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Abstract

Reinforced concrete structures subjected to strong earthquakes are expected to develop
inelastic deformations in their critical regions. First storey columns of a multi-storey
frame structure are especially susceptible to a large number of inelastic deformation
cycles. These columns are expected to maintain their capacity without a significant loss
of strength while maintaining overall strength and stability of the structure.
Deformability of concrete columns can only be improved through confinement of the
core concrete. Therefore, current building codes (ACI 318-89, 1992: CSA A23.3, 1984)
call for confinement steel for earthquake resistant columns. However, these design
provisions are based on an arbitrary design criterion which does not consider some
of the essential parameters of confinement including arrangement of reinforcement,
axial load and lateral drift. Lack of a rational design procedure may be atiributed to
lack of a confinement model that is general enough to cover all the relevant

parameters of confinement and simple enough to be used in design.

The use of high-strength concrete in the construction industry has gained acceptance
during the last decade. High-strength concrete with strengths in excess of 100 MPa has
been used successfully in columns of high rise buildings in large metropolitan centres
where it has become available through ready mix companies. Economy and superior
performance of high strength construction have been major reasons for widespread
acceptance of the material. However, research on performance of structural members
made with high-strength concrete has been lagging behind. Very little data are available
in the literature on design and performance of high strength concrete structures. As a
result, current building codes (ACI 318-89, 1992: CSA A23.3, 1984) do not address
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important issues related to strength and deformability of high-strength concrete columns.

It has been established that strength and deformability of concrete are inversely
proportional. This implies that deformability of structural members made with high-
strength concrete may show undesirable characteristics in terms of performance of these
members at or near their nominal capacities. This is especially true for compression
members where failure may be governed by brittle compression crushing. Deformability
of compression members gains a new dimension when seismic performance is under
consideration. However, the provisions of current building codes have been developed
on the basis of tests conducted on nc;rmal-strength concrete, where the 28-day strength
does not usually exceed 40 MPa. Furthermore, effects of axial compression,
reinforcement arrangement, and required drift level are not included in the current code

procedure for normal strength concrete. Currently there is no design procedure for

confinement of high strength concrete columns.

A comprehensive research project was conducted to investigate the behaviour and
design of earthquake resistant normal-strength and high-strength concrete columns,
The project included three essential components; testing of full size columns,

development of an analytical model, and development of a design procedure.

The experimental program consisted of material research and structural testing. The
first phase was designed to study mechanical properties of high-strength concrete,
which involved testing of a large number of concrete cylinders. The second phase
was designed to investigate performance of confined normal and high-strength
concrete columns under concentric compression. The experimental program included
tests of 46 full size square and circular columns, with concrete strength ranging

between 60 MPa and 124 MPa. The parameters considered included; cross-sectional

shape (circular and square), volumetric ratio and spacing of transverse reinforcement,

distribution of longitudinal reinforcement and resulting tie arrangement, yield strength

ii



of transverse reinforccment, concrete compressive strength, influence of longitudinal
reinforcement in circular columns, and type of circular reinforcement (continuous spiral

and circular hoops).

The analytical component of the research program involved developmelit' of a
mathematical model to represent stress-strain relationship of confined concrete. This was
done in two steps. The first step included formulation of the relationship for normal
strength concrete, for which extensive test data was available. The second step involved
modification of the model! for high-strength concrete. An extensive literature survey was
first conducted, followed by evaluation of previous test data. This information was used,
along with the results of the experimental phase of this investigation to develop a

generalized confinement model for normal-strength and high-strength concrete columns.

The analytical and experimental research was used in developing a design procedure for
confinement of earthquake resistant concrete columns. The procedure includes all the
relevant parameters of confinement that have been observed to be important in column
tests, and relates the design variables to deformation capacities. A displacement based
design methodology was developed, where the lateral drift demand is a design
parameter. This approach leads to different confinement steel requirements for columns
with different deformability demands, an approach currently lacking in practice.
Furthermore, the reinforcement arrangement is recognized as a design parameter,
aliowing lower volumetric ratio of confinement reinforcement for efficient arrangements.
This may resuit in significant savings in steel, eliminating the common problem of steel

congestion in earthquake resistant columns.
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Notations

A, Area of core concrete of column section.

A,  Cross-sectional area of a column measured out-to-out of confining steel.
Gross area of column section.

A, Area of longitudinal steel.

A,  Total cross-sectional area of transverse reinforcement within spacing 's'.

A,,  Area of spiral bar.

ZA, Summation of transverse reinforcement area.

ZA, Summation of transverse reinforcement area.

b, Core dimension measured center-to-center of perimeter hoop.
b,, ,b,, Core dimension measured center-to-center of perimeter hoop.
by Bar diameter of transverse reinforcement.

c Depth of neutral axis.

d Effective depth of tension reinforcement.

d, Diameter of spiral reinforcement.

E Modulus of elasticity.

E,  Modulus of elasticity of plain concrete.

E,.. Secant modulus of elasticity defined in Eq. 7.28.

f, Stress in concrete.

f, Ultimate compressive strength of plain concrete obtained from standard cylinder
test,

f.  Confined concrete compressive strength in member.
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f,  Unconfined concrete compressive strength in member.

f, Lateral pressure defined in Eq. 7.10.

f,  Equivalent lateral pressure that produces the same effect as uniformly applied

pressure.

Equivalent lateral pressure perpendicular to b,, and b, respectively.

Splitting tensile strength of plain concrete.

f.. Maximum stress carried by core concrete as observed in test.

fq Lateral pressure.

f,  Axial strength of material under triaxial stress condition.

f,  Axial strength of material under uniaxial stress condition.

f o Yield strength of transverse reinforcement.

H Column height at which deflection A, is computed.

h, Cross-sectional dimension of column core measured center-to-center of
confining steel.

K Coefficient defined in Eq. 7.15.

k',, k, Coefficients defined in Eq. 7.5 and 7.7 respectively.

k, Coefficient defined in Eq. 7.19.

k,, k, Coefficients defined in Eq. 7.22 and 7.23 respectively.

L Bar length defined in Eq. 8.10.

P... Maximum load carried by core concrete as observed in test.

P, Nominal concentric column capacity defined in Eq. 5.1.

P,  Nominal concentric capacity of column concrete defined in Eq. 5.2.

P,  Nominal concentric capacity of column core concrete defined in Eq. 5.3.

P, Maximum load carried by column as observed in test.

r Coefficient defined in Eq. 7.27.

s Spacing of transverse reinforcement in longitudinal direction.

S Spacing of longitudinal reinforcement, laterally supported by the comner of a
hoop or the hook of a cftf)ss tie.

u Bond stress.
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Pe
Ps

Angle between the leg of transverse reinforcement and the column side crossed
by the same leg.

