinforced concrete
columns with earthquake like damage repaired with GRRP jackets. Unidirectional E-
glass fiber in a polyester matrix were wrapped around damaged sections of concrete
columns. Four 1/5 scale columns with single bend and a strong footing were used. The
specimens consisted of two circular columns and two rectangular columns. Each column
corresponded to certain design deficiencies often seen in the field, such as inadequate
transverse reinforcement or started bar lap length. The original columns were tested to
failure and damaged included debonding of the starter bars, spalling and crushing of
concrete, local buckling of the longitudinal reinforcement, yielding of the stirrups and
separation of the main bars from the concrete core. The columns were then repaired
using 0.8 mm of FRP jacket. This thickness was chosen based on the amount of
confining pressure needed to return the column to current design standards.

The repaired columns were subjected to the same loading cycle as the original
columns. It was observed that the repaired columns performed at least as well or better
than the original columns. In particular, the repaired columns showed a significant
increase in the level of strength and ductility achievable. The repaired columns exhibited
a ductility level of between 4 and 6, whereas the original columns had ductility levels as
low as 1.5. In addition, the repaired columns showed a slower rate of stiffness
degradation with each cycle when compared with the original column stiffness
degradation rate. It was also observed that the repaired columns showed much larger

lateral displacements at low load levels, which is most likely due to the existing damage.



Saadatmanesh et al. [37] concluded that FRP wraps are effective in restoring the

flexural strength and ductility capacity of concrete columns.

1.3.2 Maand Xiao (1999)

Ma and Xiao [29] investigated the use of prefabricated GFRP jackets to repair
circular bridge columns that have poor lap slice details. A 2 scale column was used for
testing, which was built to the pre-1971 design standards; and therefore, possessed certain
deficiency for seismic design, including inadequate lap splice lengths. The as-built
column was tested to failure, with a failure mode of bond failure in the plastic hinge
region. The column was then repaired by injecting epoxy in the damaged plastic hinge
region and then wrapping the column with five layers of prefabricated GFRP shells,
which has a thickness of 2.5 mm per layer.

The repaired column was subjected to a simulated earthquake load. An increase
in ductility from 4 to 6 was observed. Ma and Xiao [29] concluded that GFRP
prefabricated shells are effective in repairing columns and show an improved stiffness, as

well as ductility and energy absorption capacities.

1.3.3 Lee et al. (2000)

Lee et al. [25] conducted experimental tests on large scale reinforced concrete
columns, subjected to an accelerated corrosive environment. A total of seven large scale
concrete columns were tested. Five of the columns were subjected to accelerated
corrosion. The accelerated corrosion was applied by exposing the concrete columns to
sodium chloride, applying an electrical current to the steel reinforcement and subjecting

the columns to wet-dry cycles. The accelerated corrosion resulted in steel loss and



cracking and spalling of the concrete. Three columns were repaired using CFRP sheets
and the remaining four columns were used as control specimens.

The corrosion damaged columns were repaired using a CFRP jacket. The
repaired columns were then tested to failure or subjected to further accelerated corrosion.

Lee et al. [25] observed large improvements in the repaired column strength and
in the rate of additional corrosion. The repaired columns showed an increase in load
carrying capacity of up to 28% as compared to the un-repaired corroded column. It was
also observed that the rate of additional corrosion was decreased by 50%. In addition, the
columns subjected to further corrosion showed no loss of strength or stiffness and only a

small reduction in ductility as compared to the repaired column.

134 Lietal (2003)

Li et al. [26] tested eight circular reinforced concrete columns repaired with FRP
jackets. The columns were designed to conform to all design recommendations put forth
in ACI 318 [2]. The columns were then subjected to tensile tests until failure occurred.
A tensile test was used as opposed to a more realistic bending and compression test
because the damage and crack are more controllable with the tensile test.

Three damaged columns were then repaired using wet layup of four layers of
GFRP fabric with an epoxy resin. Another three columns were repaired using a prepreg
GFRP jacket. Two columns were left un-repaired to use as control specimens. The
columns were then subjected to a uniaxial compression test to determine the modulus of
elasticity and the compressive strength of each column. It was concluded that the FRP

jackets significantly increased the compressive strength of the damaged column. Li et al.



[26] also concluded that the prepreg jacketing system obtains a higher modulus of

elasticity than the wet layup approach.

1.3.5 Tastani et al. (2006)

Tastani et al. [46] tested a total of 12 square columns. Nine of the columns were
constructed according to the old standards with inadequate transverse reinforcement. The
remaining three columns were designed with modern practices. The columns were
subjected to compression loads until the concrete cover spalled away. The columns were
then repaired using either a GFRP or CFRP jacket of 1-2 layers thickness.

Tastani et al. [46] observed that the axial load increased in the repaired columns
when compared with the control columns that were un-repaired. There was also
determined to be an increase in the deformation capability. Tastani et al. [46] also
suggested that the effect of increase in strength and ductility was more pronounced in the
CFRP jackets as opposed to the GFRP jackets. In all cases, the column failure mode was
rupture of the FRP jacket at the corners of the column. This was followed by buckling of

the longitudinal reinforcement in the columns constructed from old design standards.

1.3.6 Vosooghi and Saiidi (2008)

Vosooghi and Saiidi [50] tested a damaged " scale two span bridge, comprised of
two circular columns. The columns were damaged to a level corresponding to damage
state 4, which will be discussed in greater detail in Chapter 2. At this damage state,
concrete has spalled severely and reinforcing bars are visible. This damage state also

corresponded to an approximate drift of 8%.



The concrete columns were repaired using CFRP jackets. The design thickness
was determined using the Caltrans Memo 20-4 [5] design approach, which will be
discussed in more detail in Chapter 4. The end design used 2 layers of CFRP within the
plastic hinge region and one layer on the remaining column.

The repaired columns were tested using three dynamic tests, eight static tests and
four white noise tests. The dynamic tests were the same as on the original column prior
to repair.

Vosooghi and Saiidi [50] concluded that repair design was effective in restoring
strength and ductility to the damaged column. It was observed that the strength, ductility
capacity and drift capacity were restored to at least that of the original column. It was

determined that 87% of the stiffness was restored.

1.4 Scope of Research

This research is aimed at three specific tasks. The first task is to characterize the
level of damage to a column and establish which degrees of damage can be repaired
using FRP jackets. This task will allow field engineers to easily assess and characterize
the amount of damage to the column through visual inspection.

The second task is to develop detailed guidelines for the emergency repair of the
column. This includes a comprehensive review and analysis of existing guidelines
including confining models and design codes.

The final result will be the development of the bases for a decision tree, which

will guide the engineer step-by-step in assessing the damage in the column and then



choosing an appropriate thickness of the FRP jacket that would be required to sufficiently
repair the column.

This research is focused on seismic damage, but is also applicable with minor
modifications to a wide range of damage causes including impact damage, design flaws
or corrosion damage. Although the general procedure is applicable to the full-range of
geometries, this research will only consider circular columns due to their frequency in

existing structures and their relative efficiency of confinement.



Chapter 2

Damage Analysis

2.1 Introduction

The current design philosophy for seismic design of bridges is a “no-collapse”
approach. The designs allow for significant nonlinear response, which can result in
considerable amounts of damage including concrete cracking and spalling, yielding of
reinforcing bars and possibly rupture of some reinforcing bars. Therefore, after seismic
events, the column is damaged, but theoretically repairable. Visual classification of the
damage to a column is an important first step in the repair process. Classification of the
extent of damage can correspond to the status of the column and the method of repair.

Typically field engineers use visual inspections to determine the degree of
damage to the column. Five damage states characterized from their associated visual
characteristics are presented in this chapter. In addition, average response parameters
associated with each damage state, such as strain in the reinforcing bars are presented and

compared with experimental results.

2.2 Damage States

The American Concrete Institute (ACI), Building Research Establishment, Ltd.
(BRE), Concrete Society and International Concrete Repair Institute jointly publish
standards for concrete repair. The result is the Concrete Repair Manual, which is
currently in the second edition released in 2001 [3]. Within the manual are standards for

visually inspecting damaged concrete and the corresponding damage states. The same
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damage states are adopted for this research in order to maintain consistency within
standards for inspection and characterization.

The manual divides the damages states into five distinct damages states (DS), DS-
1 through DS-5. Damage state DS-1 corresponds to very slight damage with minimal
cracking, characterized by flexural cracks and no visible spalling. Damage state DS-2
has slight damage and occurs when first spalling and shear cracks are visible. Damage
state DS-3 is moderate damage and is associated with extensive cracks and spalling.
Damage state DS-4 is severe damage, in which the spiral and longitudinal reinforcing
bars become visible and large cracks, holes and spalled areas are observed. Damage
states DS-5 corresponds to very severe damage and is associated with imminent failure
and cracks propagating within the concrete core. Table 2.1 details the specific visual
characteristics associated with each damage state as referenced in the Concrete Repair

Manual, Second Edition. [3]

Table 2.1- Visual characteristic of damage states.

Damage State
Damage 1 2 3 4 5
(very slight) (slight) (moderate) (severe) (very severe)
Cracks in Width Width Width Width Width
concrete <0.1 mm 0.1-0.3 mm 0.3-1 mm 1-3mm >5mm
Holes
Barely . Holes up to between 10 Holes > =0
Pop-outs : Noticeable 10 mmin mm in
Noticeable : and 50 mm .
diameter o diameter
in diameter
Barely Larger than | Areas up to Areas larger
Spalling Noticeable Noticeable coarse 150 mm than 150 mm
aggregate across

In conjunction with this project, UNR conducted tests on circular reinforced

concrete columns. Columns were damaged to levels corresponding to each damage state



through the visual inspection descriptions. Figures 2.1 through 2.5 show the visual

characteristics associated with each damage state.

Figure 2.2- Damage state DS-2, spalling and shear cracks.

11



Figure 2.4- Damage state DS-4, spiral and longitudinal reinforcing bars visible.

12
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Figure 2.5- Damage state DS-5, imminent failure, cracking inside concrete core.

2.3  Estimated Response Parameters

The two important response parameters considered for this project are the strain
the in longitudinal reinforcing bars and the strain in the spiral hoop reinforcing bars.
Strain in the reinforcing bars is important in determining possible repair methods because
if the longitudinal bars reach a strain at which they could rupture, repair via FRP jackets
is not an appropriate means of repair. Likewise, if the spiral hoops are at a strain level at
which they yield, there is likely damage to the concrete core; therefore, repair with an
FRP jacket is not appropriate.

The strain levels in the reinforcing bars can be estimated based on the visual
classifications associated with each damage state. It is expected that the longitudinal
reinforcing bars will yield once flexural cracks are visible, corresponding to DS-1. The
longitudinal bars yield at this point because a plastic hinge is formed causing the bars to
yield. For Grade 50 steel, the yield strain is between 0.002 and 0.0023. The longitudinal

bars are not expected to reach the rupture strain, since ruptured bars are not observed in
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any of the damage state classifications. The rupture strain for Grade 50 steel is
approximately 0.35.

Similarly, the spiral reinforcing bars would be expected to yield once the cracks in
the concrete propagate into the column core, which corresponds to DS-5. Once the spiral
reinforcement yields, FRP jacket repair is not possible.

The collaborators for this project at UNR measured the response parameters at
each damage state level. Nineteen columns, containing Grade 50 steel reinforcement
were subjected to seismic forces, which caused varying degrees of damage. Each column
was visual inspected and classified into one of the five damage states described above.
Response parameters, including maximum strain in longitudinal reinforcing bars and
maximum strain in spiral reinforcing bars were measured in correlation with each damage
state. Table 2.2 shows the range of strains associated with each damage state. The range

was determined using the average value measured plus and minus the standard deviation.

Table 2.2- Damage state response parameters corresponding to each damage state.

Damage State Response Parameters
Damage State Levels DS-1 DS-2 DS-3 DS-4 DS-5
Maximum Lower Limit | 0.00214 0.0132 0.0194 0.0231 0.0289

Strain in Average | 0.00917 | 0.0183 | 0.0263 | 0.0348 | 0.0425
Longitudinal

Reinforcement | Upper Limit 0.0162 0.0235 0.0332 0.0466 0.0561

'\g?xi,ml!m Lower Limit | 0.000172 | 0.000419 | 0.000632 | 0.00113 | 0.00143
rain in

Spiral Average 0.000307 | 0.000694 | 0.00108 | 0.00167 | 0.00307
Reinforcement —
(microstrains) Upper Limit | 0.000442 | 0.000970 | 0.00152 | 0.00222 | 0.00472
FRP Jacket Application

Appropriate?

No Yes No

The yellow highlighted strains correspond to steel that has yielded (i.e. strain

greater than 0.002). These tests verify that the longitudinal reinforcement yields at DS-2
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and that the spiral reinforcement yields at DS-5. Therefore, repair using FRP wet layup

jackets is not an appropriate option if the column is characterized as DS-5.



Chapter 3

Confinement Models

3.1 Introduction

FRPs are gaining popularity for seismic retrofitting purposes. Even still a reliable
and accurate model of concrete confinement is not agreed upon among experts. Many
models of confined strength of concrete and associated strain have been proposed dating
back to Richart ef al.’s [35] original model in 1928 to the present day. FRP is an
attractive alternative to steel jacketing because of its high strength-to-weight ratio and
resistance to corrosion. FRPs are also appealing due to the relatively ease of construction
through wet-layup and versatility of column geometry that can be easily wrapped.

The objective of this chapter is to review existing models for concrete
confinement, compare results with experimental data, and finally propose a new model
based on the experimental data.

A confined column has increased strength due to the passive restraint provided by
the jacket, which restricts the transverse dilation of the column. Circular columns have
the most efficient section for confining; therefore, this paper will focus on models and
experimental data relating to circular columns only. For a circular column, the lateral
confining pressure from the FRP jacket, f; can be evaluated using a free body diagram as

shown in Figure 3.1,

16
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Figure 3.1- Free body diagram of forces from FRP jacket.
The forces from the free body diagram can be solved for, which results in the

following relation:

Ji=— Equation 3.1

where f is the tensile strength of the FRP in the hoop direction, 7, is the thickness of

the FRP jacket, and D is the diameter of the confined concrete.

Since FRP behaves elastically, the inward pressure due to a jacket increases
continuously. In contrast, steel provides a constant lateral confining pressure. Many early
confinement models are based on the response of steel jacketed specimens. These
models inaccurately model the elastic behavior of FRP. [35, 30, 9] In this paper, several

models will be evaluated and compared to experimental data.
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3.2  Review of Existing Models

3.2.1 Richartetal. (1928)

Richart et al. [35] performed tests on concrete cylinders with steel spiral
reinforcement. The cylinders were subjected to confining hydrostatic pressure.
Experimental results showed that the confining action increased the peak strength of the
concrete as well as the ultimate strain. It was concluded that the strength of confined
concrete at failure, .., could be expressed as a linear function of the lateral confining

pressure, f;, as follows:
Jo =10tk Equation 3.2

where /., is the strength of the unconfined concrete and £; is the confinement
effectiveness coefficient. Richart ef al. [35] recommend using k; = 4.1.

Richart et al. [35] also proposed a model for the longitudinal strain of the
confined concrete at failure, ¢..:

gcc = gco[l + k2 f}y ]
Jeo

Equation 3.3
where k, =5k, and ¢, is the longitudinal strain of the unconfined concrete at failure,

which is typically assumed to be 0.002.

3.2.2 Fardis and Khalili (1982)

Fardis and Khalili [12] were the first to consider effects of concrete confinement

due to FRP. Concrete cylinders were wrapped with glass FRP (GFRP)
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and then subjected to compression tests. Fardis and Khalili [12] adopted the

general formula for strength of concrete as follows:

Joo =1 {1 +k, J{i } Equation 3.4

co

From the test results, it was proposed that the coefficient of confinement, &;, have

the following value for a specimen wrapped in FRP:

Y ~0.14 Equation 3.5
h:gq[zJ

This confinement coefficient yielded the following expression for the strength of
confined concrete:

=g +3.7(LJ |

Jeo Equation 3.6

For the corresponding ultimate strain at failure, Fardis and Khalili [12] suggested:

!
co

Equation 3.7

E .t
£, =&, + o.ooos[#J

where E , is the modulus of elasticity of the FRP jacket.

3.2.3 Mander et al. (1988)
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Mander et al. [30] derived a model for confinement of concrete from
experimental values of 17 steel spiral reinforced concrete cylinders with varying ratios of

reinforcement. The following relation for strength of confined concrete was proposed:

fL=f (—1.254 +2.254 |1+ 7.94% - 2;-’} Equation 3.8

where f,, is the effective lateral confining stress, which is affected by the steel
reinforcement. For the purposes of this study, Mander et al. [30] suggested that f,, be
assumed equal to f,, the lateral confining stress, since steel reinforcement is not

considered.

The longitudinal strain in the confined concrete was proposed as:

E =& {1 + 5(&—1 Equation 3.9
cc co f,

co

3.2.4 Cusson and Paultre (1995)

Cusson and Paultre [9] developed a model based on tests conducted on 27 large
scale square specimens made with high strength concrete with steel reinforcement. It was
concluded that as the compressive strength of concrete increased, the effectiveness of the
confining action and corresponding ductility decreased compared to normal strength
concrete specimens. The model proposed was based on the 27 large scale specimens and
23 previously tested by the authors [9]. The regression analysis yielded the following

expression for strength of confined concrete:
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0.7
=y [1+2.1(]{—15J } Equation 3.10

co

where f,, is the effective lateral confining stress, which is affected by the steel
reinforcement. As previously discussed, f,, isassumed to equal f,.

It was also determined that the ultimate strain in the confined concrete using steel

ties could be expressed as:

1.7
Se
8('0 = gco + Ozl(f_l( Equation 3.11

co

3.2.5 Karbhari and Gao (1997)

Karbhari and Gao [20] developed two models to predict the effect of concrete
confined by FRP. The first model, an empirical approach, modified Richart ef al.’s [35]
original model for concrete confined by steel in order to apply to FRP confined concrete.
This approach yielded the following expressions for strength of confined concrete and

ultimate strain;

co

0.87
1l =f [1 + 24(%} J Equation 3.12

g, =&, + O.OI(LJ Equation 3.13
An alternate approach

Karbhari and Gao [20] took was a simplistic composite analysis. This analysis generated

the following expressions:
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2E, 2,
D E D

c

fc'c :fc:) +3'1fc,ovc Equation 3.14
where Eis the modulus of elasticity of the FRP in the hoop direction and E. is the
modulus of elasticity of the concrete and:

! 2t, E
1.004|1—- Q -4.1f1!v, -y r
e =1- A D E.E, Equation 3.15

" (1 téy )2

where v, is Poisson’s ratio, Er is the strain in the FRP jacket and E1s the effective

modulus of elasticity of the FRP in the hoop direction, which can be calculated using the
following equation,
E A, +E A,
Ey=—"T—7" Equation 3.16
T A+ A4, d -

where A4 , and A, are the cross sectional areas of the FRP jacket and the concrete,

respectively. &, was assumed to equal 0.002.