Bar slip and/or extension.

Column end deflection due to bar slip and/or extension.

Concrete strain.

Limiting transverse strain at failure under triaxial state of stress.

Limiting transverse strain at failure under uniaxial state of stress.

Strain corresponding to peak stress of confined concrete.

Strain corresponding to peak stress of unconfined concrete,

Strain corresponding to 85% of peak stress of confined concrete on the
descending branch.

Strain corresponding to 85% of peak stress of unconfined concrete on the
descending branch.

Area ratio of transverse reinforcement, defined in Eq. 7.17.

Volumetric ratio of transverse reinforcement, defined as volume of transverse
steel divided by volume of concrete.

Poisson's ratio.

Rotation at column end due to bar slip and/or extension.



Chapter 1

Introduction

1.1 General

Reinforced concrete structures may develop inelastic deformations during strong
earthquakes. These deformations usually occur at the ends of structural components,
creating critical regions that are susceptible to rapid degradation of strength. Ductility
and energy absorption capacity of these regions are essential for seismic resistance of

structures.

In a well designed structure, the seismic induced energy is dissipated by formation of
plastic hinges that can sustain a large number of inelastic deformation cycles, without
a significant loss of strength. This can be achieved relatively easily in flexure dominant
beams, where the reinforcing steel is designed to vield prior to concrete crushing.
However, behaviour of compression members like columns may be dominated by
concrete, which may lead to brittle failure. Therefore, it is desirable to dissipate
earthquake induced energy by hinging of beams rather than columns. Furthermore, the
consequence of a column failure is generally more severe than a local beam failure, since

columns are usually responsible from overall strength and stability of structures.
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However, it is difficult to avoid column hinging during a severe earthquake, especially
at the first storey level. Figures 1.1 through 1.5 provide examples of column damage
observed during past earthquakes. It is necessary to design reinforced concrete columns

to withstand cycles of inelastic deformation. This can be achieved by confining the

column concrete.

Column confinement can be attained by using closely spaced lateral reinforcement in the
form of circular spirals or rectilinear ties. The presence of lateral reinforcement reduces
internal cracking associated with lateral expansion of concrete under axial compression,
and results in strength and ductility enhancements. Figures 1.6 through 1.8 illustrate

examples of ductile performance observed in previous earthquakes.

The main variables affecting concrete confinement have been established by previous
research. These include the volumetric ratio, strength, and spacing of confinement

reinforcement, percentage and distribution of longitudinal reinforcement and resulting
) tie arrangement, concrete type and strength, section geometry and size, type and rate of
loading, and the level of axial compression. A comprehensive survey of the available
literature on concrete confinement has been conducted as part of the current

| investigation, and is presented in Chapter 2.

One of the recent developments in concrete technology, that has significance on column
confinement, is the use of high-strength concrete. Strength of concrete used in practice
has progressively increased over the years. While 40 to 50 MPa was considered to be
high strength in 1970's, 60 to 80 MPa concretes have been used in columns of
multistorey buildings in 1980's. More recently, a number of high-rise buildings were
built, utilizing concrete strengths reaching up to 120 MPa. Consequently, a well planned
research program on column confinement should follow the current trend in construction

industry, and include research on confinement of high-strength concrete columns.



The strength level defining high-strength concrete is a source of controversy among
researchers. Bertero (1979) considered strengths higher than 6000 psi (41 MPa) for
normal-weight concrete, and 4000 psi (27 MPa) for light-weight concrete to be high
strength. This was found to be justifiable since most of the ready-mix concrete supplied,
and concrete used in experimental research, which provided basis for the majarity of
building code provisions, fell in the range of 3000 psi (20 MPa) to 6000 psi (41 MPa).
The ACI Committee 363 on high-strength concrete, in its state-of-the-art report (ACI 363
1984), recognized the relative nature of the term high-strength, and defined its immediate
concern as concretes with specified strengths higher than 6000 psi (41 MPa), since there
was not enough information available in this range. The definition given by the FIP/CEB
(1990) state-of-the-art report for high-strength concrete included a strength range
between the presently stated limit in national codes, which is about 60 MPa, and the
practical limit for making concrete with ordinary aggregates, which is about 130 MPa.
Concrete with a cylinder strength higher than 40 MPa is referred to as high-strength

concrete, in the current research program,

High-strength concrete has advantages in terms of performance and economy of
construction. It results in high load carrying capacity per unit weight, which permits
construction of very tall buildings and very long span bridges. Smaller member sizes
may be used, resulting in reduced consumption of material. Furthermore, high-strength
concrete allows for uniform column sections along the height, with higher strength
concretes used in lower stories. This results in savings in formwork. It can also be used
as an alternative to increasing reinforcement in compression members, This may result
in savings in the material cost. Also, high-strength concrete permits early form removal,
resulting from sufficiently high early age strength, increasing speed of construction.
Lower deflections due to increased modulus of elasticity, lower creep, and greater
resistance to physical and chemical deterioration form additional advantages associated

with improved performance.



Although high-strength concrete has many advantages to offer, it has a major drawback
for seismic applications. Since strength and ductility of concrete are inversely
proportional, higher strength concretes are significantly more brittle than concretes

within the normal-strength range. Therefore, concrete confinement becomes even more

critical for high-strength concrete columns.

1.2 Research Needs

Performance of structures during past earthquakes have demonstrated that the
confinement requirements for normal strength concrete, outlined in current building
codes, provide satisfactory designs in most applications, However, the same
requirements have been shown to produce unsafe column designs in certain cases, while
also producing over conservative designs in other cases, resulting in congestion of
reinforcement and associated constructibility problems (Saatcioglu 1989, Saatcioglu
1991). The state-of-knowledge on concrete confinement, on the other hand, has
improved substantially since the pioneering research of Richart et al. (1928), which
formed the basis of the current building code requirements. During the last two decades,
a large volume of experimental data have been generated on confinement of normal-
strength concrete, and a number of analytical models have been developed for stress-
strain relationship of confined concrete. The new information, which could eliminate
most of the shortcomings of the current design provisions, has not yet found its way in
to the building codes. There is need for a rational design approach that reflects recent
developments in the area of column confinement. More specifically, the effects of axial
load, reinforcement arrangement, and inelastic deformation capacity need to be
considered in design of columns for confinement. Such a design procedure requires

proper analytical tools which have been lacking in the literature.

Analysis of confined columns requires a confinement model that incorporates all the

relevant parameters. Early models, as well as some of the recent models, are not
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equipped to reflect the effect of reinforcement arrangement on concrete confinement.
These models are deficient in distinguishing the differences resulting from various
reinforcement arrangements. Among the two models that incorporate this effect, one is
empirically derived and is only applicable to square columns (Sheikh and Uzumeri
1980), and the other (Mander, Priestley, and Park 1988 b) has limitations, as discussed
later in Chapter 6. Currently, there is no model that is simple enough to be used for
design purposes, and also incorporates all the main parameters of confinement. There is
need for development of an analytical model that expresses stress-strain relationship of
confined concrete, general enough to be applied to circular, square, and rectangular

sections with different arrangements of confinement reinforcement.

Another area that lacks research data is confinement of high-strength concrete. Almost
all the previous research on confinement, with few recent exceptions, were conducted
on normal strength concrete, with strengths below 40 MPa. This is the range of concrete
strength that is normally used in practice. It is also the strength range that is available
through ready-mix companies. The recent trend towards using concretes in the range of
60 to 120 MPa leaves engineers and code writing authorities in the dark in terms of
strength and deformability of high-strength concrete columns. The limited research that
is available on high-strength concrete columns were mostly conducted on small
specimens and standard cylinders, without longitudinal reinforcement. Therefore, there
is need for experimental research on behaviour of confined high-strength concrete

columns, preferably involving full size columns.

Lack of experimental data on high-strength concrete also resulted in lack of analytical
tools for predicting strength and ductility of confined high-strength concrete columns.
Current efforts in predicting the stress-strain relationship of high-strength concrete has
been directed towards modifications of existing models developed for normal-strength
concrete. Since the existing models were, by and large empirically developed, 2 large

experimental data is required to introduce a rational modification. Since the test data in
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this area are scarce, the modifications introduced remain deficient. A confinement
model, with capabilities for predicting the behaviour of both normal-strength and high-
strength confined concrete can be developed if a sufficient experimental data are

generated. This provides another justification for a well coordinated experimental

research program.

The forgoing discussion clearly indicates that experimental and analytical research is
needed for concrete confinement, in the newly growing field of high-strength concrete,

as well as conventionally used normal-strength concrete columns.

1.3 Objective

The overall objective of this research project is to establish characteristics of confined
concrete for normal-strength and high-strength concrete columns through experimental
and analytical research . The columns investigated can be classified as short columns,

not affected by secondary stresses. The specific objectives are outlined below:

- Generate experimental data on concrete mix design, mechanical properties, and
test methods for high-strength concrete.

- Generate experimental data on high-strength concrete columns to establish
relationships between confinement parameters, and strength and ductility
characteristics of high-strength concrete in columns.

- Develop a generalized analytical model for confined concrete that can be used for
normal-strength as well as high-strength concrete columns, with different
geometric shapes and reinforcement arrangements, under different types of

loading.



- Develop a displacement based design procedure for column confinement, based on

the analytical model developed.

1.4 Scope

The following outlines the scope of the research program:

- Review of previous experimental and analytical research on confinement of normal

and high-strength concrete columns.

- Parametric study to establish characteristics of mix design for high-strength
concrete to be used in column tests. The study includes preparation and testing of
standard cylinders with different amounts of superplasticizer, silica fume, and
water/cement ratio, cured under different curing conditions, and tested at different

ages.

- Tests of standard high-strength concrete cylinders to establish mechanical
properties of concrete, including modulus of elasticity, modulus of rupture, and

stress-strain relationships.

- Preparation and testing of high-strength concrete standard cylinders to investigate
the effects of cylinder end conditions on standard cylinder tests. The end |
conditions considered include grinding, high-strength capping compound, and pad-

caps filled with elastomeric pads.

- Design and construction of high-strength concrete spacer block to reduce the

testing machine head room to appropriate level.

- Design, construction and instrumentation of 27 large scale square columns with



different concrete strengths and confinement characteristics. The parameters of
confinement include volumetric ratio, spacing, grade, and arrangement of

transverse reinforcement.

- Design, construction and instrumentation of 23 large scale circular columns with
different concrete strengths and confinement characteristics. The parameters of
confinement include volumetric ratio, spacing, grade, and type of transverse

reinforcement, and influence of longitudinal reinforcement.

- Testing of 46 large scale columns under monotonically increasing concentric

compression.

- Processing of test data obtained from column tests, and evaluation of test

parameters.

- Development of a confinement model for normal-strength concrete, based on
existing test data, to be used for circular, square and rectangular columns, confined
with different types and arrangements of transverse reinforcement, subjected to

slow and fast rates of concentric and eccentric loadings.

- Modification of the model, on the basis of column tests conducted in the

experimental phase, to include high-strength concrete.

- Verification of the model against existing test data reported in the literature on both

normal and high-strength concrete columns.
- Development of a dispiacement based design procedure for column confinement.

- Presentation of results.



Figure 1.1: Column damage observed during the 1992 Erzincan Earthquake (Saatcioglu, and
Bruneau 1993).

Figure 1.2: Damage to bridge columns during the 1994 Northridge Earthquake (Saatcioglu
1994).



Figure 1.3: Column failure during the 1

979 Imperial Valley Earthquake (Bertero 1985).
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Figure 1.5: Bridge column damage in the 1971 San Fernando Earthquake (Bertero 1985).
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Figure 1.6: Ductile behaviour of a spiral Figure 1.7: Ductile behaviour of a
column during the 1971 SanFernando column during the 1994 Northridge
Earthquake (Bertero 1985). Earthquake (Saatcioglu 1994).

Figure 1.8: Cover spalling of a well confined spiral column during the 1994 Northridge
Earthquake (Saatcioglu 1994).
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Chapter 2

Literature Review

2.1 General

Behaviour of confined concrete columns has been researched extensively during the last
two decades. The majority of previous research was conducted on normal strength
concrete columns, where the concrete strength was limited to 40 MPa. This research
formed the basis for current design procedures for earthquake resistant columns, and
provided a large volume of test data on behaviour of confined columns, also leading to
development of analytical models for confined concrete. Research on column
confinement can be grouped on the basis of type of applied loading. Such a grouping
includes columns under monotonically increasing concentric and eccentric loadings, and

columns under constant axial compression accompanied by lateral load reversals.

Recently, high-strength concrete has gained acceptance by the construction industry.
Concretes with strengths of up to 120 MPa have been used in columns of multistorey
buildings. Although limited, some research has been conducted in recent years on high-
strength concrete columns. The research on high-strength concrete columns can also be

classified on the basis of applied loading, in a manner similar to that described for
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normal-strength concrete columns. Review of previous research on normal-strength and
high-strength concrete columns is presented separately in the following sections. A
detailed review and inventory of previous analytical models for confined concrete are
presented in Chapter 6, which forms part of a two-chapter section on development of a

confinement model.