3.2.6 Miyauchi et al. (1998)

Miyauchi et al. [34] conducted compression tests on 10 concrete cylinders
wrapped in Carbon FRP (CFRP). The specimens were comprised of two unconfined
concrete strengths, /°., =30 MPa and ., = 50 MPa. Richart ef al.’s [35] model was
altered by adding an “effectiveness coefficient”, k., with the following relationship:

fl=f +4.1k,f, Equation 3.17
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Through calibration from the experimental data obtained, k. was found to equal

0.85. Substituting k. into Equation 3.17 yielded:

foo =10 +3.485 Equation 3.18
Using the same set of experimental data, two models were derived for ultimate

strain, dependent on the unconfined concrete strength, 1.

0.373
PR 10.6(4} Equation 3.19

co

for /", = 30 MPa and:

&

cc

!

y 0.525 Equation 3.20
=&, +10.5( L J

co

for /., = 50 MPa.
The authors provided no suggestions for situations of unconfined concrete

strengths other than 30 MPa or 50 MPa.

3.2.7 Kono et al. (1998)

Kono et al.’s [21] models differ from most confinement models because they

linearly relate the strengthening ratio, =~ directly to the confining pressure, f,. Most

!
co

!
other models relate S to the confinement ratio,Lf. The authors performed a

!
co co

regression analysis on the results from the tests conducted to obtain the following

expression for confined concrete strength:
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f;: zf;lo +00572f;'0f; Equatlon 3.21

Likewise, for the ultimate strain at failure, the authors linearly relate the strain

800 8 »fl

to f,, whereas, other models relate —= to the strengthening ratio,—-. The
£

co co co

ratio,

regression analysis yielded the following for ultimate strain:

g,.=¢,+0.28¢, f, Equation 3.22

3.2.8 Samaan et al. (1998)

Samaan ef al. [39] performed compression tests on 30 cylinders wrapped in FRP
sheets of various thicknesses. Richart ef al.’s [35] original model for steel confined
concrete was used as a fundamental model. Based on the experimental data, the authors
recommended a coefficient of confinement, k, = 6.0/, . This yielded the following

relationship:

fl=f +6.0f" Equation 3.23

The ultimate strain at failure was determined from the bilinear nature of the
stress-strain curve developed by the authors, where E, is the slope of the second portion

of the curve. Ultimate strain could be calculated as:

(fc: - fo) Equation 3.24

gCC E2
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E t.
where f, =0.872f" +0.371f, +6.258 and E, =245.611" +1.3456#.

3.2.9 Spoelstra and Monti (1999)

Spoelstra and Monti [45] modified Mander ef al.’s [30] model to account for the
increasing inward pressure caused by an FRP jacket. The resulting model for circular
specimens wrapped with FRP used an iterative procedure. Spoelstra and Monti [45]
derived an approximation of the iterative model by identifying key independent
parameters, f,, E.,and ¢, . Then a regression analysis was applied to incremental
results from the iterative model. The resulting approximation assumed that the strain at

unconfined peak stress, &, = 0.002. This assumption yielded:

fl=r {0.2 +3.0 L’,} Equation 3.25
and for the ultimate strain:
E,. =&, 2+1.25 E—fgf Lﬁ Equation 3.26
Seo Seo

where ¢/ is the ultimate strain in the FRP jacket.

3.2.10 Toutanji (1999)

Toutanji [48] conducted confinement test on 18 cylindrical specimens wrapped in
CFRP and GFRP. A regression analysis was run on the experimental data obtained and

resulted in the confining coefficient & to be the following:
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-0.15
K, = 3.5£LJ Equation 3.27

By substituting &; into Richart ez al. ’s [35] original model, Equation 3.2, Toutanji [48]

concluded that:

0.85
I =f0,0[1+3'5(%} J Equation 3.28

co

For modeling of the ultimate strain in the confined concrete, Toutanji [48]
suggested an expression which is derived from Richart et al.’s [35] model, but accounts
for the dependent relationship on lateral strain in the composite, &z Toutanji [48]
expressed the constant, k; as:

k, =310.57¢, +1.90 Equation 3.29

When substituted into Richart ef al.’s [35] model, the following expression was obtained:

' Equation 3.30
£ =¢. {1 +(310575, + 1.90{f—cj’ - 1)}

co

where ¢/ ranges from the unconfined value of 0.002 to the ultimate value at failure.

3.2.11 Saafi et al. (1999)

Saafi et al. [38] proposed a model exactly the same as Toutanji’s [48] except that

it was calibrated based on tests performed on FRP tube encased specimens instead of
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FRP wrapped specimens. 18 concrete cylinders were tested with CFRP or GFRP tubes.
Different coefficients than the FRP wrapped case were obtained because of the difference
in bond strength between the FRP and concrete. The bond to the concrete cylinder with a
wrapped specimen is stronger than that of a tube encased specimen. The following
confining coefficients were obtained from the calibrations of the test results from the tube

encased specimens:

-0.16
ki = 22(%) Equation 3.30
which yielded the following for the ultimate strength of confined concrete:
f 0.84
fl= fc’o(l + 2.2(f—fj J Equation 3.31

Similarly, the coefficient of confinement for the ultimate strain expression was

determined to follow the equation:

k, =537¢, +2.6 Equation 3.32

which yielded the following for the ultimate strain in the confined concrete:

£, =&, {1 + (5378_,. + 2.60{](—”,“ — lﬂ Equation 3.33

co

3.2.12 Xiao and Wu (2000)



28

Xiao and Wu [53] tested 36 concrete cylinders wrapped in CFRP jackets. Richart

et al.’s [35] model was used as a base relationship as follows:

fl=a f +kf Equation 3.34
where in Richart ef al.’s [35] model, o =1 and k, =4.1. Based on the experimental data
obtained, Xiao and Wu [53] suggested the average value of 1.1 for & and the following

expression for £ :

72
k =41-0750
C

J

Equation 3.35

where C; is the confinement modulus and could be expressed as:

Equation 3.36

By substituting into the original equation for strength of confined concrete from

Richart et al. [35], the following relation was obtained:

r2
fl=f11.14]4.1-0.75 Jo D\ i Equation 3.37
2Bt )) Jo

3.2.13 Lam and Teng (2002)

Lam and Teng [24] conducted over 200 tests on concrete cylinders to obtain
strength data. The strength database included specimens of varying concrete strength,
diameter, length to diameter ratios, and FRP type (CFRP, GFRP, and AFRP). Based on
the strength database, Lam and Teng [24] recommended the following simple model for

strength of confined concrete:
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fo =10, +2.0f, Equation 3.38
For modeling of the ultimate strain of confined concrete, Lam and Teng [24]
compiled a strain database. The strain database was made up of 171 specimens. From
this strain database, Lam and Teng [24] developed the following relation for the strain at

ultimate stress:

i Equation 3.39
gcc = 8(70 2 + k2 (_i]
fco

where £, is the strain enhancement coefficient, which depends on the type of FRP

confinement. For CFRP, k, was recommended as 15.

3.2.14 De Lorenzis and Tepfers (2003)

De Lorenzis and Tepfers [10] compiled a data set of about 180 experimental tests
from a variety of authors. All specimens were concrete cylinders of varying size. The
data set included specimens with CFRP, GFRP, and aramid FRP (AFRP) wrapped and
tube encased cylinders of varying thicknesses. Using the collected data, De Lorenzis and
Tepfers [10] proposed two new models for the ultimate strain in confined concrete. The

models followed the form:

8cc :gco 1+cl(LiJ E'lc3 .
fi Equation 3.40
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where ¢,, ¢, and c3 were chosen by minimizing the absolute error associated with the

predicted values and the experimental results. E; is the confinement modulus and was

calculated as:

Equation 3.41

For FRP wrapped specimens, the following expression was proposed:

0.8 -0.148 Equation 3.42
i Et,
E,.=8,[1+26.2 —
cc CO[ (f’ D

co

and for FRP tube encased specimens the following expression was proposed:

f 0.68 E P —-0.127
_ ! 1ty
£, =&, [l + 26.2[f—,J (Tj ] Equation 3.43

co

3.2.15 Wu et al. (2003)

Wu et al. [52] compared data from over 200 specimens comprised of concrete
cylinders confined with FRP wraps and tubes. The data set included many varying
parameter including concrete strength, specimen dimensions, type of FRP (CFRP, GFRP,
and AFRP), and tensile strength of FRP. Wu et al. [52] proposed a set of equations for
the strength of confined concrete, /.., which is dependent on the type of jacket and the
method used to determine the strength of the FRP, £

For concrete confined by FRP sheets, where the strength of FRP is determined

through tensile coupon tests, Wu et al. [52] suggested the following model:
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fl=fl+2.0f, Equaiton 3.44
For concrete confined by FRP sheets, where the strength of FRP was given by the

manufacturer, the following relation was suggested:

Jo= 10, +3.0f Equation 3.45
and for concrete confined by FRP tubes, where the strength of FRP was determined

through tensile coupon tests, Wu ef al. [52] recommended the following relation:

S =TS0 +2.51, Equation 3.46
To determine the strain in the confined concrete, Wu et al. [52] recommended a

relation between the strain and Poisson’s ratio of the confined concrete:
Equation 3.47

where v, is Poisson’s ratio, which Wu et al. [52] suggested was dependent on the type of
FRP and jacket (i.e. wrap or tube). For normal modulus CFRP, GFRP, and AFRP sheet

confined concrete, Poisson’s ratio was expressed as:

—0.66
fi
V= 0-56(7{ Equaiton 3.48

For GFRP or CFRP tube confined concrete, Poisson’s ratio was:

~0.44
v, =03 1[ij
o
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Equation 3.49

and for high modulus FRP, Poisson’s ratio was described as:

"0

-0.66
_ J
Vi = 056k1‘[ﬁ1 j Equation 3.50

where k¢ is the influence coefficient for high modulus FRP and is equal to 1.0, when E,<

250 GPaand k, = /? when Er > 250 GPa.
s

3.2.16 Xiao and Wu (2003)

Xiao and Wu [54] analyzed the results from 243 experimental specimens that
were comprised of nine different types of FRP confinement, including CFRP and GFRP
wrapped and tube encased specimens of varying thicknesses and unconfined concrete
strengths. The model proposed is the same structure as previously proposed by Xiao and
Wu [53]. The new model has more accurately calibrated constants based on the increase
database of experimental specimens. Richart ef al.’s [35] model was used again as a base

relationship as follows:

Je=a fo+k ] Equation 3.51
where in Richart ef al.’s [35] model, =1 and k, =4.1. Based on the experimental data
obtained, Xiao and Wu [54] suggest the average value of 1.1 for & and the following
expression for £ :

£ Equation 3.52

k, =4.1-0452—
C

J
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This resulted in the following equation for strength of confined concrete:

P 1.4
! D )
fc,c = fclo 1.1+ 41—045(LJ Ll, Equation 3.53
Et, fo

3.2.17 Bishy et al. (2005)

Bisby et al. [5] analyzed several existing models based on an experimental data
set of approximately 200 specimens from 20 different authors. The data set contained all
three types of FRP (CFRP, GFRP, and AFRP). Specimens varied in size and concrete
strength. Three models for strength of confined concrete were suggested based on
regression analysis of the existing data sets. The three models express the coefficient of

confinement, k;, as either a constant, an exponential function of the confining stress ratio,

i

— -, or an exponential function of the ultimate confining stress, f;. The three proposed

co

models are as follows:

Py {1 5 425 f, } Equation 3.54
L= S| 1+2.4252
0.911

=g {1+2.217(}f_ﬁj ] Equation 3.55

=1 +3.587 "% Equation 3.56

Bisby ef al. [5] recommend that all three models accurately predict the confining
effect of FRP jackets. To model the ultimate strain of FRP confined concrete, Bisby et

al. [5] recommend a model that is dependent on the type of FRP used:
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!
co

£, =&, + k{i) Equation 3.57

where k, =0.0240, 0.0137, or 0.0536 for CFRP, GFRP, or AFRP, respectively.

3.2.18 Guralnick and Gunawan (2006)

Guralnick and Gunawan [14] developed a model for strength of confined concrete
analytically by modifying Mohr’s strength theory. From previous tests conducted by the
authors [14], it was determined that FRP confined concrete, which is classified as passive
confinement was of the order of 2 for the Mohr’s strength envelope. By analyzing
Mohr’s strength envelope circles at n = 2, Guralnick and Gunawan [14] developed an

expression for f, as follows:

05 )
1= [0.616+—f1 #1570 L1006 Equation 3.58
cc co f, ’

co co

The above model assumed the uniaxial tension of concrete, f,'= 0.06f, for a range of

concrete strength of 3000 psi to 8000 psi.

3.2.19 Youssef et al. (2007)

Youssef et al. [55] performed tests on 87 large scale specimens (16 inch by 32
inch) and 30 standard sized specimens (6 inch by 12 inch) with CFRP and GFRP jackets.
Based on 63 specimens for circular columns, Youssef ef al. [55] calibrated an equation

for confinement as follows:
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co

0.783 )
=g {14_ ) 109{L Equation 3.59
cc co ° f,

The model for ultimate strain was calibrated as:

0.5
g, =0.003368 + 0.259£Lﬁ][f_fJ Equation 3.60
,

co

3.2.20 Girgin (unpublished)

Girgin [13] assembled a wide range of experimental data from multiple sources.
Data associated with lower levels of confinement, such as specimens wrapped in only one
layer of FRP was disregarded. This yielded a set of 102 data points. Girgin [13] first
evaluated the data with regards to Richart et al.’s [35] original model for strength of
confined concrete, which was based on the Mohr-Coulomb failure criterion. Girgin [13]
proposed the following expression for the confinement coefficient, k:

k= 2.109[4

co

j—om Equation 3.61

This resulted in the following equation for ultimate strength:

jo.m Equation 3.62
Jeo

fo :fc’o+2.109fc'o£ /
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Girgin [13] proposed an alternate model, which was based on the Hoek-Brown

strength criteria. The Hoek-Brown failure for confined concrete could be expressed as:

fl=fiarls L2 4m-ff, Equation 3.63
Based on the experimental data set, the constants s and m were determined to
equal 1 and 3.5, respectively for FRP wrapped concrete cylinders.

The following Table 3.1 summarizes the confinement models discussed.



Table 3.1- Summary of existing confinement models.
Author Predicted fc’c Predicted .. Comments
Richart et f
al. fl=fl +4.1f, £, =&, 1+20.5=1
(1928) Seo
Fardis and f 0-86 E ft s
Khalili S = [l +3.7 =+ &, =&, +0.0005 -
(1982) fe D-f,
Mander et !
al. fl=fl1-1254+2.254 [1+ 7.94L{ - L{ £, =6E,|1+ S(f—"f— IJ
(1988) \ Joo S Seo
Cusson and f 07 f 17
Paultre fl=f11+21 —l, g, =¢,+021 —l,
(1995) Jeo co
f 0.87 f
fro= i1 2. 2 e, =e, +0.01 2 Empirical
cc co fy cc co f" FOI‘ITI
Karbhari f' oy £
and Gao co ' f S
(1997) 2t, E, 20, 1-004{1 g 41 v, D EE. } Simplistic
Jo=Ffo 310y, ——+—— g =1- o o Composite
D E, D ee (1 te, )2 Analysis
0.373
e =z +106 L For e, =30
cc co f, MPa
Miyauchi et . ' «©
alg. fl=f +3.485f, 055
1997 .
(1997) e —e +105 L For fe =350
cc co f, MPa

LE
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Author Predicted fc’c Predicted .. Comments
Kono et al. "ot ’ _
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E, =245.611""" +1.3456—L1
Approximati
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and Monti fl=1102+3.0 L{ &, = 860[2 +1.25 - &, fz' J assumption
(1999) fCO fco fcn that gco =
0.002
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Toutanji " g Ji _ Jee _
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Saafi et al. "o / _ Jee
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Xiao and 2D
Wu A IR PRI e | _
(2000) 2E it )) [
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Teng Joo =T +2.01, £ = 8, 2+, | 21 FRP. For
(2002) Jeo CFRP, k, =
15
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Author Predicted fc’c Predicted ¢,. Comments
0.8 -0.148
B L E ft ;
De E.. =&, 1+262 = For FRP wraps
Lorenzis /. co D
and --
Tepfers 7 0.68 Eftf -0.127
(2003) E.o =&, 1+26.2] — For FRP tubes
co D
. E_f fc'c for wraps
“Cy where strength
. of FRP is
fc ’c = ﬁ 7’0 +2.0 fl For normal modulus CFRP, GFRliOagd AFRP sheets: determined by
f ' tensile coupon
Vu = 056 f_l’ test
For GFRP or CFRP tubes: ! for wraps
f —0.44 lic n
_ ; where strengt
Wu et al e v, =031 7} of FRP is
(2003) ' Jee =T 3.0, co obtained by
For high modulus FRP: value provided
-0.66 by
v, =0. 56/@( j{l’ j manufacturer
co !
Where, f.. for tubes

fc’c :fs; +25ﬁ

kp=1if E;<250 GPa

250
k, = _|—— if E;>250 GPa
' £,

where strength
of FRP is
determined by
tensile coupon
test

6¢
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Author Predicted f| Predicted &, Comments
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3.3 Experimental Data

The experimental data set was comprised of over 300 specimen results previously
conducted by several authors [6, 11, 15, 16, 17, 19, 20, 22, 23,27, 28, 31, 33, 34, 38, 39,
44,47, 49, 51, 53, 56]. The data set represented varying concrete strengths, specimen
dimensions, jacket thicknesses, and types of FRP. Table 3.2 summarizes the range of

data used. For all data sets, unless otherwise stated in the study, the elastic modulus of

concrete, E is assumed to equal 4700,/ /)

co ?

where f! is the compressive strength of

unconfined concrete in MPa.

Table 3.2- Summary of experimental data.