2.2 Previous Research on Normal-Strength Concrete

Columns

Review of previous research on normal-strength concrete columns has been conducted
by various researchers (Sheikh 1978, Yeh and Sheikh 1988, Sakai and Shetkh 1989),
including the author in his M.A.Sc. thesis (Razvi 1988). Therefore, only a brief summary
" of previous research on normal-strength concrete columns will be provided in the
following sections. Instead, the emphasis will be placed on literature review for high-

strength concrete columns, presented in Section 2.3.

2.2.1 Columns Under Concentric Compression

Early research on concentrically tested concrete cylinders by Richart et al. (1928, 1929)
provided some of the basic information on concrete confinement, The first set of tests
included concrete cylinders confined by uniform fluid pressure (Richart et al.1928),
followed by cylinders confined by circular spirals (Richart et al.1929). Subsequently,
King (1946) studied the effect of confinement on ultimate strength of reinforced
columns. Column confinement under concentric loading was a topic for many
researchers. Chan (1955), Roy and Sozen (1964), and Kent and Park (1971)
experimentally investigated the behaviour of confined concrete, and proposed analytical
models to describe stress-strain relationships for confined concrete. The main variables
considered were the size, strength, amount and spacing of lateral reinforcement. Other

variables considered included cross-sectional size and shape, and rate of loading.
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Most of the early research was conducted on small scale specimens and/or simple
confinement arrangements (Szulczynski and Sozen 1961, Bertero and Felippa 1964,
Stokl 1964, Shah and Rangan 1970). Researchers prior to 1975 did not consider the
distribution of longitudinal reinforcement and the resulting tie arrangement as a
confinement parameter (Bresler and Gilbert 1961, Pfister 1964, Hudson 1966,. Somes
1970, Burdette and Hilsdorf 1971). This effect was discussed by Park and Paulay
(1975), Vallenas, Bertero, and Popov (1977), and Sheikh and Uzumeri (1980). Sheikh
and Uzumeri (1980) showed the effect of tie arrangement on square columns
experimentally, for the first time. They also developed an analytical model based on the
concept of effectively confined core area, where the area was defined on the basis of tie
arrangement (Sheikh and Uzumeri 1982). The tie arrangement was not a parameter in

earlier models, as well as some of the recent models (Park, Priestiey, and Gill 1982,
Fafitis and Shah 1985).

In 1988, Mander et al. reported test results of circular, square, and rectangular columns
with different volumetric ratios and spacings of confinement reinforcement (Mander,
Priestley, and Park 1988 a). The columns were tested under low and high strain rates.
The researchers also developed an analytical model which utilized the effectively
confined core area concept proposed earlier by Sheikh and Uzumeri (1982). The failure
surface for concrete, under a multi-axial state of stress corresponding to the first hoop

fracture, was theoretically calculated in the model (Mander, Priestley, and Park 1988 b).

Razvi and Saatcioglu (1989 a, 1989 b) tested columns with well distributed confinement
steel in the form of welded-wire fabric. The results indicated that welded-wire fabric
could be effective in confining the core concrete, resulting in significant improvements
in strength and ductility of columns.

A critical review of previous research and code provisions for concrete confinement was
reported by Sakai and Sheikh (1989). The main topics discussed included; properties of
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confined concrete, behaviour of confined sections and columns, and evaluation of
confinement provisions in the building codes. An extensive list of references was also

reported.

2.2.2 Columns Under Eccentric Compression

Effect of confinement on eccentrically loaded columns was first studied by Chan (1955).
Sulaiman and Yu (1967) investigated the flexural behaviour of concrete confined by
rectangular reinforcement. They indicated that the confinement pressure provided by
transverse reinforcement would be different under strain gradient, than that developed
under uniform compression. The researchers then proposed a stress-strain relationship
for flexural analysis. The relationship included effects of spacing and tie size, and the
ratio of confined concrete area to total area, as main parameters of confinement. Previous
research indicates conflicting views on the effect of eccentricity on plain concrete. While
Sturman et al. (1965) reported that the presence of strain gradient enhanced both the
stress and strain at peak, Karsan and Jirsa (1970) indicated that there was no effect of
strain gradient on the peak stress and corresponding strain, while the ductility of the

descending branch improved.

Sargin et al. (1971) tested small scale columns under eccentric loading using specimens
with rectangular ties, without longitudinal reinforcement. The experimental research
resulted in an analytical model for confined concrete under eccentric loading. The effect
of strain gradient was incorporated as improvements on strength and ductility of

confined concrete, and was expressed in terms of the location of neutral axis. -

Scott et at. (1982) tested large scale square columns under eccentric loading. They
reported that the analyses based on stress strain relationships obtained from concentric
column tests underestimated the deformability of columns recorded by tests. They

further reported that a stress-strain relationship with a less steep falling branch would be
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more appropriate for members subjected to eccentric loading.

Sheikh and Yeh (1985), based on tests conducted by others, modified the Sheikh and
Uzumeri model (1982) to reflect the ductility enhancement associated with strain
gradient. Subsequently, they tested 16 columns under eccentric loading prodﬁéed by
different levels of constant axial load, accompanied by monotonically increasing lateral
loading {Sheikh and Yeh 1990). The researchers reported that none of the confinement
models available at the time was able to produce the experimental results accurately.
While the Sheikh and Uzumeri (1982) model, as modified by Sheikh and Yeh (1986),
produced good estimates of column behaviour under moderate levels of axial
compression, it overestimated the column strength under high levels of compression.
Therefore, the mode! was further modified to incorporate the strength reduction in
concrete associated with increased axial compression (Sheikh and Yeh 1992). The

descending branch of the original Sheikh and Uzumeri model was also modified based

on the same data.

Saatcioglu et al, (1995) reported the results of large scale square columns tested under
eccentric loading. Experimentally recorded moment-curvature relationships were
reproduced analytically using the confined concrete model developed by Saatcioglu and
Razvi (1992) on the basis of columns tested under concentric ioading. The analytical
relationships agreed well with those recorded experimentally for columns with different
eccentricity of loading and confinement parameters. The researchers indicated that
flexural behaviour of confined columns can be computed by using a confined concrete

mode! developed for concentric loading, provided that the relevant parameters of

confinement are incorporated in the model.
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2.2.3 Columns Under Constant Axial Load and Incrementally

Increasing Lateral Deformation Reversals
A number of experimental programs were conducted for columns under simulated
seismic loading (Atalay and Penzien 1975, Zagajeski et al. 1978, Otani and Cheung
1981, Rabbat et al. 1982, Park et al. 1982, Saatcioglu and Ozcebe 1989). A
comprehensive discussion of previous research under lateral load reversals was reported
by Saatcioglu (1991). Test data were evaluated in terms of displacement ductility and
drift ratios. It was concluded that column deformability reduced with increasing axial
compression, shear stress, and rate of loading. On the other hand, deformability
increased with reduced spacing and increased volumetric ratio and strength of

confinement reinforcement,

The axial load level in the majority of previous tests under simutated seismic loading
was limited to relatively low levels, although representing the majority of columns used
in practice. However, because the level of axial compression is known to adversely affect
column deformability, Sheikh and Khoury (1993) tested large scale columns under
higher levels of constant axial load, combined with lateral load reversals. The main
parameters considered were the amount and configuration of lateral steel, axial load
level, and the stub effect. The researchers indicated that the stub effect was to enhance
the strength of the adjacent section by 20%. It was also observed that the energy
absorbtion capacity of columns, as well as the éﬁ‘ectiveness of confinement

reinforcement increased with reduction in axial load.

2.3 Previous Research on High-Strength Concrete

Columns

Experimental and analytical studies on confinement of high strength concrete columns

are scarce in the literature. This is partly because the use of high-strength concrete is a
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relatively recent development in concrete engineering. It may also be due to the
difficulties associated with production, as well as testing of large scale specimens, which
requires load levels that usually exceed capacities of testing machines in most research
laboratories. The following is a summary of research carried out in the past, classified
according to applied loading. B

2.3.1 Columns Under Concentric Compression

2.3.1.1 Ahmed and Shah (1982)

Ninety six concrete cylinders were tested to study the effect of spiral confinement
reinforcement on stress-strain relationship of normal and high-strength concrete. Fifteen
of the cylinders had 75 x 300 mm dimensions. The remaining were 75 x 150 mm,
Concrete strength, aggregate type, spiral pitch and yield strength of spiral reinforcement
were considered as test variables. Concrete strengths of up to 69 MPa were considered
with two types of aggregates. Steel strengths were 413 MPa, 1116 MPa, and 1433 MPa.
No longitudinal reinforcement was placed in the specimens. The researchers reported
that the efficiency of confinement by spiral reinforcement decreased with increased
concrete strength. However, ductile behaviour of high strength concrete was achieved
when spirals with sufficiently small pitch, and high yield strength were used. It was
further reported that the effectiveness of spiral reinforcement, with 413 MPa yield

strength, was low for low density aggregate concrete, as compared to normal density

aggregate concrete.

An analytical procedure was proposed to predict the stress-strain relationship of confined
concrete, on the basis of tri-axial stress-strain curves for plain concrete and stress-strain
relationship of confining steel. An analytical investigation was conducted using the
analytical procedure. It was concluded analytically that as the concrete strength increased
the steel stress at peak concrete stress decreased. This was attributed to the small lateral
strain of high strength concrete at the peak stress. However, the lateral strain of concrete
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increased rapidly after the peak, producing higher stresses in the spiral steel. It was
further reported analytically that the stress in spiral steel, corresponding to peak concrete
stress, was independent of the yield strength, for the same strength concrete. Hence,
increasing the yield strength of spiral stee! did not produce beneficial effects on strength
enhancement. However, increasing the yield strength improved ductility of confined

concrete.

2.3.1.2 Muguruma, Watanabe, Iwashimizu, and Mitsueda (1983)

Eighteen square columns with 147 x 147 x 400 mm dimensions were tested to study the
effects of confinement on ductility of high strength concrete. Fourteen columns were
laterally reinforced with circular spirals, having 50 mm spacing and 1390 MPa yield
strength. The volumetric ratio of lateral reinforcement was 2.13%, except for two
columns, which had 4.26% volumetric ratio. The remaining four columns were plain
concrete specimens. The concrete strength ranged between 34 MPa and 89 MPa. No
longitudinal reinforcement was providéd in any column. Concrete strength and

volumetric ratio of lateral reinforcement were studied as test parameters.

The results indicated that ductility of high strength concrete could be improved with the
use of sufficient amount of confinement reinforcement, having high yield strength. |
Yielding of hoops was observed when the columns reached their peak stress. The stress-
strain relationship originally proposed by the authors for normal-strength concrete
(Watanabe et al. 1980) was modified based on the experimental data obtained in this
study.

2.3.1.3 Martinez, Nilson and Slate (1983, 1984)

Tests were conducted on ninety four concrete cylinders with 102 x 203 mm, 102 x 406
mm, 127 x 610 mm, and 152 x 610 mm dimensions. The specimens were confined with
spirals having yield strengths of 379 MPa to 414 MPa. Concrete strength varied between
21 MPa and 69 MPa, and the confinement pressure ranged from zero to approximately
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21 MPa. No longitudinal reinforcement was provided in the specimens.

The researchers reported that both strength and ductility of concrete increased with
increasing confinement pressure, regardiess of unconfined concrete strength. However,
the cylinders with higher unconfined strength showed reduced axial strain at peak stress,
and faster rate of strength decay beyond the peak. The spiral stee! did not yield in
cylinders with high-strength concretes. Therefore, it was recommended that the yield
strength of spiral steel be limited to 414 MPa. It was concluded that the ACI-318
building code (1977) requirements for spiral steel could lead to inadequate confinement
of high-strength concrete columns. Small scale columns, designed on the basis of the
ACI-318 building code (1977), were more ductile than larger scale columns. A stress-

strain relationship was developed for confined concrete, based on the test data.

2.3.1.4 Faftis and Shah (1985 b)

An analytical investigation was carried-out to modify the original confinement model
proposed by Fafitis and Shah (1985 a), to include high-strength concrete. The
modification was based on column tests conducted under concentric loading by Martinez
et al. (1983) and Muguruma et a! (1983). The proposed relationship included concrete

strength and lateral pressure as primary confinement parameters.

2.3.1.5 Basset and Uzumeri (1983, 1986)

Eighteen square columns were tested to stud:, e sehaviour of confined high-strength
low-density concrete columns. The columns were 305 x 305 mm in cross-section, and
1956 mm in height. The concrete strength varied between 37 MPa and 40 MPa. The
yield strength of ties ranged from 530 MPa to 600 MPa. The main variables considered
in the expeﬁmental program included distribution of longitudinal reinforcement and the
resulting tie configuration, amount of longitudinal steel, and the amount and spacing of
transverse reinforcement. Although the columns contained low-density aggregate

concrete, it was expected that some of the test results could be extended to normal-
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density high-strength concrete.