Range of Range of .
Author Nur;wfber Type of Type of Concrete Jacket Dslar:g;:gr?f Is_eggitgg
Specimens FRP Jacket Strength Thickness p(mm) p(mm)
P (MPa) (mm)
Harmon and
Slattery (1992) 4 CFRP Wrap 41.0 0.09-0.69 51 102
[15]
Demers and Neale
(1994) [23] 8 GFRP/CFRP Wrap 32.2-43.7 0.35-1.05 152 305
Howie and
Karbhari (1994) 21 CFRP Wrap 38.6 0.31-1.22 152 305
[16]
Howie and
Karbhari (1995) 9 CFRP Wrap 38.38 0.33-1.32 152 305
[17]
Nanni and
Bradford (1995) 35 AFRP/GFRP | Wrap/Tube 35.6-45.5 0.30-2.4 150 300
[28]
Soudki and Green
(1996) [23] 2 CFRP Wrap 46.0 0.16-0.32 152 305
Karbhari and Gao
(1997) [20] 4 CFRP Wrap 18.01 1.55-5.31 152 305
Mas“?;g](l 97) 10 GFRP Wrap/Tube | 29.8-31.2 | 0.61-3.07 153 305
Miyauchi ef al.
(1997) [34] 10 CFRP Wrap 31.2-51.9 0.11-0.33 150 300
Wantanable et al.
(1997) [51] 9 CFRP/AFRP Wrap 30.2 0.14-0.67 100 200
Harries et al.
(1998) [23] 6 GFRP/CFRP Wrap 26.2 1.0-2.0 152 610
Demers and Neale
(1999) [11] 15 CFRP Wrap 33.9-47.7 0.9 300 1200
Mirmiran et al.
(1998) [33] 22 GFRP Wrap 29.6-32.0 1.45-2.97 153 305
Samaan et al.
(1998) [39] 22 GFRP Tube 29.64-31.97 1.44-2.97 153 305




Table 3.2- Summary of experimental data. Continued.
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Range of Range of .
Author Number Type of Type of Concrete Jacket D\c"ar;f;:ﬁgr?f Is‘eggitr::::
of FRP Jacket Strength Thickness p(mm) p(mm)
Specimens (MPa) (mm)
Toutanji and
Balaguru (1998) 3 GFRP/CFRP Wrap 31.8 0.11-0.165 76 305
[47]
Matthys ef al.
(1999) [31] 4 CFRP Wrap 349 0.12-0.24 150 300
Miyauchi et al.
(1999) [23] 9 CFRP Wrap 23.6-33.7 0.11-0.33 150 300
Saafi e’[;é] (1999) 6 GFRP/CFRP Tube 35.0 0.11-2.4 152 435
Le Tegola and
Manni (1999) [23] 10 GFRP Tube 25.6 3.34-5.03 150 300
Kshirasgar et al.
(2000) [22] 3 GFRP Wrap 38.0-39.5 1.42 102 204
Shahawy et al.
(2000) [44] 9 CFRP Wrap 19.4-49.0 0.5-2.0 153 305
Xiao and Wu
(2000) [53] 27 CFRP Wrap 33.7-55.2 0.38-1.14 152 305
Zhang 6[2”61] (2000) 5 GFRP/CFRP Wrap 343 1.00-2.83 152 305
Campione and
Miraglia (2001) [6] 18 CFRP Wrap 20.05-60.00 0.13-5.04 150-300 305
Lin and Chen
(2001) [27] 11 GFRP/CFRP Wrap 32.7 0.5-1.8 120 240
Karabinis and
Rousakis (2002) 18 CFRP Wrap 43.5 0.117-0.351 200 320
[19]
Theriault ez al.
(2004) [49] 8 GFRP/CFRP Wrap 37 0.165-3.9 51-304 102-1824

3.4  Strength Evaluation

Figures 3.2 through 3.5 show the experimental data versus the predicted data from

each strength model considered. The straight line represents perfect agreement between

predicted and experimental strengths. Any data points that fall below this line are

considered conservative (i.e. the predicted strength is less than the experimental strength).

Likewise, any data points that fall above this line are considered non-conservative (i.e.

the predicted strength is greater than the experimental strength).
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3.5 Strain Evaluation

Figures 3.6 through 3.9 show plots of the experimental data versus the predicted
data from each strain model considered in this study. Similar to the confined strength
graphs, the straight line represents perfect agreement between predicted and experimental
strain. Any data points that fall below this line are considered conservative (i.e. the
predicted strain is less than the experimental strain). Likewise, any data points that fall
above this line are considered non-conservative (i.e. the predicted strain is greater than

the experimental strain).
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3.6  Proposed Model
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Using the experimental data set, a regression analysis was performed to create a

proposed model. The regression analysis yielded the following models for confined

concrete strength and the corresponding ultimate strain:

!
co

Jo =10 -[— 0.503[%] n 2,7798L

co

1 2 ’
£.=¢, '[1.0427(;?} —1.1181f—cf

co

where f,, f! and f arein MPa.

+0.9469

+6.1949

Equation 3.64

Equation 3.65

The above models for confined concrete strength and ultimate strain have a

coefficient of correlation value, R-squared of 0.7449 and 0.5701, respectively. Figures

3.10 and 3.11 depict the predicted values of the proposed model versus the experimental

data.
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3.7 Discussion

Each model was evaluated using the root mean squared error (RMSE), as well as
the coefficient of variance (R?). Table 3.3 shows the rankings of the confined concrete
strength models based on the lowest RMSE values. Similarly, Table 3.4 shows the
rankings of the confined concrete strain models based on the lowest RMSE values. The

strength model analysis was based on 311 data points and the strain model was based on

149 points.
Table 3.3- Ranking of strength models based on RMSE values.
All Data, f'; (311 data points)
Rank | RMSE R’ Author Notes
1 16.43 0.74491 Proposed Model
2 16.66 0.69386 Girgin Based on Hoek-Brown for wraps
3 16.75 0.68776 Karbhari and Gao (1997) Empirical Method
4 16.86 0.67356 Bisby et al. (2005) Method IIl
5 16.98 0.68010 Bisby et al. (2005) Method I
6 17.08 0.69286 Saafi et al. (1999)
7 17.15 0.66097 Lam and Teng (2001)
7 17.15 0.66097 Wu et al. (2003) For FRP sheet with tensile test
9 17.21 0.70131 Girgin Based on Mohr Coulomb
10 17.42 0.71512 Spoelstra and Monti (1999)
11 17.52 0.69907 Guralnick and Gunawan (2006)
12 17.82 0.67693 Samaan et al. (1998)
13 18.19 0.71046 Cusson and Paultre (1995)
14 18.47 0.66097 Bisby et al. (2005) Method |
15 19.08 0.66097 Wau et al. (2003) For FRP tube with tensile test
16 19.28 0.66364 Kono et al. (1998)
17 21.15 0.59328 Youssef et al. (2007)
18 25.11 0.66097 Wu et al. (2003) For FRP sheet with given strength
19 25.83 0.68378 Mander et al. (1988)
20 26.50 0.66658 Karbhari and Gao (1997) Simplistic Method
21 32.80 0.66097 Miyauchi et al. (1997)
22 33.50 0.69121 Toutanji (1999)
23 35.60 0.67507 Xiao and Wu (2000)
24 36.89 0.68951 Fardis and Khalili (1982)
25 39.30 0.68716 Xiao and Wu (2003)
26 43.66 0.66097 Richart et al. (1928)




Table 3.4- Ranking of strain models based on RMSE values.

All Data, strain (149 data points)
Rank RMSE R-Squared Author Notes
1 0.0104 0.5695 Proposed Model
2 0.01426 0.2032 Mander et al. (1988)
3 0.01428 0.2215 Miyauchi et al. (1997) For f .,=30MPa
4 0.01432 0.2383 Miyauchi et al. (1997) For f .,=50MPa
5 0.0144 0.2196 De Lorenzis and Tepfers (2003) For FRP tubes
6 0.0148 0.4002 Kono et al. (1998)
7 0.0151 0.2217 De Lorenzis and Tepfers (2003) For FRP wraps
8 0.0155 0.2451 Bisby et al. (2005) For CFRP
9 0.0163 0.2451 Lam and Teng (2001)
10 0.0170 0.2451 Bisby et al. (2005) For GFRP
11 0.01708 0.3706 Wu et al. (2003) For wraps
12 0.01713 0.1699 Fardis and Khalili (1982)
13 0.0173 0.0422 Samaan et al. (1998)
14 0.0184 0.2451 Karbhari and Gao (1997) Empirical Method
15 0.0203 0.2258 Youssef et al. (2007)
16 0.0204 0.4065 Spoelstra and Monti (1999)
17 0.0207 0.2451 Richart et al. (1928)
18 0.0281 0.2451 Bisby et al. (2005) For AFRP
19 0.0296 0.1245 Karbhari and Gao (1997) Simplistic Method
20 0.0325 0.3434 Toutanji (1999)
21 0.0341 0.3463 Saafi et al. (1999)
22 0.0369 0.3643 Wu et al. (2003) For tubes
23 0.2518 0.1760 Cusson and Paultre (1995)
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The results show that the proposed model, Girgin’s Hoek-Brown model [13], and

Karbhari and Gao’s [20] empirical model yield the best results for strength of confined

concrete. Likewise, the proposed model, Mander ef al.’s [30], and Miyauchi et al.’s [34]

model most accurately predict the corresponding strain.

3.8  Conclusion

Several confinement models were evaluated and compared with a proposed
model, which was developed using a regression analysis on the experimental data set.

When evaluated, it was shown that the most accurate models for confined concrete
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strength were the proposed model, Girgin’s Hoek-Brown model [13], and Karbhari and
Gao’s [20] empirical model. Likewise for ultimate strain, the most accurate models were
the proposed model, Mander et al.’s [30], and Miyauchi ef al.’s [34] model most
accurately predict the corresponding strain. However, the strain models in general are

much less accurate than the strength models.



Chapter 4

Design Models

4.1 Introduction

There is currently no universally accepted design code for the seismic retrofit of
concrete columns using FRP jackets. This chapter will review several design approaches
commonly used in design for seismic retrofit and then compare the resulting jacket

thicknesses recommended by each approach through a sample column design.

4.2  Background

A confined column has increased strength and ductility due to the passive restraint
provided by the jacket, which restricts the lateral dilation of the column. The jacket
provides a confining pressure on the concrete column, which suppresses micro-cracking
and dilation of the concrete. Circular columns have the most efficient section for
retrofitting; therefore, this paper will focus on circular columns only. For a circular
column, the lateral confining pressure exerted on the concrete in the radial direction from
the FRP jacket, f; can be evaluated using a free body diagram as shown in Figure 3.1,

which results in the following relation:

_ A S, 2Ee

! D D Equation 4.1
where f;1is the tensile strength of the FRP in the hoop direction, #is the thickness of the
FRP jacket, D is the diameter of the confined concrete, Eris the modulus of elasticity of

the FRP in the hoop direction and ¢, is the strain in the FRP in the hoop direction.
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Since FRP behaves elastically, the inward pressure due to a jacket increases
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continuously. In contrast, steel provides a constant lateral confining pressure. Therefore,

confinement models and design approaches for steel jackets inaccurately model the
elastic behavior of FRP.

The purpose of seismic retrofit is to increase the columns seismic response by
increasing the columns ductility and axial strength. There are four major failure modes
that FRP jackets can restrain: flexural, shear, lap slice and longitudinal bar buckling.

Flexural failure in the plastic hinge occurs near the column ends, where the
behavior is that of a plastic hinge. Flexural failure can be observed through concrete
spalling, failure of transverse steel reinforcement and buckling of longitudinal steel
reinforcement, which cause deterioration of the plastic hinge. There is extensive
deformation associated with this failure mode; therefore, it is considered a ductile and
desirable failure mode as compared to shear failure. An FRP jacket provides
confinement for the flexural failure mode, which increases the overall strength and
ultimate strain and provides lateral support, which can hinder flexural failure.

Shear failure, in contrast to flexural failure, is a very brittle failure mode. It is;
therefore, an extremely undesirable failure mode. Shear failure is characterized by
diagonal shear cracks in the column and subsequent rupture of the transverse steel
reinforcement. Shear failure is very prevalent in structures built prior to the 1971 San
Fernando earthquake, which have insufficient transverse steel reinforcement
corresponding to inadequate confinement. An FRP jacket can contribute to the overall

shear strength of the column and thereby inhibit the failure.
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Lap splice failure is a result of inadequate confinement in the splice in the
longitudinal steel reinforcement. The splice region is confined to a small region near the
column ends, where the starter bars from the footing are spliced with the column
longitudinal reinforcement. The failure occurs because of dilation of the column, which
results in debonding of the splice. Lap splice failure can be observed through concrete
spalling, vertical cracks, rupture of transverse steel reinforcement and buckling of the
longitudinal steel reinforcement. Similar to flexural failure, there is extensive
deformation associated with lap splice failure; therefore, it is considered a ductile and
desirable failure mode when compared to shear failure. An FRP jacket inhibits the lap
splice failure mode through the application of confining pressure in the splice region,
which creates a lateral clamping force and prevents debonding from occurring.

The last failure mode is buckling of the longitudinal steel reinforcement. This is
considered to be a rare failure mode and is usually not considered by most design

approaches.

4.3  Review of Design Models

There are a few existing design codes and guidelines for the seismic retrofit of
concrete columns using FRP materials. Those codes and/or guidelines that will be
reviewed include documents from the American Concrete Institute (ACI), California
Department of Transportation (Caltrans), Concrete Society, and the Intelligent Sensing
for Innovative Structures (ISIS) Canada Network of Center of Excellence. In addition to
the official documents in place, there are a number of other approaches put forth. To

contrast these approaches, an approach by Seible ef al. [43] will be reviewed.
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4.3.1 ACI 440.2R-02 (2002)

The ACI 440.2R-02 [1] guideline utilizes the confinement model originally
proposed by Mander et al. [30] derived for steel hoop reinforcement. The confinement
model from Mander et al. [30] is slightly modified to account for the linearly elastic

behavior of FRP. The confinement model predicts the confined strength of concrete, f

through the following relation:

frog .{2.25 /1+7.9;—{—2]{—f—1.25} Equation 4.2

where [ is the unconfined concrete strength and £, is the confining pressure, which is

defined as:

~ k.p e E, Equation 4.3

/ 2

where k_ is the efficiency coefficient, which depends on the column geometry. For a
circular column k£ =1.0. &, is defined as the lesser of 0.004 or 0.75 ¢ ;, , where &, is the

ultimate strain in the FRP. This strain limit was chosen to avoid loss of interlock in the
concrete aggregate and was determined through the study of experimental data.
However, the limiting strain was determined from pure axial tests and is; therefore, an

approximation for combined axial and bending situations induced by seismic forces. p,

is the FRP volumetric ratio and is equal to:

Equation 4.4
Sy
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The increased axial load carrying capacity of a strengthened column can be

expressed as:

oP, =k 4085y, £/ (4, — 4, )+ 1,4, | Equation 4.5

where k, is the resistance factor ( = 0.85 for spiral reinforced columns and 0.8 for tie
reinforced columns), P, is the nominal axial load carrying capacity, ¢ is the strength
reduction factor and equal to 0.75, v, is an additional reduction coefficient for FRP
wrapped columns, which is equal to 0.95, 4, is the longitudinal steel area and f| is the

steel yield strength.
The above equation only considers the axial increase in strength. For retrofit in
seismic areas, ACI 440 [1] suggests using Mander et al. [30] model for the confined

strain, &_,:

. L7157, —4f) Equation 4.6
cc T E

c

where E_ is the elastic modulus of the concrete. ACI 440 [1] suggests that the design

should be developed to have sufficient strains associated with the desired displacement

demands.

4.3.2 Caltrans Memo 20-4 (2000)
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Caltrans Memo 20-4 [5] is specifically aimed at preventing flexural failure.
Caltrans Memo 20-4 [5] recommends the use of a target confining stress, f;, of 2,068 kPa
(300 psi) and radial dilating strain, &.., of 0.004 inside the plastic hinge zone. These
limiting values were determined experimentally at a corresponding displacement
ductility, p, of 6. For regions outside the plastic hinge zone, Caltrans Memo 20-4 [5]
recommends f; = 1,034 kPa (150 psi) and &..= 0.004. The thickness can be calculated
using the following equation, which was derived from equilibrium expression from

Figure 4.1:

2t,E¢,. = f,D Equation 4.7
where Eyis the elastic modulus of FRP multiplied by a reduction safety factor of 0.9.
This approach is solely based on target confinement pressures and does not specifically

account for the various failure modes possible.

4.3.3 Concrete Society Technical Report No. 55 (2004)

The Concrete Society Technical Report No. 55 [8], similar to the Caltrans Memo
20-4 [5], sets a target confining pressure. The design sets a minimum value of 0.183
mm?*/N for the following ratio, which was determined through experimental testing:

2t E 2 Equation 4.8
I 50183 mm

D(f.,)

4.3.4 1SIS Canada Network of Centers of Excellence (2001)
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ISIS Canada [18] set up design guidelines based on limiting levels of confining
pressure. According to this approach, the confined strength of concrete can be found

through:

fl=f (1 + apcww) Equation 4.9

cc

where «,, is a performance coefficient that depends on column geometry and is equal to

1.0 for circular columns and w,, is the volumetric strength ratio, which is expressed by the

following relation:

2/,

w, =——— Equation 4.10
¢Cﬂ0

where ¢, is the concrete resistance reduction factor and is equal to 0.6 and the confining

pressure f; is determined from:

ferr
! D

2N, P, E et Equation 4.11

where N, is the number of FRP layers, ¢, is a reduction factor for FRP, which is equal

to 0.75.

To ensure a certain level of ductility a minimum amount of confining pressure
imposed is equal to 4 MPa. This minimum confining pressure is four times the target
pressure of 1 MPa for Caltrans Memo 20-4 [5]. Also a maximum level of confining

pressure is imposed to limit amount of axial strains.
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o< 0.29f] Equation 4.12
Imax —

pc

4.3.5 Seibleetal. (1997)

The approach proposed by Seible et al. [43] differs from most of the
aforementioned documents because it considers each failure mode separately and
calculates a design thickness associated with each of the failure modes. For shear failure,

the required thickness is calculated as follows:

?—M+n+n)

t,=— Equation 4.13
7
T 0.004E,D
2 P

where V, is the column shear demand based on full flexural over-strength in the potential
plastic hinge region, ¢, is the shear capacity reduction factor, assumed to be 0.85, V, is

the shear capacity contribution from concrete, V;is the shear capacity contribution from

horizontal steel reinforcement and ¥, is the shear capacity contribution from axial load.

The shear demand, V, is calculated from the as built moment capacity, M,,. Therefore,

the shear demand is expressed as:

p 1.5M , Equation 4.14

where H is the height of the column.
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The shear contributions from concrete can be calculated through the following

expressions:

V.=kyf A Equation 4.15

where £ is 0.5 inside the plastic hinge and 3.0 outside the plastic hinge and 4. is the
effective area, which is equal to 0.8 times the gross area of the column. However, for
damaged columns the contribution due to concrete should be neglected, since cracks
large enough to lose aggregate interlock are most likely present.

The shear contribution from the steel hoop reinforcement is calculated from:

4, f,D'cot(0) Equation 4.16

N

==
2

N

where Aj1s the area of hoop steel reinforcement and & is the angle of shear crack, which
can conservatively be assumed as 45°, s is the spacing between steel hoops and D " is the
effective diameter, which is equal to the overall diameter, D minus twice the concrete
cover, cc minus the diameter of a steel hoop bar, dj.