The resuits indicated that the brittle behaviour of low-density concrete could be
improved significantly if large amount of lateral reinforcement was provided, and the
longitudinal and lateral reinforcement were well distributed. Increasing the amount of
longitudinal steel resulted in improved ductility. This was attributed to the importance
of percentage of longitudinal steel in preventing premature buckling. Furthermore,
increasing the amount of longitudinal stee! increased the portion of load carried by steel,
which prevented sudden drop of load at cover spalling. Minimum longitudinal and
transverse reinforcement was recommended to maintain a reasonable level of ductility
in columns. It was further reported that the behaviour of low-density aggregate concrete
could not be predicted by Sheikh and Uzumeri (1982) and Modified Kent and Park
(1982) models. These models resulted in unconservative results, overestimating column

ductility.

2.3.1.6 Yong, Nour, and Nawy (1988)

Twenty four square columns were tested to study the behaviour of confined high-
strength concrete columns. The column cross-section was either 152 x 152 mm or 133
x 133 mm, and the column height was 457 mm. The lateral reinforcement consisted of
rectilinear ties having a yield strength of 496 MPa. Approximately the same grade of
steel was used for longitudinal reinforcement. The concrete strength ranged from 84 MPa
to 94 MPa. The variables considered included the volumetric ratio of lateral
reinforcement, concrete cover, and distribution of longitudinal reinforcement. The
amount of latera reinforcement provided in each column was less than that required by
the ACI-318 building code (1983).

The results indicated that the stress strain-strain relationship of high-strength concrete
was improved by using lateral ties as confinement reinforcement. The improvement

increased with the increase in the volumetric ratio of lateral steel. However, the lateral
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steel was less effective in confining high-strength concrete than confining normal-
strength concrete. Tests indicated that the lateral steel did not yield at the first peak load.
It was recommended that the spacing of lateral reinforcement should be less than the
lateral column dimension. The distribution of longitudinal reinforcement improved
ductility of concrete. Hence, it was recommended to use at least eight bars, distributed
around the column perimeter. Concrete cover did not affect the stress-strain relationship
of confined concrete. The available confinement models, i.e., those proposed by Sargin
1971, Vallenas et al. 1977, Park et al. 1982, Sheikh and Uzumeri 1982, and Fafitis and
Shah 1985 failed to reproduce descending branches of experimentally obtained stress-

strain relationships.

An empirical stress-strain relationship was proposed for high-strength concrete columns
confined with rectilinear ties. The relationship consisted of two continuous polynomials.
Strength enhancement due to confinement was assumed to be a function of concrete
strength, spacing, diameter, volume, and yield strength of lateral steel, in addition to the

number and diameter of longitudinal reinforcement.

2.3.1.7 Bjerkeli, Tomaszewicz, and Jensen (1990)

A major research program was undertaken on high strength concrete with normal-density
and low-density aggregates. The normal-density aggregate concrete had cube strengths
ranging between 65 MPa and 115 MPa, while the cube strength for low-density
aggregate concrete varied between 60 MPa and 90 MPa. The scope included
investigation of strength and deformation characteristics of plain and confined concrete,
as well as sustained load effects on high-strength concrete. Short term behaviour of
unconfined and confined concrete was investigated by testing 116 columns in four series,
Series 1 consisted of small scale circular columns with 150 x 150 mm dimensions.
Variables considered were concrete strength, and the amount and distribution of spiral
reinforcement. Series 2 consisted of small scale square columns with 150 x 150 x 500

mm dimensions. Variables considered included the amount and distribution of
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confinement steel, the influence of longitudinal reinforcement, and strain rate. Series 3
consisted of small scale square columns with 150 x 150 x 1000 mm dimensions, tested
under eccentric loading. Variables considered included concrete mix design, the
eccentricity of loading, and the volumetric ratio of confinement reinforcement. Series 4
consisted of large scale rectangular columns with 300 x 500 x 2000 mm dimensions.
Columns with 8-bar and 12-bar arrangements were tested to study the effects of
longitudinal reinforcement distribution. Grade 613 MPa transverse reinforcement was
used in the small scale square and circular columns. The steel grade varied between 506
MPa and 561 MPa for the transverse reinforcement used in Jarge scale rectangular

columns .

The results indicated that ductility of high-strength concrete could be improved through
confinement. Use of large size longitudinal reinforcement did not produce any beneficial
effect on ductility. However the number of longitudinal bars had significant influence
on column ductility, showing improvements with increased number of bars. The strain
rate was varied between 3.33 x 10%and 3.3 x 107 per second, and did not appear to have
any significant effect on stress-strain relationship of confined concrete. Increase in
concrete strength reduced the effectiveness of confinement reinforcement and resulted
in reduced ultimate strain. Columns confined by circular spirals showed superior
behaviour than oorrespbnding rectangular columns confined by rectilinear reinforcement.
The confinement efficiency for normal density concrete, in terms of strength

enhancement, was about twice the efficiency observed for low-density concrete.

A stress-strain relationship was introduced for confined normal and low-density
aggregate concretes. The expressions proposed by Martinez et al. (1984) were modified
and used in defining the stress-strain relationship. The main parameters considered

included concrete strength, confining pressure, and section geometry.
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2.3.1.8 Rangan, Saunders, and Seng (1991)

Sixteen small scale columns were tested in this investigation. Ten columns had 160 x
160 x 800 mm dimensions, and were tested under concentric loading. The main variables
considered were the amount and type of lateral steel (ties and welded wire fabric). The
remaining six were slender columns with 100 x 100 x 2000 mm dimensions, aﬁd were
tested under eccentric loading. The main variable considered in these tests was the

eccentricity of loading. The concrete strength in all columns was 65 MPa.

The researchers concluded that there was no significant effect of confinement
reinforcement on load-strain curves, despite the fact that yielding and fracture of
confinement reinforcement was observed. This could be explained by the low amount
of lateral steel used. It was also reported that recorded short column capacities agreed
wel! with those computed using the current building code. The strength calculation and
simplified stability analysis, proposed earlier by Rangan (1990), produced good

agreements with the results of eccentrically tested columns.

2.3.1.9 Nagashima, Sugano, Kimura, and Ichikawa (1992)
Twenty six large scale columns, confined with high or ultra-high strength steel, were
tested. The columns had 225 x 225 x 716 mm dimensions. Test variables included

concrete strength, amount, strength, and configuration of confinement reinforcement, and

yield strength of longitudinal steel.

The researchers reported that columns with concrete strength of 120 MPa showed a
sudden strength drop at an axial strain of approximately 1% when p £, was less than 18
MPa. The same columns developed strains in excess of 2% when this product was higher
than 18 MPa. Columns with 6-bar, 8-bar, and 12-bar arrangements did not exhibit a
major difference in strength and ductility. Strength enhancement due to confinement was
observed to be independent of plain concrete strength, and was proportional to the square
root of the effective lateral confinement capacity. Ductility of confined concrete was
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directly proportional to the capacity of lateral steel, and inversely proportional to

concrete strength.