The shear contribution from the axial load is determined by:
P(D-c) Equation 4.17

where P is the axial load applied and c is the neutral axis depth.
The shear thickness is applied over the shear reinforcement length, L, from either

end of the column, where L, is equal to 1.5 times the diameter of the column, D.
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For flexural hinge failure mode, the thickness in the flexural hinge region is
calculated as follows:

(¢, —0.004)f" Equation 4.18
¢S €,

D
t,=0.09

where ¢, is the flexural capacity reduction factor, assumed as 0.9, f_. is conservatively

assumed as 1.5 f! and ¢, is the ultimate concrete strain that depends on the level of

confinement and is calculated as:

28p,fr&;s Equation 4.19

!
cc

£, =0.004 +

where p, is the volumetric jacket reinforcement ratio, ¢, can be obtained from:

e, =0, Equation 4.20

where ¢, is the neutral axis depth and @, is the ultimate section curvature can be

obtained from the ductility factor equation:

My =1+3 CDu_l i l—O.SL—” Equation 4.21

y
where L, is the plastic hinge length and determined from:

L,=0.08L+0.022f d, Equation 4.22
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and @ = section yield curvature.

The thickness required for the flexural reinforcement jacket is applied over the
flexural plastic hinge region, where L., is the primary flexural hinge region and is equal
to the greater of 0.5D or L/8, and L., is the secondary flexural hinge region and is equal to
the greater of 0.5D or L/8. The secondary flexural hinge region has #/2 thickness.

The lap splice failure mode is prevented through applying a thickness in the lap-

splice region of:

D\f — Equation 4.23
tj:SOOM quation

E;

where £, is the horizontal stress provided by the existing hoop reinforcement at a strain

of 0.1% and is calculated through the following relation:

~0.0024,E, Equation 4.24

Sy D-s

and f, is the lateral clamping pressure, which can be found from:

A/,
Jir= -
[2]) + Z(d » cc)}Ls Equation 4.25
n
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where p is the perimeter line in the column cross section along the lap-spliced bar

locations, n is the number of spliced bars along p, 4, is the area of one main column
reinforcing bar, cc is the concrete cover to the main column reinforcement and d, is the

diameter of main column reinforcement bars. The length to which the lap splice

reinforcement is applied, L; must be greater than the lap length itself.

4.4  Design Example

Two sample columns were chosen based on existing testing data from Sieble and
Innamorato [41] and Seible ef al. [40]. Seible and Innamorato [41] report on an
investigation wherein a reinforced concrete column, which was deficient in shear was
wrapped with carbon fiber FRP and then subjected to the given loads. Similarly, Sieble
et al. [40] reported on a flexural deficient column with a lap splice, which was wrapped
with a carbon fiber FRP jacket. Table 4.1 shows the properties and loads for the sample
shear column and Table 4.2 shows the properties and loads for the sample flexural

column.



Table 4.1- Properties of sample column with deficiency in shear.

Column Height, H 2.438m
Column Section Column Diameter, D 0.610 m
Properties Concrete Cover, cc 20.32 mm
Concrete Strength, ' | 34.45 MPa
. 19 mm (26
Longitudinal Bar Diameter, d, total)
Reinforcement Bar Area, A 284 mm?
(Grade 40) _ :
Yield Strength, f, 303.4 MPa
Transverse Bar Diameter, dj 6.35 mm
Reinforcement Bar Area, A, 31.7 mm’
(Grade 40) Spacing, s 127 mm
Axial Load, P 591.6 kN
Moment Capacity, My; | 646.7 kN-m
Column Load 0.005984
Properties Yield Curvature, ¢ ) 1/m
Neutral Axis Depth, c, 152.4 mm
_ Jacket Modulus, E; 124.1 GPa
Jacket Ma_tenal Ultimate Strength, f; 1.31 GPa
Properties
Ultimate Strain, &5 1.10%
Table 4.2- Properties of sample column with deficiency in flexure.
Column Height, H 3.658 m
Column Section | Column Diameter, D 0.610 m
Properties Concrete Cover, cc 19.05 mm
Concrete Strength, f'¢ 34.45 MPa
. 19 mm (26
Longitudinal Bar Diameter, d, total)
Reinforcement Bar Area, As 284 mm?
(Grade 40) -
Yield Strength, f, 303.4 MPa
Transverse Bar Diameter, dj, 6.35 mm
Reinforcement Bar Area, A, 31.7 mm?
(Grade 40) Spacing, s 127 mm
Axial Load, P 1800 kN
Moment Capacity, My; | 518.6 kN-m
Column Load pacty, Wy 0.008196
Properties Yield Curvature, ¢, ) 1/m
Neutral Axis Depth, c, 136.4 mm
. Jacket Modulus, E; 124.1 GPa
Jacket Ma_terlal Ultimate Strength, f; 1.31 GPa
Properties
Ultimate Strain, ¢¢ 1.10%
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Using the properties from the shear and flexural examples, design thicknesses
were calculated using each approach described above. In addition, the approaches that
included the confined strength of concrete or the confined strain of concrete within the
design calculations were modified to include the two best models from Chapter 2. The
best two models for the confined strength of concrete were determined in Chapter 2 as
the proposed model and Girgin [13]. The two best models for the associated strain were
the proposed model and Mander et al. [30]. Only two design models incorporated the
confined strength of concrete and/or the associated strain into the design procedure. ACI-
440.2R [1] used both the confined strength and the associated strain; therefore, there were
a total of ten modified approaches using combinations of the various confinement

models. Figure 4.1 shows the different design approaches that were considered.



ACI

440.2R
Axial Seismic
Design Design
I | I
ACI Proposed Girgin ACI Proposed Mander
440.2R 440.2R . -

Strength Strength | | Strength Strain Strain Strain
Model Model Model Model Model Model

ACl Proposed Girgin ACI Proposed Girgin ACl Proposed Girgin
440.2R 440.2R 440.2R
Strength Strength | | Strength Strength Strength | | Strength Strength Strength | | Strength
Model Model Model Model Model Model Model Model Model

Figure 4.1- Variations of ACI 440.2R [1] design code considered.

IL
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Similarly, the Seible et al. [43] design approach incorporated the confined
strength of concrete into the flexural strengthening calculations; therefore, alternate
design thicknesses were determined using each of the different strength models
considered. Figure 4.2 shows the alternate approaches considered for the Seible et al.

[43] design calculations.

N
[ Seible et al.

J

! N I 2
[ Shear } [ Lap Splice Flexural

Strengthening Strengthening Strengthening
J J

) ( )
[ Seible et al. Proposed [Girgin Strength}

strength model Strength Model Model
J/ - J

Figure 4.2- Variations of Seible et al. [43] considered.

Each design approach was analyzed using the sample column and the theoretical
design jacket thickness required was determined. The design thickness was determined
for a ductility of 8 and 10. Table 4.3 shows the resulting required thicknesses for each
design approach for the shear column example. The table also shows any modifications
made to the design approach through the confined strength model or the confined strain
model. Similarly, Table 4.4 shows the thicknesses and variations for the flexural column

example. Individual calculations for each approach are detailed in Appendix A.



Table 4.3- Summary of required design thicknesses for shear deficient column.

Required Design Thickness for Shear Deficient Column

n=8 pu=10 o ,
Model Thickness | Thickness | Length Srengt strain Notes
mm. [in.] | mm.[in]
N/A N/A N/A ACI 440.2R [1] N/A
N/A N/A N/A Proposed N/A Axial Design
N/A N/A N/A Girgin [13] N/A
4.97 7.47
[0.196] [0.294] Full ACI 440.2R [1]
3.56 4.77
[0.140] [0.188] Ful Proposed | ACI 440.2R
3.71 5.07 -
[0.146] [0.20] Full Girgin [13]
1.82 5.5
ACI 440.2R [1
[1] [0.072] [0.917] Full | ACI440.2R [1]
1.64 3.84
[0.065] | [0.151] Ful Proposed | Proposed -
Seismic Design
1.57 4.02 -
[0.062] [0.158] Full Girgin [13]
5.56 8.39
3.87 5.17 Full Pronosed Mander et
[0.152] [0.204] P al. [30]
5.50 N
4.06 [0.16] [0.217] Full Girgin [13]

€L



Table 4.3- Summary of required design thicknesses for shear deficient column. Continued.

=8

u=10

h .
Model Thickness | Thickness Length Slt\;lir:j%} ,\S/ltézler} Notes
mm. [in.] mm. [in.]
1.412 1.412 223.5 mm N/A N/A Inside Plastic
Caltrans Memo [0056] [0056] from ends Hlnge Reglon
20-4[9] 0.706 0.706 Remaining NIA N/A Outside Plastic
[0.028] [0.028] Column Hinge Region
Concrete Society
Technical Report 0.534 0.534 Full N/A N/A
No. 55 [8] [0.021] [0.021]
3.10 3.10
ISIS Canada [18] 0.122] 0.122] Full N/A N/A
[0166603] [0166603] Full N/A N/A Shear Strength
N/A N/A N/A N/A N/A Lap Splice
Clamping
2.33 3.21 223.5mm Primary Plastic
[0.092] [0.126] from ends Hinge Region
223.5 mm Seible et al.
N/A
1.17 1.61 from [43] Plsaesiiocng%’e
Seible et al. [43] [0.046] [0.063] primary Region
region
2.97 5.69 233.5 mm Primary Plastic
[0.117] [0.224] from ends Hinge Region
223.5mm
Proposed N/A
1.49 2.89 from P P?;‘;%”Sﬂ ye
[0.058] [0.112] primary ming
. Region
region
291 5.28 223.5mm I Primary Plastic
[0.115] [0.208] from ends Girgin [13] N/A Hinge Region

vL



Table 4.3- Summary of required design thicknesses for shear deficient column. Continued.

=8

u=10

. . St th Strai
Model Thickness | Thickness | Length ,\;igz M;glgl Notes
mm. [in.] mm. [in.]
223.5 mm Secondary
Seible et al. [43] [é'gg% [02'16&] prfirr%r;‘ry Girgin [13] N/A Plastic Hinge
' ' region Region

SL



Table 4.4- Summary of required design thicknesses for flexural deficient column.

Required Design Thickness for Flexural Deficient Column

n=28 =10 _
; - Strength Strain
Model Thickness | Thickness Length Model Model Notes
mm. [in.] | mm.[in/]
N/A N/A N/A ACI 440.2R [1] N/A
N/A N/A N/A Proposed N/A Axial Design
N/A N/A N/A Girgin [13] N/A
15.77 31.49
7.75 10.98
[0.305] [0.432] Full Proposed ACI 440.2R
8.21 11.14 -
[0.323] [0.439] Full Girgin [13]
14.43 26.11
ACI 440.2R [1] [0.568] [1.028] Full ACI 440.2R [1]
7.35 10.14
[0.289] [0.399] Full Proposed Proposed
Seismic Design
7.80 10.43 o
18.35 28.06
[0.722] | [1.105] Full | ACI440.2R[1]
8.46 12.19
Full Proposed Mander et
[0.333] [0.480] 50
8.90 12.08 L
[0.350] [0.476] Full Girgin [13]

9L



Table 4.4- Summary of required design thicknesses for flexural deficient column. Continued.

u=28 =10 .
! . Strength Strain
Model Thickness | Thickness | Length Model Model Notes
mm. [in.] mm. [in.]
1.412 1.412 419.5 mm
Caltrans Memo [0056] [0056] from ends N/A N/A
20-4 [5] 0.706 0.706 Remaining
[0.028] [0.028] | Column N/A N/A
Concrete Society
Technical Report [83311] [83311] Full N/A N/A
No. 55 [8] ' '
3.10 3.10
ISIS Canada [18] 0.122] 0.122] Full N/A N/A
N/A N/A N/A N/A N/A Shear Strength
3.632 3.632 381 mm Lap Splice
[0.143] [0.143] from ends N/A N/A Clamping
5.11 6.77 419.5 mm Primary Plastic
[0.201] [0.267] from ends Hinge Region
419.5 mm Seible et al.
N/A
2.56 3.39 from [43] Plsaesctiocngﬂ -
[0.101] [0.133] primary R 9
. egion
region
] 14.87 21.57 419.5 mm Primary Plastic
Seible et al. [43] [0.585] [0.849] | from ends Hinge Region
419.5 mm
Proposed N/A
7.44 10.79 from P Plsaiiﬁ:”fﬂ Y
[0.293] [0.425] primary o 9
. egion
region
17.23 48.41 419.5 mm Primary Plastic
[0.678] [1.906] from ends Hinge Region
419.5 mm A
Girgin [13 N/A
8.62 24.21 from gin [13] oecondary
[0.339] [0.953] primary o 9
. egion
region

LL
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45 Discussion

As can be seen from Tables 4.3 and 4.4, there is a wide range of recommended
design thicknesses from the various approaches. It is notes that these sample columns
were retrofitted and tested to determine the level of ductility achievable and therefore an
experimental data set can be used for assessment of the results.

For the shear column, experimental tests conducted by Seible and Innamorato
[41] used a carbon fiber jacket which consisted of 1.524 mm for the first 305 mm, 1.041
mm for the next 914 mm and 0.61 mm for the middle 610 mm of the specimen. These
design thicknesses correspond to the Seible et al. [43] design approaches with a desired
ductility of 8, but were slightly knocked down to account for conservativeness. Table 4.5
shows the percent error of each approach when comparing the design models for a
desired ductility of 10 and the experimental thickness, which was proven to provide a

ductility of 10 from the tests.



Table 4.5- Comparison of required design and experimental thicknesses for shear deficient column.

u=10
. Percent Strength .
Model Th|ckn.ess Error Model Strain Model Notes
mm. [in.]
N/A N/A ACI 440.2R [1] N/A
N/A N/A Proposed N/A Axial
o Design
N/A N/A Girgin [13] N/A
7.47 [0.294] 390% ACI 440.2R [1]
4.77 [0.188] 213% Proposed ACI 440.2R [1]
5.07 [0.20] 233% Girgin [13]
ACI 440.2R [1] 5.5 [0.217] 262% ACI 440.2R [1]
0,
3.84[0.151] 152% Proposed Proposed Seismic
4.02 [0.158] 163% Girgin [13] Design
8.39 [0.33] 450% ACI 440.2R [1] Mander et al
5.17 [0.204] 240% Proposed [30] '
5.50 [0.217] 262% Girgin [13]
Inside
1.412 [0.056] 7% N/A N/A Plastic
Hinge
Region
Caltrans Memo 20-4 [5] Outside
0.706 [0.028] -53% N/A N/A Plastic
Hinge
Region
Concrete Society Technical _AEO
Report No. 55 [8] 0.534 [0.021] 65% N/A N/A
ISIS Canada [18] 3.10[0.122] 103% N/A N/A

6L



Table 4.5- Comparison of required design and experimental thicknesses for shear deficient column. Continued.

Model

u =10
Thickness
mm. [in.]

Percent
Error

Strength
Model

Strain Model

Notes

Seible et al. [43]

1.60 [0.063]

5%

N/A

N/A

Shear
Strength

N/A

N/A

N/A

N/A

Lap Splice
Clamping

3.21[0.126]

110%

1.61 [0.063]

5%

Seible et al.

[43]

N/A

Primary
Plastic
Hinge
Region

Secondary
Plastic
Hinge
Region

5.69 [0.224]

273%

2.89[0.112]

87%

Proposed

N/A

Primary
Plastic
Hinge
Region

Secondary
Plastic
Hinge
Region

5.28 [0.208]

247%

2.64 [0.104]

73%

Girgin [13]

N/A

Primary
Plastic
Hinge
Region

Secondary
Plastic
Hinge
Region

08
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The tests concluded that the carbon FRP wraps significantly increased the
ductility of the column from 3 to well over the desired target ductility of 8 to a level
around 10. This suggests that even the slightly knocked down design values used for the
test were significantly conservative as well. Therefore, a less conservative design
approach could be used.

It can be seen that the ACI 440.2R [1] and ISIS Canada [18] design approaches
are extremely conservative and yield design thicknesses approximately twice than that
from tested specimen. Therefore, these two approaches will be discarded from further
consideration in this study. In contrast, the Concrete Society Technical Report No. 55 [8]
yields much smaller design thicknesses than the tested specimen, approximately half the
value. While this may be a viable design approach that could eliminate the conservatism
in the current design approaches, more research would be needed to instill confidence in
this method for design.

Alternatively, there is the Caltrans Memo 20-4 [5], which yields design
thicknesses slightly less that used for the specimen. The suggested design thicknesses
from Caltrans Memo 20-4 [5] are almost exactly the same as the actual thicknesses used
in the Seible and Innamorato [41] tests, which yielded very good, conservative results.
Combined with the relative ease of this approach in comparison with Seible ef al. [43]
makes Caltrans Memo 20-4 [5] a very practical design approach.

However, the Caltrans Memo 20-4 [5] does not consider the desired level of
ductility in the design. Therefore, the design thickness may not be appropriate for

ductility levels lower than 10. Figure 4.3 shows the required design thicknesses for
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various ductilities for the Caltrans Memo 20-4 [5] approach and the Seible et al. [43]

approach.
35
—e&— Caltrans Memo 20-4 [3] /-
3 —— Seible et al. [39]
€
E 25
(7))
il
c 2
X
L
£
o . o— 2 0
= |
3 1 |
a :
0.5 |
|
0 ; T T T T
2 3 4 5 6 7 8 9 10 11
Ductility

Figure 4.3- Comparison of models based on ductility.

It can be seen from Figure 4.3 that Caltrans Memo 20-4 [5] requires a constant
thickness regardless of the desired ductility level; whereas, in the Seible et al. [43]
approach the thickness decreases significantly as the desired ductility decreases. The
Caltrans Memo 20-4 [5] approach was verified through the previously discussed
experimental tests at high desired ductilities. Therefore, for design purposes for a shear
column Caltrans Memo 20-4 [5] should be used when the desired ductility is above 6.5 to
minimize material used and the Seible ef al. [43] approach should be used for ductility

level below 6.5. However, since the Seible et al. [43] is very complex and
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mathematically in depth, it is possible based on Figure 4.4 to use a reduction factor along
with the Caltrans Memo 20-4 [5] approach when the desired ductility is below 6.5. If the
Seible et al. [43] is approximated as linear with ductility, then to calculate the required
thickness when the desired ductility is less than 6.5 the following expression could be

used derived from the Caltrans Memo 20-4 [5] approach:

;= ngiw — ( 5 ]?,-ZZCC -0.4925u -1 .725] Equation 4.26
where f;= 2,068 kPa (300 psi) and radial dilating strain, ¢.., of 0.004 inside the plastic
hinge zone and f;= 1,034 kPa (150 psi) and e..= 0.004 outside the plastic hinge zone.
When the desired ductility is greater than 6.5, the regular Caltrans Memo 20-4 [5] could
be used.

For the flexural column, experimental tests conducted by Seible et al. [40] used a
carbon fiber jacket, which consisted of 5.08 mm for the first 457 mm, 2.54 mm for the
next 457 mm of the specimen. These design thicknesses correspond to the Seible e al.
[43] design approaches with a desired ductility of 8. Table 4.6 shows the percent error of
each approach when comparing the design models for a desired ductility of 10 and the

experimental thickness, which is proven to provide a ductility of 10 from the tests.



Table 4.6- Comparison of required design and experimental thicknesses for flexural deficient column.