An analytical model was developed for confined high-strength concrete on the basis of
the test data. The model incorporated the effectively confined concrete area concépt for

calculation of confined strength.

2.3.1.10 Itakura and Yagengi (1992)

A total of twenty-four square columns, with 218 x 218 x 500 mm dimensions, were
tested (Itakura and Yagengi 1992, Yageniji et al. 1991, Ishiwata et al. 1990, Itakura et al.
1990). Test parameters included the amount, configuration, and hook length of lateral
reinforcement, and the effect of longitudinal steel. Concrete strength was 74 MPa, and

no concrete cover was provided in any of the columns.

It was reported that the confinement steel improved concrete strength tremendously. It
was further reported that ties with hook lengths of six-bar-diameter were not as effective
as those with ten-bar-diameter length. Columns with longitudinal bars were less ductile
than those without longitudinal bars. It was observed that the confinement steel fractured

as a result of buckling of longitudinal reinforcement.

2.3.1.11 Hatanaka and Tanigawa (1992)

Normal and high strength concrete cylinders, with 100 x 100 mm dimensions, were
tested. The cylinders were confined by steel rings. Concrete strength ranged from 30 to
100 MPa. The objective of the test program was to establish a relationship between the
amount of confinement steel and concrete ductility. Test variables included water-cement
(wi/c) ratio and confinement pressure. The results were used to modify the analytical

model proposed earlier by the same researchers to include high-strength concrete.
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2.3.1.12 Galeota, Giammatteo, and Marino (1992)

Small scale square columﬁs with 60 MPa concrete were tested to investigate confinement
of high-strength concrete. The columns had 150 x 150 x 450 mm dimensions and did not
contain cover concrete. The main parameters considered were the amount and spacing
of lateral reinforcement. No longitudina! reinforcement was placed in the colurnns. It
was concluded that both the strength and ductility of concrete improved with
confinement. However, the improvements were less than those associated with normal-

strength concrete. An analytical modal was proposed based on the test data.

2.3.1.13 Polat (1992)

Twelve square concrete columns were tested to investigate the behavior of normal and
high-strength concrete columns. The columns had 230 mm cross-sectional dimension
and 1500 mm height. The variables considered included concrete strength (36 to 85
MPa), the strength of confinement steel (363 to 915 MPa), the amount of confinement
stee! (0 to 2.3%), and gage length (300 to 1500 mm). It was concluded that the strength
and ductility of columns increased significantly when high volumetric ratios of lateral
reinforcement were used. This improvement was found to be proportional to the square
root of the yield strength of lateral steel. However, it was also concluded that high-
strength concrete columns could fail at loads significantly lower than those computed on
the basis of the ACI-318 building code (1989). When high-strength steel was used as
confinement reinforcement, yielding of the steel was observed at peak column load.
Column ductility was significantly affected by the gage length. The confinement models
proposed earlier for normal-strength concrete (Sheikh and Uzumeri 1982, Modified Kent
and Park 1982, Muguruma et al. 1983, Bjerkel"i{;t al. 1990) were used to predict the
stress-strain relationship of high-strength concrete. The results indicated that none of the

models considered provided accurate predictions.

2.3.1.14 Nishiyama, Fukushima, Watanabe, and Muguruma (1993)

Tests were conducted on fourteen square columns, with 250 x 250 x 750 mm
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dimensions, and 110 MPa concrete. Test variables included yield strength (400 and 800
MPa), diameter (4 and 6 mm), the spacing (31, 41 and 60 mm) of confinement

reinforcement, and concrete cover, Both monotonic and cyclic loadings were considered.

It was concluded that 4% volumetric ratio of grade 800 MPa reinforcement was réduired
to achieve ductile behaviour. It was also reported that while the inner hoops yielded at
peak concrete stress, the peripheral hoops did not yield. Columns with cover showed the

same behaviour as those without the cover, after the spalling of the cover concrete.

2.3.1.15 Sudo, Masuda, Abe, and Yasuda (1993)

Tests were conducted on small scale cylindrical specimens, with 150 x 300 mm
dimensions. The cylinders were confined with circular spirals. No concrete cover was
provided. Concrete strength ranged between 39 and 120 MPa. Test variables included

aggregate type, water/binder ratio, and the amount and spacing of spira!l reinforcement.

It was reported that the improvements in peak concrete stress and corresponding strain
were proportional to confinement pressure. It was also observed that increase in water/
binder ratio reduced the strength enhancement caused by confinement, while improving

deformability.

2.3.1.16 Limsuwan (1993)
Four series of small scale square columns, with 150 x 150 x 1000 mm dimensions, were
tested under concentric and eccentric compression. The main variables included the

amount, type, and spacing of lateral reinforcement, and the amount of longitudinal steel.

Columns tested under concentric loading showed higher strength than computed on the
basis of ACI-318 building code (1989). The use of 0.95 f. was recommended for
computation of in-place strength of unconfined concrete, instead of 0.85 f. commonly

used for normal-strength concrete. Columns tested under eccentric loading showed good
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agreement with axial load-moment interaction diagrams constructed using the ACI

comncrete stress block.

2.3.1.17 Al-Hussaini, Regan, Xue, and Ramadane (1993)

Eight columns were tested as part of a research program aimed at developing design
guidelines for high-strength concrete columns. The columns had 250 mm square cross-
section and 2000 mm height. Test parameters included tie spacing, and the amounts of

lateral and longitudinal reinforcement. Concrete cube strength ranged between 112 and
144 MPa.

The results indicated that capacities of high-strength concrete columns could be
computed fairly accurately using the equations given in the British Code (1985) for
normal-strength concrete columns. However, the minimum lateral steel specified in the
code was neither sufficient to produce ductile behaviour nor adequate to prevent

buckling of longitudinal reinforcement.

2.3.1.18 Cusson and Paultre ( 1994)

Twenty seven square columns were tested to investigate the confinement of high-
strength concrete columns. The columns had a cross-sectional dimension of 235 mm and
a height of 1400 mm. Test parameters included concrete strength (53 to 100 MPa),
lateral steel strength (392 to 770 MPa), the distribution of longitudinal reinforcement (4
to 12 bars), the volumetric ratio of lateral steel (1.4% to 4.9%), tie spacing (50 and 100
mm), the percentage of longitudinal reinforcement (2.2% and 3.6%), and concrete cover.