M =10 Percent .
Model Thickness Error Strength Model Strain Model Notes
mm. [in.]
N/A N/A ACI 440.2R [1] N/A ]
N/A N/A Proposed N/A Ax!al
Design
N/A N/A Girgin [13] N/A
31.49 [1.24] 520% ACI 440.2R [1]
10.98 [0.432] 116% Proposed ACI 440.2R [1]
11.14 [0.439] 120% Girgin [13]
ACI 440.2R [1] 26.11 [1.028] 414% ACI 440.2R [1] Proposed
10.14 [0.399] 100% Proposed o
Seismic
10.43 [0.411] 106% Girgin [13] Design
28.06 [1.105] 453% ACI 440.2R [1]
12.19[0.480] 140% Proposed Mander et al. [30]
12.08 [0.476] 138% Girgin [13]
-720 N/A N/A
Caltrans Memo 20-4 [5] 1.412 [0.056] 2% N/A
0.706 [0.028] -86% N/A N/A N/A
Concrete Society Technical 000
Report No. 55 [8] 0.534 [0.021] 90% N/A N/A N/A
ISIS Canada [18] 3.10[0.122] -39% N/A N/A N/A
N/A N/A N/A N/A Shear
) Strength
Seible et al. [43]
3.632[0.143] -29% N/A N/A Lap Splice
Clamping

v8



Table 4.6- Comparison of required design and experimental thicknesses for flexural deficient column. Continued.

Model

u =10
Thickness
mm. [in.]

Percent
Error

Strength Model

Strain Model

Notes

Seible et al. [43]

6.77 [0.267]

34%

3.39 [0.133]

-34%

Seible et al. [43]

N/A

Primary
Plastic
Hinge
Region

Secondary
Plastic
Hinge
Region

21.57 [0.849]

325%

10.79 [0.425]

113%

Proposed

N/A

Primary
Plastic
Hinge
Region

Secondary
Plastic
Hinge
Region

48.41 [1.906]

853%

24.21 [0.953]

377%

Girgin [13]

N/A

Primary
Plastic
Hinge
Region

Secondary
Plastic
Hinge
Region

68
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The tests concluded that the carbon FRP wraps significantly increased the
ductility of the column from 3 to well over the desired target ductility of 8 to a level
around 10. This suggests that even the slightly knocked down design values used for the
test were significantly conservative as well. Therefore, a less conservative design
approach could be used.

It can be seen that the ACI 440.2R [1] and the Concrete Society Technical Report
No. 55 [8] and the variations of Seible et al. [43] design approaches are extremely
conservative and yield design thicknesses much thicker than the tested specimen. In
contrast, the Caltrans Memo 20-4 [5] and the ISIS Canada [18] approaches yield much
smaller design thicknesses than that used in the tested specimen. This may be a viable
design approach that could eliminate the conservatism in the current design approaches,
more research would be needed to instill confidence on this method for design.

The two models that produce design thicknesses with the least amount of error are
the ACI 440.2R [1] approach modified using the proposed strength of confined concrete
and the proposed confined strain models and the Seible et al. [43] design approach. The
modified ACI 440.2R [1] approach yields a conservative design thickness; whereas, the
Seible et al. [43] approach is very slightly non-conservative in the secondary plastic
hinge region. However, the test specimen thickness was determined to be conservative
itself, so a very slightly non-conservative design approach may be acceptable in this

context.

4.6  Conclusion
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It can be seen from the example design problems above that there are significant
differences in the various design approaches. The design thicknesses ranged from 0.534
mm to 7.47 mm for the shear column example and from 0.534 mm to 48.41 mm for the
flexural column example. This proves the need for more research in the design code
approaches used and the need to unify and find a universally accepted approach. One
major problem with the design guidelines today is the over conservatism of most codes
and guideline due to the lack of knowledge and confidence with the current design codes
and guidelines. With more research, that confidence will go up and the overall
conservatism will decrease, which will lead to more efficient designs and a decrease in
overall cost of material, which will make FRP jackets even more desirable than the steel
alternative.

For this research, it was determined that the Caltrans Memo 20-4 [5] design
approach is the most practical model for a shear column with a desired ductility greater
than 6.5, due to its slight conservatism and simplicity. Simplicity of the design
calculations will be very important for this application in order to help speed and ease the
process of emergency repair. However, when the desired ductility is less than 6.5, the
Caltrans Memo 20-4 [5] is much more conservative, since it does not account for the
desired ductility in the design. Therefore, for shear column with a desired ductility below
6.5, it is more practical to use the Seible et al. [43] design approach. However, the
Caltrans Memo 20-4 [5] could be used at desired levels of ductility less than 6.5 with a
reduction factor using Equation 4.26. This approach allows one to use the more simple

approach at lower desired ductilities without sacrificing the level of conservatism.
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A shear column or a short column is defined by the ACI 318-08 [2] in section
10.13.2 of the building code from the ratio of the unbraced length, / and the radius of

gyration, ». The code states that the slenderness effect may be neglected is the ratio of

. : .1
unbraced length to the radius of gyration, also known as the slenderness ratio, — is less
r

: . 1 . o
than 22, where the radius of gyration is equal to \/; , where 7 is the moment of inertia

and 4 is the cross sectional area. For a circular column the slenderness ratio is equal
4H : . . .
to? , where H is the height of the column and D is the diameter.

Similarly, for flexural columns it was determined that the Seible et al. [43]
approach is the most practical for design. These models are only validated for
carbon/epoxy FRP jackets. There would need to be additional research conducted to

validate these aspects for other FRP systems.



Chapter 5

Strain Based Design

5.1 Introduction

The design models discussed in Chapter 4 can be used for repair of damaged
columns; however, it would be beneficial to have a more rapid, simple approach that can
be implemented in the field in emergency situations.

This chapter will discuss an alternate design approach, which will determine a
design thickness based on the amount of strain in the spiral hoop reinforcement or the
longitudinal reinforcement, determined in Chapter 2, and the associated loss of axial

capacity in the concrete column.

5.2  Axial Capacity Loss

As presented in Chapter 2, each damage state (DS-1 through DS-5) has a strain
range associated with it for the spiral hoop reinforcement and the longitudinal
reinforcement. Each strain value can be associated with an axial capacity from a
sectional analysis. The axial capacity at a specific strain level can be compared to the
original theoretical capacity of the column prior to damage, which can be determined

using the ACI 318 [2] equations for axial capacity as follows:

P, = 0.89|0.85(f 4, + f1. 4, )+ .4, ] Equation 5.1

89
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where ¢P, is the axial capacity, ¢ is the reduction factor for the transverse reinforcement,
which is equal to 0.75 for spiral hoops, 4, is the gross cross sectional area of the column,
A,.1s the area confined by the transverse reinforcement, f) is the yield strength of the

longitudinal reinforcement, A, is the area of longitudinal reinforcement and f] is the

cecs

confined strength of concrete due to the transverse reinforcement. The confined strength

!
ces

of concrete due to the transverse reinforcement can be determined using Richart et

al.’s [35] relation for steel spiral hoops:
foy = f1+4.1f, Equation 5.2

where f;1s the confining pressure provided by the spiral hoops and is calculated as:

_ 2Ah fsy

f, = Equation 5.3
d-s

where 4, is the cross sectional area of the spiral hoop, f;, is the yield strength of the

spiral hoop steel, d is the diameter of the column that is confined by the hoops, which is
equal to the gross column diameter, D minus twice the concrete cover, cc minus twice the
diameter of the spiral hoop, dj and s is the spacing of the spiral hoops.

The loss in axial capacity for each damage state is simply the axial capacity
calculated from the as-built using Equation 5.1 minus the axial capacity from the

sectional analysis at the given strain value for that damage state.

5.3  Design Approach

Using the loss of axial capacity at a given damage state, the required confined
strength of the FRP jacket needed to restore the original axial capacity of the undamaged

column can be determined. The confining effect of the FRP jacket can be added into the
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expression for axial capacity, Equation 5.1. The new expression for axial capacity is

expressed as:

¢P, = 0.84(0.85(f 4, + fL A +f.4,) Equation 5.4
The effect of the longitudinal bars is neglected since they can show some level of
yielding even at damage state DS-1. Since the loss of axial capacity is known, the
required effect of the FRP jacket can be determined. Therefore, the required confined

strength of concrete due to the FRP jacket, £, can be determined as:

I oP . — P, Equation 5.5
“ 7 0.8¢0.854,

where @¢P, is the initial axial capacity determined from Equation 5.1 and the as-built

no

drawings and ¢P,, is the reduced axial capacity for the given damage state from the

sectional analysis and the associated strain level.

Once the required confined strength due to the FRP jacket is determined, a design
thickness can be calculated using the Caltrans Memo 20-4 [5] approach along with
Mander et al.’s [30] confined strength model or the confinement models in Chapter 3, so

as to compare various approaches.

5.4  Design Example

A sample column was used to demonstrate how this approach can be
implemented. Table 5.1 shows the properties of the sample column and the CFRP jacket

used to repair the deficiency.
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Table 5.1- Sample column and jacket properties.

. Column Diameter, D 305 mm
Cog’rrg ne?teiggon Concrete Cover, cc 19 mm
P Concrete Strength, f'¢ 34.5 MPa
Longitudinal Bar Diameter, dy 9.5 mm (16 total)
Reinforcement Bar Area, A 71 mm?
(Grade 40) Yield Strength, f, 468 MPa
Transverse Bar Diameter, d, 4,92 mm
Reinforcement Bar Area, Ay, 19 mm?
(Grade 40) Spacing, s 32 mm
Jacket Material Jacket Modulus, = 59.36 GPa
Properties Ultimate Strength, f; 752 MPa

The sample column was classified as a DS-4 based on visual examination. The
initial axial capacity was determined to equal 2722 kN using Equation 5.1. The
associated strain, as determined in Chapter 2 for DS-4 is 0.0348 for the longitudinal
reinforcement and 0.00167 for the transverse reinforcement. Using these strain levels, an
axial capacity was determined from a sectional analysis using Response 2000 software
program. The new axial capacity was 174.9 kN. Using Equation 5.5 the required
confined strength due to the FRP jacket was determined to equal 68.36 MPa.

Three approaches were then evaluated using the Caltrans Memo 20-4 [5]
approach along with Mander et al.’s [30] confined strength model and the two best
strength models from Chapter 3, the proposed strength model and Girgin’s [13] strength
model. The resulting design thicknesses were 5.0 mm, 2.81 mm and 5.67 mm using the
Caltrans Memo 20-4 [5] approach, the proposed strength model and Girgin’s [13]
strength model, respectively. Individual calculations for each approach are detailed in
Appendix B. The Caltrans Memo 20-4 [5] and Girgin’s [13] strength model approaches

are very conservative in comparison with the proposed strength model approach.
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5.5 Discussion

The column described in the design example above was tested by Vosooghi and
Saiidi [50]. The Caltrans Memo 20-4 [5] approach from Chapter 4 was used, not the
modified approach described within this chapter. The design thickness was 2.03 mm.
Vosooghi and Saiidi [50] concluded that repair design was effective in restoring strength
and ductility to the damaged column. It was observed that the strength, ductility capacity
and drift capacity were restored to at least that of the original column. It was also
determined that 87% of the stiffness was restored.

When the column design that was tested is compared to the design thicknesses
produced from the approaches discussed in this chapter, it is concluded that the proposed
strength model approach is most accurate in determining design thickness. The Caltrans
Memo 20-4 [5] approach and Girgin’s [13] strength model are much too conservative.
The proposed strength model approach is slightly conservative for the DS-4 design.
However, since the approach used by Vosooghi and Saiidi [50] is constant for all damage
states and the proposed model approach design thickness decreases as the damage state
decreases, the proposed strength model approach should be less conservative for lower
damage state levels and is actually based on changed in damage rather that use of a “one-
size-fits-all” approach. The proposed strength model can be simplified in terms of

thickness as follows:

1 [13899 1 17D
to=— | 22— (240811270 - £/ —5.03-107 - £ £/ |- =
) {5030 /e 5030( /e Ju f)} f;

Equation 5.6
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5.6  Conclusion

A design approach for each damage state was derived using the strain levels
expected for each damage state. The strain was related to a loss in axial capacity using
sectional analysis, which was used to design an FRP jacket for repair.

Three design approaches were considered and compared. The Caltrans Memo 20-
4 [5], the proposed strength model and Girgin’s [13] strength model were used to
calculate a jacket thickness for an experimental column. It was determined that the
proposed strength model is a more accurate design approach. This design approach
provides a simple method to determine a jacket thickness based on the level of damage

observed in the column.



Chapter 6

Decision Tree
6.1 Decision Tree

Figure 6.1 shows the final basis for the decision tree using the proposed strain
based design discussed in Chapter 5. This decision tree will aide engineers in
determining the level of damage to a column through visual inspection, determine
whether repair using an FRP jacket is appropriate, and then design the FRP jacket if

repair is appropriate.
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Figure 6.1- Decision tree for emergency repair.
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Chapter 7

Example

7.1 Example

The following example is a reinforced concrete column with a diameter of 305
mm. The step-by-step design example shows how to calculate the different design

thicknesses for each damage state level.
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Column Properties:

D= 305mm

¢¢ = 1%mm

A= 16-7lmm’ Ag= 1136 16° mm?
dy, :== 4.877mm dy, = 0.192in
dgi=D-2-cc-2-dy d, = 257.246 mm
£, = 34.48MPa

2

n- (dh)
] 2

Ay, = T Ay, = 18.681 mm Ay, =0.0291n

Ey = 29000ksi B =1.999x 10°MPa

§ 1= 32mm
f}'h = 413.685MPa [yh = 60ksi
fys:: 468.43MPa [ys: 67.94ksi

Composite Properties:
fp == 752MPa f = 109.068 ksi

Eg:= 59360MPa Ep = 8.609 « 107 ksi

Confining Pressure Provided by Steel Hoops:

24y fyp
=g
C 3 *8
f, = 272319 psi = fj = 1.878MPa

Initial Axial Capacity:

foe = o+ 41R £ocs = 42178 MPa
A, =D A, = 7.306% 10*mm®
8.— 1 8_ [ - X mm
2
(ds) e . 4 2
Age Ao, = 3197 x 10 " mm

4= 075 for spiral hoops

0P o= 08085 §y(Por Ag + Foog - Agg) + 08+ by Age £

P

o= 2722x 10°KN Initial Axial Capacity

Proposed Stregth Model:

\

et ° At
f_=f_.||-0503. —L £} 4 29708 [—L + 09469
ee e D-f, D-P,



Long. Strain (mm/m)
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Figure 7.1- Axial capacity of column versus longitudinal strain from sectional analysis program,

Response 2000 [4].



DS-1
MNew column capacity:
P oy == 689.2KN

Required strength from jacket:
Pro — 9Ppew
GoT s o g
080850 Ay
f..=54.557 MPa

(1]

Proposed Strength Model

- 752 . 2.752. tn
54,557 =34.48 - |-0.503 - 27798 + 0.9469| solve. .ty —
305 - 34.48 305 - 3448,

ty = 1.67mm 1 = 0.066in

Ds-2
MNew column capacity:
0P, o = 338.7kN
Required strength from jacket:
$Ppho — $Ppew

[‘cc
Fcc = 63.963 MPa

Proposed Strength Model

1.6704386609774765960
36.972026653518526111

752 -t 752 - tﬂ 2.4382674584921 689135
63.963 = 34.48 - | -0.503 - + 27798 + 0.9469| solve,ty —
\305 - 34.48/ 4.48 36.204197856003833794

tg = 2.44mm tp = 0.096in

DS-3
New column capacity:
Py = 233.3KN
Required strength from jacket:
= Pho~ ¢Pn\m’
" 08.085-9.A,
f oo = 66.792MPa

Proposed Strength Model

<752 ln 752 2R 2.6761309068788307940
66,792 = 34,48 .| -0.503 . + 2,779 + 09469 sul\.-c,ln —
05 . 34, )5 . 34,48, 35.966334407617171913

tgi= 2.68mm tf 0.1061n
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DS4
MNew column capacity:
P, ey = 174.9KN
Required strength from jacket
$P o= 0P

f L e——
<c 3
0845 085A,

oo = 68.359MPa

Proposed Strength Model

752 . - 752 - 1|-| 2.80093594791 505366243
68,359 =34 48.|-0.503 - + 0.9469] solve tyy —»
05 - 3-1 48 U’\ 34.48 35.833105835345466083

ti = 2.8lmm —:I]Ilm

It can be seen from this simple design example that the design thickness will
increase as the damage state becomes more severe. The resulting design thicknesses are

1.67 mm, 2.44 mm, 2.68 mm and 2.81 mm for DS-1, DS-2, DS-3 and DS-4, respectively.



Chapter 8

Conclusions and Future Research

8.1 Conclusions

A basis for a decision tree was presented to help engineers quickly design a CFRP
jacket for damaged reinforced concrete columns for emergency repair. The decision tree
first determines a level of damage based on visual inspection of the damaged column.
The damage states were classified into five levels, DS-1 through DS-5, based on the level
of visual damage. Strain ranges for longitudinal and transverse reinforcement associated
with each damage state level were determined. From these strain levels, it was
determined that DS-1 would not require repair, unless one layer of jacket is desired for
aesthetic reasons. It was also concluded that DS-5 would not be appropriate to repair
using an FRP wet layup jacket, since the damage has penetrated into the concrete core
and transverse reinforcement has yielded.

Modeling concrete confinement from an FRP jacket is considered because FRP
does not behave like the traditional steel jackets, since they are perfectly elastic to failure.
Therefore, several existing confinement models were analyzed and compared with a large
database of existing experimental data. In addition, from the experimental database, a
new confinement model for confined strength of concrete and the associated strain in the
concrete are proposed, Equations 3.64 and 3.65. It was concluded that the proposed
models performed more accurately than the existing models based on the root mean

squared error (RMSE) analysis and the coefficient of variance (R?) analysis. The second
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best models were Girgin [13] for confined strength and Mander et al. [30] for the
associated strain.

Several seismic retrofit design guidelines and approaches were analyzed and also
modified using the confinement models deemed most accurate earlier. Two sample
columns, one deficient in shear, and the other deficient in flexure were used as test cases.
It was concluded that, when design thicknesses were compared with experimental data
from a column tested that for a shear column, the Caltrans Memo 20-4 [5] approach was
most appropriate when the desired ductility was above 6.5 and the Seible et al. [43]
approach is most suitable when the desired ductility is below 6.5. However, it was
proposed that the Caltrans Memo 20-4 [5] could be used for lower ductilities with a
reduction factor to account for the over conservativeness. Similarly, for a flexural
column, it was determined that the Seible et al. [43] approach was most appropriate for
all cases.

In contrast to the seismic design approaches, a new approach using the strain
levels in the reinforcement at each damage state was proposed. This strain based design,
used sectional analysis to determine the decrease in axial load carrying capacity of the
column at the strain level for the damage state being considered. Using the loss of axial
capacity, a required confined strength that the FRP jacket would need to restore the
original axial capacity was determined. From the required confined strength, a design
thickness can be found. Three approaches were analyzed, the Caltrans Memo 20-4 [5],
the proposed strength model and Girgin’s [13] strength model. When compared with an
experimental column that was classified as damage state DS-4, which was repaired using

a CFRP jacket and then tested to failure, the proposed strength model was the most
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appropriate approach in determined a design thickness. The main advantage to the strain
based approach, as opposed to the seismic retrofit design is that the design thickness
decrease as the damage state decreases; therefore, better utilizing the material and

creating a more economical design.

8.2  Considerations for Construction

Before this research is implemented, detailed guidelines for construction should
be generated. Field conditions and construction approaches can greatly affect the
performance of FRP jackets. A few suggestions for construction are presented here.

Column surfaces should be cleaned and loose concrete should be cleared before
applying the FRP jacket. Large holes or spalled areas should be filled with an epoxy
grout to create a smooth surface for the FRP to bond to. Quality control measures should
be employed to ensure the FRP jacket is applied correctly. Measures should be taken to

monitor cure conditions to ensure full cure before opening the bridge for use.

8.3  Future Research

The goal of this thesis was to move forward in the research areas discussed within
and to present a baseline for a decision tree to be expanded upon. There are several areas
that could use more research to validate or expand the research presented here. The
following areas could use more research:

1. More extensive research for the strain levels associated with each damage
state is needed. The strain levels presented within this thesis are based on

a very limited set of tests.
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Most tests conducted to validate the damage state strain, the design models
and the strain based design approach were conducted on small scale
specimens. More research to validate using large scale specimens is
needed.

Design models and strain based design were validated for carbon/epoxy
FRP jackets only. Research to validate equations for GFRP and AFRP is
needed.

Experimental validation of the decision tree is needed to eliminate further
conservatism.

The effect of bond between the FRP jacket and the concrete needs to be
explored.

Research to further expand the decision tree for other column geometries

1s needed.
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Shear Design Example

Column Section Properties:

H:= 2438nm Column Height
D:= 610mm Column Diameter
c¢ := 20.32nm Concrete Cover

Py = 34.43Pa Unconfined Concrete Strength
E, := 27580MPa Modulus of Concrete

Longitudinal Reinforcement Properties (Grade 40):

dg = 19mm Bar Diameter, 26 in total
A = 28dmni Total Bar Area
ty := 303. vPa Yield Strength
Transverse Reinforcement Properties (Grade 40):
dy, :== 635mm Bar Diameter
Ay, = 31 7mnt Bar Area
s = 127mm Spacing

Column Load Properties:

P:= 591.6kN

Axial Load
M, ; = 646.7TXN - m Yield Moment
P, 1= 0005984 1 Yield Curvature
¥ m
¢y, += 152.4nm Meutral Axis
Jacket Material Properties:
Eg:= 124.1GPa Jacket Modulus
ff i= 1310MPa Jacket Ultimate Strength
fy
op=o ep =001 Jacket Ultimate Strain
f

[41!



ACI1440.2R-02 (2002)

Axial Capacity Design (

k, := 0.85 For spiral reinforced columns
¢ =075
Yii=095 For wrapped column jackets
2
-D
Agi= N y Ag_n.':r)fz...2

¢ Py=ky - ¢ [085 Fpfop- (A~ Ag) + - A]
Want ¢Fn to equal axial load (291.61kN)

l’=ke-¢-EJ.85-‘Pf-f‘cc-(Ag As] " fy-f\gl

E A
kb )
T 085 (Ag-Ay)
f,. = 3571 MPa Required confining strength to achieve axial load given
kg = 1.0 For circular columns
4-tp
pp=— Volumetric ratio of FRP
D

Eg min(f}.O[’M,O.TS&:f) ggq = 4= 10 2

l‘_ks-pf-ﬁfd-ﬁf ._z-ks-[f-{-;fd-]—';f

Confining Pressure
2

1
=%
[}

el



3 3 H
2-tp- (-1 10 71240 - GPa] 25t (-1 1071240 -GPa] —(2-2?95?4?'12551263(:262- 10-3) i
3571 -MPa=3445-MPa-|-1.25+ 225-| N1 + 7.9 —-2- RO]\."C,Tf —

3445-MPa- 061 -m 34.45.MPa- 061 -m 313497 5683360686396 - 10_1- m

Thickness is negative; therefore, no FRP required for axial capacity. tpi=0

Seismic Design

Assume given ductility desire is 8
LA : 8
Lp =0.08 . H + 0,022 l'y- dy, Plastic Hinge Length for Double Bending

I‘p = 223.52mm

ppa—1
M= 14
3.(2).]1-05. [
H H

L 15.01
oo™ g - Pyroy g = 0.014 Confined Concrete Strain

5:.P,.,-4-f
£op B 171 - —— -

]—:C
Epn' E
LIL'H SRR

Pooi= f Required confined strength of concrete

Pcc =71.714MPFa
" =K
Egq= mln(()_ni‘.t’l,t‘}_?ﬁaf] Efd = 4% 10

_keppeefe Ep f_z'ks'lf"‘fd'ﬁf

f 2 ! D

144!



P =0, G_zs :

71.714 - MPa = 34.45 - MPa -

2 te - (4-1072. 1241 - GPa) 2.t .(.-1.1:1‘3.124.1-(}Pa)
£l " fl

tp = 0.136m tp = 136 mm
ar
Il- = 0.00497m tl- = 4.97 mm tf =0.191in

Assume given ductility desire is 10:

pp =10

H
. =008-— + 0.022-f -
L, =008 2+rn fy- dy,

L = 223.52mm

P
pa—1
=1+
He Ly Ly
3. 1-05.|—
H H
4 2
By = 19.012
€oci= Hep * tby- B Egp = 0.017 Confined Concrete Strain
5-f,.-4-f
Eee =171 - ————
I"c
Ban* By
£ L — Required confined strength of concrete
5

P 4o = 83.489MPa

epgi= min(i}.(l{M,U.'?.‘Ssi—] egg=4x 1073

34.45- MPa - 0.6] - m = 34.45. MPa - 0.61 - m

Plastic Hinge Length for Double Bending

4.9671916430944384411 - 10
—-1.25 snlvc,rﬂ —

_3_

13614733277647647211 - m

)

SII



t_=ks'5;’l"’:fd'Ef f_=2'ks"1"€m'ﬂr
1 2 ! D

f f
foe=fe-[225- 1+79. —-2.— 125
£ £,

2.t -(4-10°-1241-GPa) 2.t - (4-107-1241- GP) 12640816252009413783 - m
83.489 - MPa=34.45-MPa-|225- {1 + 7.9+ g —1.25 solvc,tﬂ —
3445-MPa - 0.61 - m 34.45-MPa - 0.61 -m 7.4715210453268935931 - 107 . m,
tp = 0.126m tp =126 mm
or
te = 0.00747m tp =7.47mm tp=0.294in
Caltrans Memo 20-4 (2000)

To achieve ductility of 6:

Inside Plastic Hinge:

f == 2068 - 10°Pa Recommended Confining Pressure

€op = 0.004 Recommended Confined Strain of Concrete
2-09-Ep-sg,

tp=1.412mm tp = 0.056in

Qutside Plastic Hinge:

£ = 1034 10°Pa Recommended Confining Pressure

o= 0.004 Recommended Confined Strain of Concrete
fl o D

!.l' =

2:09:-Ep g,

tp = 0.706mm ty = 0.0281n

911



Concrete Society Technical Report No. 55 (2004)

2
mim

fj:= 0183 — Recommended Confining Pressure
N
2
- f‘] D j’:‘u’:.
7 2.E
tg = 0.534mm tp = 0.021in

ISIS Canada Network of Centers of Excellence (2001)

Opg = 1.0 For circular columns

0.291",

rlnm.x = Recommended Maximum Confining Pressure
L,
P

fimax = 9-991 MPa

dgip = 075
S Beten iy
T p

f||m:|:<'D
S e w—————
20 Epregp

tg= 3,101 mm tp 0.1221in

Associated Confined Strength of Concrete, f'cc.

b= 06
2.4
Ims
Wi o e Wy 0967
¢'c'[‘c

foe= Fc-[] + “pc'ww)

foo = 67.752MPa

LT1



Seible et al. (1997)

Shear Strengthening
1.5-M,,;-2
V, =— Shear Demand
4 H

V,=795812kN

V= OkN Ignore Shear Contribution from Concrete, since concrete is damaged
0 := 45deg Assumed angle of shear crack, this is conservative
D':=D-2-cc—dy Effective Column Diameter

n Hhe f}" D' S .
V= = ——— . cotl0) Shear Contribution from Steel Reinforcement

2 s

Vs = 66974 kN
Voorm e—— Shear Contribution from Axial Load

Vp, = 111.042kN

o, = 0.85
\J
¢—° (Vo+ Va+ Vp)
v

=.0.004-Eg-D
2

t, = 1.594mm tp = 0.122in

8I1



Flexural Strengthening

Assume Desired Ductility is 8

L =8

I
Lp =008 =+ 0022- -y,

Lp = 223.52mm

Plastic Hinge Length for Double Bending

By —1
W = 1+
sif—E).|1~085-2
H H
2 2
Ly = 1501
Een'™ Mo - q’)y'cu
£y = 0.014
28p; - fr-er
§ oy = 0.004 4 —ek s
PCC
dpi=09
Pe=15-1, Assumed Confined Strength of Concrete, conservative
__009-D. (5o~ 0:004) - £,
C o fp-0.01
teq 2331 mm tg 0.1221n
. te1
@=
ten=1.166mm te=0.122in

611



Assume Desired Ductility if 10
up =10

I,p =008 -

v |

£ 0022-f,- dy, Plastic Hinge Length for Double Bending

L = 223.52mm

P
1 Mol
Ly =1+
R T’p ]‘p
3. |— 1 =0.5]—
H H
] 2
Bg = 19012
o= M+ (Tiy <y
€y = 0.017
N 2.8p; - fp-ep
£y = 0.004 4 —————
[+ +]
dpi= 09
fooi=15-F, Assumed Confined Strength of Concrete, conservative

009D (5~ 0.004) - P

t

L o5 - 001

te1 =321 mm te] = 0.1261n
tel

ten= i

too = 1.605mm teo = 00631

Lap Splice Clamping

This column does not contain a lap splice

0l



Modifications using the top two confinement models described in chapter 3

Top Strength Models:
Proposed Model:

7\ ? f
Poo =0, [-0503. [—) + 27798 — + 0.9469
£ £,
Girgin's Hoek-Brown Model:
fop =6+ Jfo- + 3504+ f

Top Strain Models:

Proposed Model:

B 2
l‘
GG (o]
S TR 1.042?-6—) —1_1181-9——6.194E|
(4] [+]

Mander et al.'s Model:

oo TEgye 14 S-(ﬁ D:|
PC

ACI 440.2R-02 (2002)

Axial Capacity Design Using Proposed Strength Model (

ke = (.85 For spiral reinforced columns
=075
Y= 095 For wrapped column jackets
2
- D 3
: 2
)\g E ) x\g 0.292m

0Py =ky ¢ -[085-We- oo (A~ A+ £ A
Want ¢Pn to equal axial load (591.61kN)
Pk, ¢-[085. - fog - (Ag— A+ £+ A

ICI



P

f- A,

P ke¢|—
7 085 ¥ (Ay- A
f‘cc =3.571 MPa Required confining strength to achieve axial load given
k=10 Far circular columns
4t o
ppE— Volumetric ratio of FRP

D
efg = mm(U_UJf-‘l,U_?icl—) eg=4x10 3

ke-pg-epg- B 2.k terg8ry-Bp
= % fi= % Confining Pressure

i\* §
f..=f_-1-0503.[—] + 2.7798 . — + 0.9469
cc [ r r
3 [

-5
[}

s tpy - 1310 # 2-tpy+ 1310 —2.312445128491604332
3571 =34.45.1109469 + ~0.503 - \ ———] + 27798 . ————| | solve .ty —
610 34.45 610+ 34.45 k& 46.638934361035273614

Thickness is negative, therefore, no FRP required for axial capacity. tp=10
Axial Capacity Design Using Girgin's Strength Model (

Girgin Goek-Brown Model:

2-tp5- 1310 2-1p3- 1310
3.571 & — 34.45% 4 3.5. 3445, ——— solve,lgz —> ~2.0050600526625523667
610 610
Thickness is negative, therefore, no FRP required for axial capacity. tp = 0

44!



Seismic Design Using ACI 440 Strain Model and Proposed Strength Model

Assume given ductility desire is 8

Mp = B
I,p =0.08 - I + 0.022- fy- dy, Plastic Hinge Length for Double Bending
ke )
Lp = 223.52mm
pp -1
Wy = 1+ [ :
3.[=&).|1-05.[=E
H B
2 2z
ng =15.01
Eee = Hep - Py oy Eoe = 0014 Confined Concrete Strain
w15 5 I'm—-:t-l‘c
Ecc =-l1.71- "
bG
e Eg 4.
7 [
f,.= o 1 S Required confined strength of concrete
5

£,o = 71.714MPa

— H - \ 3
sgqi= min(0.004,0.75eg) £y =4x 10

K o pg-egg- Bp 2-kg-tp ey By
[‘1 E — [‘1  ———
2 D
7\ f
f =0 |-0503.—] + 27798 . — + 0.9469
oo 4 i
f £,
1-f‘1 131 2 '-1’-“ 1310 3.5602451 6238898621 44
T1.714=34.45-1 [ 0.9469 + —0.503 - 7798 solve Sty =
t’}l 0. 3445 t’}l 0- 3445 = 40. 7662440701 54683067

eCl



tp == 40.77mm

or
tp := 3.56mm tp =014in
Assume given ductility desire is 10
pp =10
Lp =0.08- 2 + 0.022- Ey dy, Plastic Hinge Length for Double Bending
2
= 223,52
Lp i= 223.52mm
pa-1
Hep = 1+
5o [ | 1 ~i5 [=2
H H
2 2
Mg = 19.012

i 5:f,—4-1,
£ =], .
cc

Eg

F‘czzszz'F‘c

.{‘C
P 1.71
[ 3

oo = B3.489MPa

£fd 111in(0.004, 0.75¢ f)

_Kkppoega By
L

R
f
S U.S(B-@

£ 0.017 Confined Concrete Strain

Required confined strength of concrete

egg=4x 107

_ Zekgetpeepg- By

f—————
;

1
F 27798 — + 0.9469
f‘c

149!



B3 489 =3445.]10.9469 + —0.503 - CS

10 - 34.45 610 - 34.45

tp 1= 39.55mm

ar
tp := 4.77mm ty = 0.188in

Seismic Design Using ACI 440 Strain Model and Proposed Strength Model (

Assume Desired Ductility is 8

£, = 71.714MPa From above calculations

g = 1
Poo =T+ 0o + 35+ 0+ f

2-tg3-1310 2 g3 1310

2
tpy+ 131 2 tpy - 1310
7? +2.7798 - —————

m]vc,lfv_,

—

47748661 195058329309
39.551623113037836351

71.714 = — 4 134.452 + 3.5. 3445 . ————— wsolve,tpz — 3.7131984785569819563

610 610

Lf = 371mm ty 0.146in

Assume Desired Ductility is 10

P o= 83.489MPa From above calculations

2-tp3-1310

83489 8 ——— 4 34.452 + 3.5 34.45.
610

2-1p3- 1310

L i= 5.07Tmm tp = 02in

solve,tpy —» 5.0662165526023944625

4!



Seismic Design Using Proposed Strain Model and ACI 440 Strength Model
Assume given ductility desire is 8:
Mp =8
Lp =0.08 - H +0.022- L} -dy, Plastic Hinge Length for Double Bending
2

J_.p 1= 223.52mm

1 HA 1
By =1 +
¢ LP LI’
3 1-05-

H H

2 b
b = 15.01
Boo = Ry " Py 0y oo = 00137 Confined Concrete Strain

Proposed Strain Model:

- £
= 1.0427 - [—) — 11181 - —= + 61949
oo = Eoo | 1:0427 - - -1, "5 + 6.
C =

3 2

Pecl Ceel __14.49604001 4618419466
0.0137 = 0.002-| 61949 + 1.0427 - {——} —1.1181 - solve, Py —

4.4 34.45 51.437197586307304093

f o= 51.49MPa Required Confined Strength of Concrete

Ep IIliIl(O.ﬂ(]-ﬂ-,O.?S{-;f) gp = 4 1077

koo pp-egy- By 2ok tpeegy- Ep
f‘l=7 f‘l=f

i f
foo =fe- (225- fl 4+ 79. = ~2.—= 125
C C

9Cl



2. -(4-107* 1241 - GPa) 2.t - (4-107%. 1241 . GPa)

51.44- MPa=3445-MPa-|225- {1 + 7.9 -2
3445-MPa-0.61 -m 3445-MPa-0.61 -m

tp: 0.152m t¢ 152mm

or
te:=0.00182m  tp=182mm  tp=0072in

Assume given ductility desire is 10:
My =10

T.p =0.08 -

|

T'p = 223.52mm

1 Sk
M =1+
2 L L

P P

30— |1-05.[—

H H

2 2
Ry = 19.012
oo = M -cby- €y oo = 0.0173 Confined Concrete Strain

Proposed Strain Model:

2 f
€ = Cop+|1.0427+ [==) ~ 1.1181 . — 4+ 6.1949
o f.

+ 0.022- fy - dy, Plastic Hinge Length for Double Bending

151753761 70438335884 - m

1.8175918852117257687 - 107 . m
-1.25 solve,tfl -

z
el feel 37.5254952004461 77463
0.0173 =0.002+ 61949 + 1.0427 + {—=—=} —1.1181 - solve, Py —
4.4 34.45 74.466652781135062090

g 1= 74.47MPa Required Confined Strength of Concrete
Egd = min[ﬂ.m‘!,ﬂ.?SEf‘) Epq= 4% 10 3

_keppeecEy _ Zeketpregye By
fe=———— o

LTI



2.t -(4.107%.1241. GPa) 2.t 410731241 cpa)

34.45-MPa-0.61 -m

7447 - MPa =34.45-MPa-| 225 /1 + 7.9. -2
34.45-MPa - 0.61 - m

b= 0.134m tp = 134mm

or
ty := 0.00550m tg = 5.5mm tg=0.217in

Seismic Design Using Proposed Strain Model and Proposed Strength Model
Assume given ductility desire is 8:

£ = 51.44MPa From Above Calculations

7\ f
f =0 1-0503.|—] + 2.7798 . — + 0.9469
oo C r f
' (4

“tpy - 1310\ 2ty - 1310
51.44=34.45. [ [0.9469 + 0503 (———) + 27798 . ————|| solve,tp
610 34.45 6103445 :

tp:= 42.6%mm

or
tg = 1.64mm iy 0.065m

Assume given ductility desire is 10:

f . = 7447MPa From Above Calculations

CC

. i
Lo = 0o+ [-0303: (=) + 27798 — + 09469

C

5.5010053273720839076 . 10
= 1.2% ao]vc,rﬂ —
.13392016695682412882 « m

1.6366552688306581444
>
42.689833963713011137

-3
+T

)

8¢l



2ty - 131 2.t - 1310
74.47 =34.45 - [ [0.9469 + 0503 . {———) + 27798 - —————|| solve.tp
610-34.45 6103445 -

tp == 40.49mm

or
ty := 3.84mm tp=0.151in

Seismic Design Using Proposed Strain Model and Girgin's Strength Model

Assume given ductility desire is 8.

40,4891 732180531 88065,

(3.83?3160144904812162)
>

P g 1= 51.44MPa From Above Calculations
_ ’ 2
fCC_fi+ PC + 35?01’1
2-tpy - 1310 5 2-tp3- 1310
51.44 =—————+ [34.45" + 3.5- 3445 . ——— solve,tpy — 1.5676976478534047524
610 610 7
tp = L.57mm tp = 0.0621n

Assume given ductility desire is 10

[ oo = 74.47TMPa From Above Calculations
= , 2 c.p
P =h+ 07+ 3501
2-tp3- 1310 ) 2ty - 1310
7447 8 ————— & [34.45" + 35. 3445 ————— solve,tpy —> 4.0235604664480361169
610 610
tp == 4.02mm ty = 0.1581n

6¢Cl



Assume given ductility desire is 8:
B s 8

H .
Lp-O.OS-EI 0.022-Ly-db

T’p = 223.52mm
pp =1
Hep : 1+
3.(2).|1-05.[L

! Ll

2 2
ug = 15.01
Boe T B - Py gy 8o = 0.0137

Mander et afs Strain Model:

- cC
Eop TBeu |1+ 5 f‘_ 1
C

Feel
34.45

0.0137 =0.002- IE +5-

Seismic Design Using Mander et al's Strain Model and ACI 440 Strength Model

Plastic Hinge Length for Double Bending

Confined Concrete Strain

- )] Rolt'c,f‘ccl — 74.756500000000000001

f‘cc = 74.76MPa Required Confined Strength of Concrete

£gg= an(O_L[M,U.?ﬁcl-) gfg= 4% 1073

f_ks'F‘f"’fd'Ef 2k tpeepy By
1 2 1 D

f f
Poo=Po- (225 fl+79.—-2.—-125

lC lC

1241 - GPa) 2-tq - (4.1073.1241- GPa)

2-1ﬂ-(4-10‘3-
T476-MPa=3445-MPa-|225- 1 + 7.9

34.45- MPa -

0.61 -m T 3445.-MPa- 061 -m

5.5589056513633647879 - 1(
1.25] solve, iy —

13368408371 583043054 -

7. m
m

0¢I



te = 0.134m tp =134mm

tpi= 0.00556m  tp=556mm  te=0219in

Assume given ductility desire is 10:

HA 10
Lp =008 - & + 0.022- f),- dy, Plastic Hinge Length for Double Bending

-~
Lp = 223.52mm

pp—1

M =1

Gl 1 = 08 f—n

H H

ng =19.012
€00 = KB cby- ey g, = 0.0173 Canfined Concrete Strain

Mander et af's Strain Model:

s Mag| 148 L2 D
[‘C

o

00173=0002.{1+ 5- cel - solve, ' | 1 87.158500000000000001
34.45 ac

P := 87.16MPa Required Confined Strength of Concrete

co

£pq = min(ﬂ.(m,f}.?_i&:f) £pq=4x 1073

_keppeeg- Bp 2k tpeegg By

fy

2 ! D
fj ]
p =p .(225. h+79.—-2.—_125
cCc [+
7, P,

fi

Iel



B87.16.- MPa =3445.MPa -|225. |l + 79.

tp = 0.123m

ar
tp = 0.00839m

2.t (4.10°.1241.GPa)  2-tg-(4.10

31241, Gi’a)

34.45.MPa - 0.6] -m
tp = 123mm

tp=839mm  tp=033in

Seismic Design Using Mander et al.’s Strain Model and Proposed Strength Model

Assume given ductility desire is 8:

f_. = 74.76MPa

cC

Poo =1, -|-0.503-

7476 =34.45.| | 0.9469 + -0.503 -

ty = 40.46mm

ar
te = 387mm

From Above Calculations

fi
(J + 277 98-—+ﬂ‘]469
fs

Assume given ductility desire is 10:

P oo = 87.16MPa

£ =P -|-0.503

2
- tpy - 1314
87.16=3445([0.9469 + -0.503- \———} + 27758 -

1f, 131 |p -1310
610 - 34.45, T610-34.45_
tp= 0.152in
From Above Calculations
i\’ £
A=) + 27798 . — + 0.9469

P £y

2-tp- 1310

10 - 34.45 610+ 34.45

34.45. MPa - 0.6]1 +m

§.3855620402334051991 - 107
-1.25 sn]\'c,1n —

12323857156547771486 - m

3.8667147622115146809
solve,tpy —» )
- 40.4597744703321 54601

5.
solve,tpy —» (
- 3

1712833737519678581
9155205858791 701423

)

cel



tp = 39.16mm

ar
tf = 5.17mm tg = 0.204in

Seismic Design Using Mander et al.'s Strain Model and Girgin's Strength Model |
Assume given ductility desire is &:

f .= 74.76MPa From Above Calculations

P =f+ f07+35:0,-

2151310 1 2tz - 1310
74.76 8 ————— + [34.45” + 3.5 34.45 . ————— solve,tpy — 4.0564513506650747369
610 610
tp = 4.06mm tp =016 in
Assume given ductility desire is 10
f,.i= 87.16MPa From Above Calculations

81168 —— + [34.45 + 3.5-3445- —[ SO'VB‘IB — 5.5017081161071624947

tp = 5.50mm ty=0217in

eel



Seible et al.

L1 =

Flexural Strengthening Using Proposed Strength Model

Assume Desired Ductility is 8

My =8
Lp =0.08 % + 0.022- i}' - dy, Plastic Hinge Length for Double Bending
]_.IJ = 223.52mm

KA~ 1
M 14

3.2} .1 -0s5(L
H H
He = 1501
Eon™™ Mep q}y' %n
ou= 00137
2. Sp If ¢

£y = 0,004 4 ——

CcC
dp=09

e £

1 1
fo.=f, 0.503-(—) 27798 - — + 0.9469

P £,

009-D- (56, ~0.004) -

t =
ol dp- - 001

F1310-ty
0.09- 610 - (0.0137 - 0.004) - | 34.45- [ [-0.503-
610 34.45

Sy,

2

. T798 - C

1310ty

610 - 34,45

0.9-1310-0.01

< ]> + O.G46€|:|:|
solve,tcll —1»(

40.834808423821461 515
29657951383028113994

)

vel



te] = 297mm tl = 0.117mn

tep = 1.485mm o =0.058in

Assume Desired Ductility if 10

pp =10
]“p =0.08 - % + 0,022 t} . dh Plastic Hinge Length for Double Bending
]_.p = 223.52mm
Ha—1
Hep 1+

] P

3+ [—=]*]|1-05—
H H

2 2

My = 19.012
Bout= Mg - Py 6y
€ oy = 00173

28p.-fp-8
" A I S
€y = 0004 +

oo
¢f =09
i\* f
Poo =0, [-0503- (=) + 27798 . — + 0.9460
< < r P
c
009D (£, - 0.004) - £
t, =
ol b - 001

Gel



0.09. 610 (0.0173 — 0.004) . | 34.45.||-0.503 . { —— 8 ——
_ 610. 34.45
te11 =

: 1310-tc”>"

+ 2.7798 . C

0.9-1310-0.01

41 0.2241n

tn=0.112in

Flexural Strengthening Using Girgin's Strength Model
Assume Desired Ductility is 8

6oy = 0.0137 From Above Calculations

009 D- (£, ~0.004) - £

solve,t )

ol o 001
2.1y - 1310 3 2-151 - 131
0.09.610. (00137 - 0004) - | ———— + [34.45 + 3.5. 3445 —888 ™ —
610 610
le =

0.9.1310-.0.01

te) = 2.91mm teg = 0.115mn

g tel

¢2* 5

to5 = 1.455mm teo = 0.057in

» 2.9080238444453194364

- 1310 . a1
—_—— ) + 09469 -
610 .34.45 —21.3050620:9] 73954847
solvc,lc“ —

5.6844554602736768984 )

9¢1



Assume Desired Ductility if 10

Egy = 0.0173 From above calculations

P2+ ’f‘c‘+ 350,91

_0.09-1)-(

cl

0.004) - £,
op-fp-0.01

LCLI

T

2ty 1310 5 2 1y - 131
0.09.610-(0.0173 — 0.004) - | —————+ 34457 + 3.5 3445 . ———————
610 610

ta) = solve,t 11 —> 5.2854171416123375589
cll 0.9-1310-0.01 el -
te] = 5.28mm tg= 0.208in
I I'c::l
L
tyn =2.64mm ten=0.104 in

LET



Flexural Design Example

Column Section Properties:

H:= 3658mm Column Height
D= 610mm Column Diameter
cc = 19.05mm Concrete Cover

f 1= 34.45MPa Uncenfined Concrete Strength
E, := 27580MPa Modulus of Concrete

Longitudinal Reinforcement Properties (Grade 40);

dp, »= 19mm Bar Diameter, 26 in total
A= 284m m’ Total Bar Area
[y := 303.4MPa Yield Strength

Transverse Reinforcement Properties (Grade 40):

dy, == 6.35mm Bar Diameter
Ayi=317mm°  BarAea
5:= 127Tmm Spacing

Column Load Properties:

P:= 1800kN

M)’i:_ 518.6kN - m

1
= 0.008196 - —
Y m

oy = 136.4mm

Jacket Material Properties:
Jacket Modulus

Ep := 124.1GPa

fp := 1310MPa

fy
B 1= —

Ep

ep= 0011

Axial Load

Yield Moment

Yield Curvature

Meutral Axis

Jacket Ultimate Strength

Jacket Ultimate Strain

Mote: Moment, curvature and neutral axis were obtained through a moment curvature software
program.
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ACI 440.2R-02 (2002)
Axial Capacity Design

k,:=0.85 For spiral reinforced columns
$ =075
W= 095 For wrapped column jackets
n-D* 2
1= e— =1 _2(.
Ag " Ag D.292m

&Py =k ¢-[085-Pp-foo- (Ag— A+ £ - A
Want ¢Pn to equal axial load (591 .61kN)
P=k, ¢ Ejss Wi fopr [A_-\) A:l

l!
ky ¢
085 Fp- (A —A)

v A

£ =11.611 MPa Required confining strength to achieve axial load given
k=10 For circular columns
4. ty
pp=—— Volumetric ratio of FRP
D

egg = min0.004,0756¢) ey =4x10°

pr-ggg- E 2-k-te-gpq- E
o Speera B ﬁ:& Confining Pressure

2
f f
L2t s
{‘G PG

6¢l



3 " 3 i i
. 2-%-(4 -107%.124.1 - GPa) 2-tp- ('1 <10 7-1241 .(,pa) —(1.9524255035?3-13??445- 10 3) or
11611 -MPa=3445-MPa-|-125+225-1 1 +79- -2 smlvc,rf -
34.45.MPa- 061 -m 34.45. MPa - 0.61 - m 2 BRI6967364438321645 - 107 - m

Thickness is negative; therefore, no FRP required for axial capacity. tpi=0

Seismic Design

Assume given ductility desire is 8

LA : 8
Lp =008 H+ 0.022. [y dy, Plastic Hinge Length for Single Bending
I‘p = 419 5mm
pp =1
M= 14
B-C_p> -E _US-C_p>]
H H
L 22584
Eoei= M Py oy Eg = 0.025 Confined Concrete Strain
5:.P,.,-4-f
£op B 171 - —— -
]—:C
Epn' E
f..Lq (o] gt l'c
Pooi= i Required confined strength of concrete
5

Pcc = 109.002 MPa
" =K
Egq= mln(()_ni‘.t’l,t‘}_?ﬁaf] Efd = 4% 10

_keppeefe Ep f_z'ks'lf"‘fd'ﬁf

f 2 ! D

ovl



f] fi
f..=f,-|225- 1 +79:—~2.— 125
cc c £, I,

2-1p A4-1073-1241 - GPa) 2-tg A4-107% 1241 -GPa)

109 - MPa = 34.45 - MPa - 2.25“{1 + 7.9
34.45.MPa-0.61 -m

tp == 0.102m tp = 102mm

ar
tp= 001577m  tp=1577mm  tp=062lin

Assume given ductility desire is 10:

pa =10
L.P =008 H+ 0.022. f} - dy Plastic Hinge Length for Single Bending
Lp = 419.5mm

pp -1
B =1+
H H

g = 28751

Confined Concrete Strain

Eoe = M -ib), -oy 8., = 0.032
5 -4.f
oC c
€ =1.71 - ,
(+]
oo Fe
t 4o f
foer= 1l Required confined strength of concrete
5

foe = 131.24MPa

oggi= min(0.004,075eg)  epg=4x 107

34.45.MPa- 061 -m

1.25( solve.tpy )(

1.5768619047451032985 - 1077
J10243649763642285904 - m

)

4!



t_=ks'5;’l"’:fd'Ef f_=2'ks"1"€m'ﬂr
1 2 ! D

f f
foe=fe-[225- 1+79. —-2.— 125
£ £,

3 ~ 3 5
2.1 -(4-10 -124‘1-Lﬂ’a) 2.ty -[4-10 -134.1-GPu) 7.3051173410894017478 - 102 m
131.24- MPa=3445- MPa-|225- {1 + 7.9- -2- -1.25 solvc,tﬂ —
34.45- MPa- 0,61 -m 34.45- MPa- 0.6 -m 314891 56810449656976 - 102+ m
tp = 0.0731m tp = 73.1 mm
or
te = 0.03149m tp = 31.49mm tp=124in
Caltrans Memo 20-4 (2000)

To achieve ductility of 6:

Inside Plastic Hinge:

f == 2068 - 10°Pa Recommended Confining Pressure

€op = 0.004 Recommended Confined Strain of Concrete
2-09-Ep-sg,

tp=1.412mm tp = 0.056in

Qutside Plastic Hinge:

£ = 1034 10°Pa Recommended Confining Pressure

o= 0.004 Recommended Confined Strain of Concrete
fl o D

!.l' =

2:09:-Ep g,

tp = 0.706mm ty = 0.0281n

[44!



Concrete Society Technical Report No. 55 (2004)

2
mim

fj:= 0183 — Recommended Confining Pressure
N
2
- f‘] D j’:‘u’:.
7 2.E
tg = 0.534mm tp = 0.021in

ISIS Canada Network of Centers of Excellence (2001)

Opg = 1.0 For circular columns

0.291",

rlnm.x = Recommended Maximum Confining Pressure
L,
P

fimax = 9-991 MPa

dgip = 075
S Beten iy
T p

f||m:|:<'D
S e w—————
20 Epregp

tg= 3,101 mm tp 0.1221in

Associated Confined Strength of Concrete, f'cc.

b= 06
2.4
Ims
Wi o e Wy 0967
¢'c'[‘c

foe= Fc-[] + “pc'ww)

foo = 67.752MPa

evl



Seible et al. (1997)

Shear Strengthening
1.5-M,; ) )
Vo= ——— Shear Demand for Single Bending
H

V,=212.65TkN

V= OkN Ignore Shear Contribution from Concrete, since concrete is damaged
0 := 45deg Assumed angle of shear crack, this is conservative
D':=D-2-cc—dy Effective Column Diameter

n "\h'fy'u S .
V= = ——— . cotl0) Shear Contribution from Steel Reinforcement

2 s
V, = 67.276kN

b (U _ Cu) s ;
Vp e —— Shear Contribution from Axial Load

H

V= 233.045kN

o, = 0.85
\J

¢—° (Vo+ Va+ Vp)
v

=.0.004-Eg-D
2

t, =—0.105mm tf = 0.122in

144!



Flexural Strengthening

Assume Desired Ductility is 8

LA C 8

Lp =008 -H+ 0022. [v . db Plastic Hinge Length for Single Bending

L. 419.5mm

i3]
Ba—1
B 1+
3:{=L).l1-0s{-L
H H
W = 22.584
Eon'i= Mg - lby-cu
£y = 0.025
Z.Sp- - Ff . Sf
€4y =0.004 + ‘]‘—
f‘GC
¢f: 0.9
f =15.f Assumed Confined Strength of Concrete, conservative
cC c
0.09-D- [c " u_ou4) P
ta:
gl op I - 0.01
ta = 5113mm to = 0.201 in
B Lol
[P 2
toa= 2.556mm ton = 0.101 in

94!



Assume Desired Ductility if 10

pp =10

I‘p =008 H+ 0.022. fy . db

L]_‘ =419.5mm

Plastic Hinge Length for Single Bending

Ly = 28.751

Eeu'= M- Eby Ty

£ey = 0.032
28p;-fe-ep
A el
Bon = 0.004 + ——
cc
=09
Poe=15-1,

Assumed Confined Strength of Concrete, conservative

0.09-D- (s, — 0.004) - £

Ly i=
el Gp e fpe 001

te]1 = 6.772mm

tel
Lp=is
too= 3386mm

to] =0.267in

ton =0.133in

ol



Lap Splice Clamping

T,s = 381mm Lap Splice Length
pi= 3.208- 10°mm Perimeter of Column
n:=26 Number of Longitudinal Bars
A, = 284mm’
Ay
f:= b Confining Pressure Required

i [ 2 (o )]

fi = 1.641 MPa

E, = 29000ksi Modulus of Steel
0002 - Ah . l:.q
f 1= ———
h D-s
fj, = 0.164MPa Confining Pressure Provided by Spiral Hoops
500D - [f] fh)
t:i e ——
Eg
t, = 3.632mm tp = 0.122in

Lyl



Meodifications using the top two confinement models described in chapter 3

Top Strength Models:
Proposed Model:

. f
v =g ! 1 !
£ =10, -|-0.503- C—J H27798 - = + 0.9469

[+]

Girgin's Hoek-Brown Model:

Top Strain Models:

Proposed Mocdel:

— ) ‘
= y e ICC

Soo = go" 10427+ (== - 11181 —=+ 61949
C [

Mander et al."s Model:

= 1+5-(—-1
See T Fco” R e

ACI 440.2R-02 (2002)

Axial Capacity Design Using Proposed Strength Model (

k, = 0.85 For spiral reinforced columns
¢ 1= 0.75
Y= 095 For wrapped column jackets
B o Bl A, = 0292m’

2 4 g

0 Py=ky ¢ [085. g oo (A - A+ £+ A
Want ¢Pn to equal axial load (581.61kN)
Pk, ¢-[085- %P0 - (Ag—Ag) + - A

vl



B
L
- 085 ¥ [Ag— A

e A

(v

f‘cc =11.611 MPa Required confining strength to achieve axial load given
k=10 For circular columns
4. te
pp=— Volumetric ratio of FRP
D

egqi= min(0.004,075e) ey =4x10°

_kyoppoegg- By _2-ktp-epy- By
T e

b )
A\ f
£ =0, -|-0503. [—] + 27798 . — + 0.9469
P £,

2
2 tpy - 1310 2.t - 1310 —1.69487921 85791849667
11.611 =34.45.]|09469 + ~0.503 . (————] + 27798 . ————| solve,tpp —
610 - 34.45 610 - 34.45 £ 46.021368451 122854248

Thickness is negative, therefore, no FRP required for axial capacity. te=10

Confining Pressure

Axial Capacity Design Using Girgin's Strength Model (

Girgin Goek-Brown Maodel:

2-tpy- 1310 2-t3- 1310
11.611 8 —————— & [34.45% + 35.3445 . —— sulvc.l.l—3 — —1.62447061 06470456516
610 610
Thickness is negative, therefore, no FRP required for axial capacity. tg=10

4!



Seismic Design Using ACI 440 Strain Model and Proposed Strength Model

Assume given ductility desire is 8

pp =8
Lp =0.08-H+ 0022 f),. dy, Plastic Hinge Length for Single Bending
L’p =419 5mm
Ba — 1
g = 1+
3. (L)1 _0s5. (£
H I
Mg =22.584
Ee = M -cp), -¢y £ = 0.025 Confined Concrete Strain
5 I'cc —4 l‘c
Ban = 1.71
EC
g..-E
cC c 4. f’c
foo = L — Required confined strength of concrete
5

£, = 109.002 MPa
sgqi= min(0.004,075e¢)  egg=4x 10"

=I%'[)l”€fd‘]?l‘ " =2-k5-l.l--s[-d-]—€l-
l D

£
! 2
7\ f
Poo =1 -|-0503- [—] + 27798 — + 0.9469
P r,

2
2-tpy - 131 2-tpy - 1310 7.753403136997 5484005
109 =34.45. 109469 + ~0.503 - { ————] + 27798 - ——————| | solve,tpy —
610- 34.45 610 34.45 36.5730860955461 20881

0S1



Ly = 36.57mm

ar
tp = 7.75mm g = 0.305in

Assume given ductility desire is 10:
Hp =10

= 5 22 f -
Lp 0.08-H+ 0.022 ly dy,

Plastic Hinge Length for Single Bending

Lp 419.5mm
Hp =1
Hep =1+
3 . Ci) .[1 0-5 . @]
H
R = 28.751
el Eoe = 0.032 Confined Concrete Strain
5. f‘cc -4 f‘c
See = 1.1
F’C
ce " Be
4.1,
£ o S Required confined strength of concrete
5

P = 131.24MPa

£ Inin(f}.ood,ﬂ.?ﬁﬁf) Epq =4 1073

f) = =

_kppoep-Be f_3'kn'lr'f=ﬁ1'5r

i 2 f
1 1
P, =0, -|-0503. (P—J 2779 - == + 09469

[+

IS1



3ty - 1310\ 2.ty - 1310
131.24 =34.45-110.9469 + —0.503 - | ———) + 2.7798 . —— sn]vc,lm —
610 - 34,45 610 - 34,45 i

tpi= 32.35mm

ar
tp = 10.98mm tp = 0.432in

Seismic Design Using ACI 440 Strain Model and Proposed Strength Model |

Assume Desired Ductility is 8

£ = 109MPa From above calculations

- 2.
Foo=f+ ‘f‘c +35-0,-f

10.97953881394204 ?924)

33.34695041 8601621358

2-tp3- 1310 . 2-tpz- 1310
109 & ———— + [34.457 4 3.5. 34.45 . ——— solve.tp; —> 8.2087905268312492042
610 610 '
tp = 821mm iy 0.323in
Assume Desired Ductility is 10
P i= 131.24MPa From above calculations
2
f‘cc=f1+ f‘c + 3.5-f‘c-f]
2-tp3- 1310 , 2-tp3- 1310
13124 = ———— ¢+ [34.457 4 3.5. 3445. ———— solve.tpy —» 11.138684786936818766
510 610 -
Lf‘ = 11 14mm tp 0.4391in

(49!



Seismic Design Using Proposed Strain Model and ACI 440 Strength Model
Assume given duclility desire is &

By =8

J_.P =0.08-H+ 0022-f - dy Plastic Hinge Length for Single Bending

Ll’ = 419.5mm

pp =1
Mg =1+
3.{-L£).]1-05.{-L
H H,
b = 22.584
oo = Hep - q:y. <, 8o = 00252 Confined Concrete Strain

Proposed Strain Model.

)
e =e 10427 [==) 10181 —= £ 61949
cc [+ )

PC PC

2
foel Peel _68.887623203081729130
0.0252 = 0.002-]6.1949 + 1.0427 - 1.1181 - solve,f(.; —
4.4 3445 105.82878077567061376

[‘oc = 105.83MPa Required Confined Strength of Concrete

£ = min(0.004,075e¢) ey =4x 10

_k-ppoega By _ 2k tpegg- By
D

i i
P =f_-(225- +79.—-2.—-125
cc [}

PU PG

€Sl



2.tp - (4-107% 1241 . GPa) 2.t - (41073 1241 . GPa)
b3 ]

10583 - MPa =34.45- MPa-|2.25. |1 + 7.9 2.
3445 MPa - 0.61 +m 3445 MPa - 0.61 - m

L == 0.106m tp = 106 mm

ar
tp = 0.01443m tp=14.43mm tp = 0.5681in

Assume given ductility desire is 10:

HA 10
Lp =0.08.H+ 0.022. 'y -dy, Plastic Hinge Length for Single Bending
Lp =419 5mm

pp =1
Hp ¢ 1 +

H

ng = 28751
Boe = B cIJy- -2 Eee = 0.0321 Confined Concrete Strain

Proposed Strain Model:

2
4 f
cC cC
£os =By 1_04J-G—) L1181 ==+ 61949
c o

(AN f
00321 =0.002- | 61049 + 1.0427 - (==L} _ 11181 =5
44 3445

P = 125.98MPa Required Confined Strength of Concrete

£ggi= min(0.004,075e¢)  sgg=4x 107

_ K pgoefa By _ 2k tpeepg - By

fi -
1 2 ! D

1.2£| sol\'e,tn > (

el 89.038722926851152547
solve f' ;. —
45 125.97988049854003717

1.44262891 84892258154 - 107
105726551 10897357585 - m

)
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P..=f-12.25 2.=—-1325
FC
2.ty -(4vll’! %1241 “;Pa) 2.t -(4- 10 3124, -G‘Pa]
12598 - MPa=34.45- MPa-|2.25- |1 + 7.9 - -2
34,45 MPa - 061 -+ m 3445 MPa- 061 - m
tp = 0.0817Tm ty = 81.7mm

or
tp == 0.02611m tp=2611mm te =1.028in

Seismic Design Using Proposed Strain Model and Proposed Strength Mode|

Assume given ductility desire is 8:

-1.25 solve,tn —

2.60681 1685441 6750882 - I(J_2 +m

8.1704082827039735821 - 107 - m

fcc == 105.830MPa From Above Calculations
m\* g
oo =F-|-0503-(—] + 27798 . — + 0.9469
P £
2
<ty - 1310 2-tpp - 1310 7.3506662446043623089
105.83 =34.45 .|| 0.9469 + ~0.503 . [ ————) + 2.7798 . ————|| solve,tp, —
6103445 610.34.45 36.975822087939306973
tpi= 36.98mm
or
t = 7.35mm tp 0.2891mn

Assume given ductility desire is 10

P = 125.98MPa From Above Calculations

(AN f
_ 1 . 1

Poo =0-|-0503- =i 2.7798 . — + 0.9469
c

SSl1



2 - - -
) 2ty - 131¢ 2.t - 1310 10,138122619476825347
125.98 =34.45 .|| 0.9469 + ~0.503 . (————) + 2.7798 . —————|| solve,tpy —
610 - 34.45 610 - 34.45 =

34.188366613066843935

tp: 34.1%mm
or
tg: 10.14mm Ly 0.3991n

Seismic Design Using Proposed Strain Model and Girgin's Strength Model
Assume given ductility desire is 8:
f o 1= 105.83MPa From Above Calculations

Poo =f + ’f‘cﬂ 3.5-f,- )

2tpq+ 1310
3
105.83 & ———— 4 134.452 +3.5.34.45.

2153 1310

solve,tpy — 7.8045027223731473711
610 610 G

tp = 7.80mm ty 0.3071n
Assume given ductility desire is 10

£ g 1= 125.98MPa From Above Calculations

Poo =+ ’f‘c"ur 35.f, .6

2-1g3- 1310 j 213 1310
L

34.45% 1 3.5+ 34.45 - e solve,tpy —> 10.431875607126321766
610 610 :

125.% =

tg := 10.43mm tp=0411in

9¢1



Seismic Design Using Mander et al's Strain Model and ACI 440 Strength Model
Assume given ductility desire is 8:
Bp =8

],p =008-H+ 0.022. l'y “dy, Plastic Hinge Length for Single Bending

Lp 419.5mm
1

Hg = 22.584

B0 = Hep - (D},- [ Eap = 0.0252 Confined Concrete Strain

Mander et afs Strain Model:

ccc=“'cn'|zl ! 5'C¥ Dj|
C

P ool
0.0252=20002-| 1+ 5-{—— 1) | solve,f ., —» 114.37400000000000000
34.45 cel

f‘cc = 114.37MPa Required Confined Strength of Concrete
€fgi=m il1(0_m4,0_?5s|-] gpg=4x 10 &

_koppreggt By f_z'ks'tf""fd'Ef
it B 0 e P B Sl

1 D
f f
f‘cc=f‘c- 22511 +?.9-l‘——2-l‘——l.25
o c

2.y - (4-1073.124.1. GPa) 2.ty (4.1073. 1241 - GPd) 1 8354383478142835338 - 102 . m
. 2 -1.25 solve,tﬂ -

f

11437 - MPa =3445-MPa -|2.25. |1 + 7.9 2
34.45- MPa - 0.61 - m 34.45-MPa - 0.61 - m

9.6551277121927672315 - 1072 m/

LS



or

ty == 0.0966m ty = 96.6mm

te := 0.01835m N 18.35mm tp = 0.722in

Assume given ductility desire is 10:

HA 10

P

Lp =419 5mm

Hp = 1
Hep 1+
3 —p> 1-05- —p)
H H
ug = 28751
€oni= K (lly- Cu €, = 0.0321 Confined Concrete Strain

Mander et als Strain Model:

l:cc=c(_:()'|:1 y S'Cﬁ D:|
c

£,
0.0321 =o.m2-|i1 55 (3:‘;15 —>:| solve, .. —> 138.14450000000000000

£ o= 138.14MPa Required Confined Strength of Concrete

eggi= min(0.004,0.75eg)  gg=4x 107

_kppeeg Br f_z'ks'lf'“fd']:'f
i R e LS e e
2

D
i i

foo=for(225- f1+79:—=-2. =125
c C

fi

L.=008-H+ 0022. iy -dy, Plastic Hinge Length for Single Bending

8S1



34.45-MPa - 061 - m 34.45- MPa - 0.6] - m

2-tp - (4 10731241 - Gl’ﬂ) 2-tg -(4- 107%.124.1 -Gl’a] 2.8055017793795871406 - 107 . m
128.14 - MPa =34.45- MPa-[225- 1 + 7.9. 3. ~1.25| solve,ty —

tp= 0.07839m ty = 78.39mm
or
ty = 0.02806m tp = 2B.06mm tp =1.105in

Seismic Design Using Mander et al.'s Strain Model and Proposed Strength Model
Assume given ductility desire is B:

£ = 11437MPa From Above Calculations

e £
1 1

Pop =Fs-|-0503- (—] + 27798 - — + 0.9469
£ f;

7.8300026367918471864 - 107 - m

2
2-tpy - 131NT 2-tpy - 1310 8.4626292383087867873
11437 =34.45. [ |0.9469 + -0.503 . {————) + 27798 . ————| | solve,tp, —
610 - 34.45 610 - 34.45 = 35.863859994234882494

by : 35 86mm
ar
tp i= B.46mm tp=0333in

Assume given ductility desire is 10:

From Above Calculations

7\ fi
Poo =f-|-0503: (=) +27798. —+ 0.9469

foc = 138.14MPa

[+

2otp - 1310y 2-tpp - 1310 12.190365114857055531
138.14 =34.45. [ [09469 + ~0.503 . {———} + 27798 . ———| | solve,lpy —>
610 - 34.45 610 - 34.45 - 3213612411 7686613750

651



tg = 32.14mm
aor

tp = 12.19mm tp = 0.48in

Seismic Design Using Mander et al.'s Strain Model and Girgin's Strength Model |

Assume given ductility desire is 8:

f o= 11437MPa From Above Calculations

2. -
oo =0+ J0 +35-,- 6

21531310

. 2 tp3- 1310
11437 = ————— + [34.45 + 3.5-34.45. —————— solve,ty —> B.9016585044928066555
610 610

Ly == B.90mm ty =035in

Assume given ductility desire is 10:

['CC = 138.14MPa From Abowve Calculations
rcc i—l i
2-tpy- 1310 . 2. tpy- 1310
13814 & ———— 4 [34.45" + 3.5- 3445 . —— solve,tB —» 12.077782744600068019
610 610
tp = 12.08mm tp = 0476in

091



Seible et al.

te11 =

Assume Desired Ductility is 8

My =8

L, =008-H+ 0.022-f-dy,

L. =4195mm

P
pp —1
P =14
3 (L) [1-0s(-L
I, T,
Mg = 22.584
BT Mg ‘Il},- ¢,
€y = 00252
28}) ff F‘f
By = 0.004 4 ‘—
IGC
bp= 089

Flexural Strengthening Using Proposed Stre ngth Model

S f
f =0 |=-0503.[=—] + 2.7798 . =— + 0.9469
oo c f f
3 c

009D (e~ 0:004) - £

Plastic Hinge Length for Single Bending

al b+ £y 001
- 1310 - t(.,” . 13]U'tc1
0.09- 610 (0.0252 — 0.004) - [ 34.45-| | -0.503- +27798 | ——m—
610.34.45 610 .34.45
-1310- 001

1
> + 0.9—165[”
salvc,l.cll —><

8.1470494902222521 681
14.8652191 7440721 8708

)

191



‘C] = 14.87mm
= te1
o=

Assume Desired Ductility if 10

up =10

t,) = 0.585in

tgs = 0.293in

L, =0.08 - H+ 0.022- £- dy,

Lp =419 5mm

pp =1

Mgy = 28751

Egy! J"'('.[J"by'cu

£y = 0.0321
28p.-fp-g
£y = 00044 —b T T
cc
bg:= 09

2
f
Poo ™ f,-|-0503- (t‘_)

009:D-(sg,

f

Plastic Hinge Length for Single Bending

1
+ 2.7798 - f‘_ + 0.9469

[

0.004) - £,

| o ]
ol o¢ I 001

91



0.09 - 610-(0.0321 — 0.004) - [ 34.45.] | -0.503 - C

1
-1310- tc“>‘

610 - 34.45

+ 2.

-
[

-
[}

X

-1310- t4
610 - 3445

t
el 0.9-1310-00

t = 21.57mm = 0.8491n

&
—

[JI

too= 10.785 mm ten=0.425in

Flexural Strengthening Using Girgin's Strength Model

Assume Desired Ductility is 8

&gy = 0.0252 From Above Calculations

2
Fcc=fi+ f‘c + 3.S-f‘c-f]

009D (66, —0.004) - £
ta =
2l op - - 0.01
2 tgqq - 1310 . 2 tgyq - 131
0.09- 610+ (0.0252 — 0.004) - | ————— ¢ [34.45" + 3.5 34.45.
610 610
tell =
0.9-1310-0.01
te1 = 17.23mm te] = 0.6781n
tel
e

teo = 8.615mm tep=0.339in

solve,t

cll

21.568086000847067340

2 + 0.9469
—5.6151332247163695220
soivc,l.c] 1

» 17.23421494381 0992391
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Assume Desired Ductility if 10

£y t= 0.0321 From above calculations
2

o =8+ ‘f‘c + 3506

. 009D (5, - 0.004) - £

ol o - 001

0,09+ 610 (0.0321 — 0.004) « | ——— & [34.45" + 3.5. 34,45 . —————

- 610 610
cll 09-1310-0.01

te] = 48.41mm tg) =1.906in

_ tel

g2 2

to= 24.205mm lp= 0.9531n

solve,lcl 1

» 48.405970701 396900267
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Appendix B

Column Properties:

D= 305mm

cc == 19mm
2 3 2
As =16 7lmm AS:l.T?}ﬁx 107 mm
dh = 4.877mm dh 0.1921n
tl5 =D-2-cc-2- tlh (15 = 257 246 mm
P = 34.48MPa
2
x (dh) 2 2

J’\h I —— Ah = 18.68]1 mm Ah = 0.0291n

4

Eg:= 29000ksi  E, =1.999x 10°MPa

s := 32mm

t'),h = 413.685MPa f},h 60ksi

tys = 468.43MPa lys = 67.94ksi
Composite Properties:

fp 1= 752MPa fi = 109.068 ksi

Eg i= 59360MPa Ep = 8.609 x 10°ksi

Confining Pressure Provided by Steel Hoops:

" 2Ap - fyh
h~= "5
dg-s
fj, = 272.319 psi fi=1% fj = 1.878 MPa

Initial Axial Capacity:

foogi= o+ 416 fooq = 42178 MPa
2D 73065 10  mm?
Ag._ P Ag_ 306« mm
2
A ._(d“)_n Agg = 5197 % 10" mm®
oo 4 oo = = i
b= 0.75 for spiral hoops

OPpoi= 08-085- 0 (Fy- Ay + Foog - Age) + 080~ Ag- o

3 — - -
oP = 2.722x 10°kN Initial Axial Capacity

165



166

DS4

New column capacity:

OPhaw = 1 74.9kN

Required strength from jacket:

n(.) ¢Pnﬂ\"
08¢, - 0.85A,

[‘CG o

f 68.359 MPa

cC
Caltrans Memo 204
£y £y ) 6.9979949684714119552
68359 =34.48 | -1.254 + (2254) - [l + 794 —— — 2. ——| solve,fj; —
34.48 34.48 229 12982551632858804
fI = 7.0MPa
¢ =09
I 0.004
f-D
ti‘ : e .
2:0- Ef "B
tp= 4.995mm tp = 0.1971n
Proposed Strength Model
<752t - 752 'f} 2.8093594791505:
68.359 = 34,48 - | -0.503 - + 0.9469] solve.ty —
305 - 34.48, 305 - 34.48 35.833105835345¢
te:= 2.81mm tg=0.111 in
Girgin Strength Model
2:752 - tpy 5 2-752-tp
68.359 2 ——————— + [(34.48)" + 3.5- 34.48 - ———— solve Ly > 5.6695295948074228016
305 - 34.48 305 <
I.[ = 5.67mm t = 0293in