Early spalling of cover concrete was observed during testing. Hence, it was
recommended to ignore the presence of cover concrete in capacity calculations. Well
confined columns showed significant improvements in strength and duectility. It was
reported that the amount of transverse reinforcement was the most important parameter

that influenced stress-strain relationship of confined concrete. The efficiency of high-
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strength steel as confinement reinforcement increased with the degree of confinement.

2.3.1.19 Li (1994)

Tests of normal and high-strength concrete columns were performed in three series. The
first series included 27 square columns with 240 mm cross-sectional dimension and 720
mm height, and 17 circular specimens with the same dimensions. These columns were
tested under a low strain rate. Test parameters included concrete strength (35 to 82.5
MPa), the arrangement of longitudinal reinforcement (4-bar and 8-bar), and the
volumetric ratio (0.8% to 5.0%), spacing (20 to 70 mm), and yield strength (445 and
1318 MPa) of lateral reinforcement. The second series included 11 square and 4 circular
columns tested under a high strain rate. Column dimensions and test parameters were
similar to those of the first series. The third series included S larger size square columns
with 350 mm cross-sectional dimension and 3900 mm height. The columns were tested
under a constant axial load and lateral load reversals. Test variables included the level
of axial load, and the amount spacing, and yield strength of Jateral reinforcement.
Concrete strength was either 93 MPa or 98 MPa.

The resuits indicated that the most important confinement parameters were the amount
and yield strength of confinement reinforcement. Increasing the amount and/or strength
of confinement steel improved both the strength and ductility of confined concrete. It
was observed that grade 430 MPa transverse reinforcement yielded at or shortly after the
peak column ioad. However, grade 1300 MPa did not yield at the peak load. Columns
confined with grade 1300 MPa stee! behaved much better than those confined with grade
430 MPa. This indicated that the volumetric ratio of confinement steel could be reduced
while increasing its yield strength. However, the usable yield strength of high strength
steel was suggested to be limited to 900 MPa for columns with a shear-span-to-depth
ratio of 4. It was also reported that the envelopes of stress-strain relationships for
concrete tested under cyclic loading agreed well with those obtained under monotonic

loading.
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Columns tested under high strain rate showed higher strength, increased modulus of
elasticity, and steeper slope of descending branch of the stress-strain relationship.

However, higher strain rate did not produce higher strength for concrete confined with
high-strength steel.

None of the confinement models for normal-strength concrete considered (Mander et al.
1988 b, Muguruma et al. 1991, Fafitis and Shah 1985 b, and Yong et al. 1988) was able
to predict the behaviour of high strength concrete accurately. A stress-strain relationship
was proposed for confined high-strength concrete on the basis of the test data. The form
of the relationship was adopted from the three equations proposed earlier by Muguruma
et al. (1991). Columns designed based on the New Zealand code (NZS 3101: 1982)

showed brittle behaviour when tested under constant axial load and lateral load reversals.

2.3.2 Columns Under Eccentric Compression

Very little data is available in the literature on confinement of high strength concrete
columns under monotonic eccentric loading. Early research conducted on the topic was
either limited to small scale specimens (Schade 1992) or columns with concrete strength
not exceeding 60 MPa (Kaar et al. 1978, Sandararaj 1991). Research prior to 1993 was
discussed by Ozden (1992) and Ibrahim (1994). Some of the research programs
discussed earlier under "Columns Under Concentric Compression” also included strain
gradient as a test parameter (Rangan et al. 1991 and Ekasit 1993). These column tests
are summarized in the preceding section along with columns tested under monotonic

compression.

2.3.2.1 Ozden (1992)
Ten square columns, with a cross-sectional dimension of 230 mm and a column height
of 1500 mm, were tested under strain gradient. The strain gradient was applied such that

the strain on one side of the cross-section was always zero. Concrete strength varied
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between 55 MPa and 65 MPa. The main variables considered included the volumetric
ratio (0% - 4.03%) and spacing (40, 80, 120 mm) of lateral ties.

The results indicated that strength and ductility of columns improved with confinement.
However, when the spacing of ties was greater than one half of the cross-sectional
dimension (h/2), there was no significant effect of confinement. In all the columns it was
observed that the tie steel yielded at failure. It was suggested to reduce the multiplier that
defines the intensity of rectangular stress block for flexural analysis from 0.85 to a lower

value depending on the concrete strength.

2.3.2.2 Ibrahim and MacGregor (1994)

Fifteen rectangular and six triangular columns were tested under eccentric loading. The
rectangular columns had 200 x 300 mm cross-sectional dimensions, and 3000 mm
height. The tangular columns had 240 x 450 mm cross-sectional dimensions and 2950
mm height. The test parameters included concrete strength (59 to 131 MPa), the
volumetric ratio (1.0% to 3.9%) and spacing (50, 100, 200 mm) of confinement

reinforcement.

The results indicated that the column behaviour was dependent on the amount and
spacing of lateral reinforcement. The deformation capacity of columns with very little
confinement reinforcement was similar to that of plain concrete. The maximum tie
spacing specified in the ACI code (1989) for non-seismic regions was not sufficient to
produce ductile column behaviour. The ratio of unconfined in-place strength of column
concrete to cylinder strength was found to be 0.92. However, the ACI rectangular stress
block parameters were found to be unsafe for design of rectangular or triangular high-
strength concrete columns. Four confinement mode!s (Shah et al. 1983, Muguruma et al.
1989, Yong et al. 1988, and Bjerkeli 1990) were used to reproduce the experimental
results. Non of these models produced sufficiently accurate results. Therefore, the

researchers proposed modifications to Bjerkeli et al. (1990) model. The modified model
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agreed well with the test data.

2.3.2.3 Xie et al. (1994)

An analytical parametric investigation was conducted on high-strength concrete columns
subjected to eccentric loading. A total of twenty one columns were analyzed usiﬁg finite
element method. The columns had three different cross-sectional dimension; 350 x 350
mm, 700 x 700 mm, and 200 x 300 mm. Concrete strength considered ranged from 37.5
to 75 MPa. The main parameters included were the configuration, size, and strength of

confinement steel, concrete strength, depth of cover, and the amount of longitudinal

reinforcement.

The results indicated that the confinement steel and depth of cover concrete had no effect
on peak moment and the behavior prior to the peak. However, increasing the amount of
confinement steel, decreasing the depth of concrete cover, and using a favourable tie

configuration improved the post-peak behaviour.

2.3.2.4 Lioyd and Rangan (1995)

Experimental and analytical studies were conducted to investigate the behaviour of high
strength concrete columns subjected to eccentric compression. The experimental
program included testing of 36 columns. The columns had either 300 x 100 mm or 175
x 175mm cross-sectional dimensions and 1680 mm height. The main variables
considered were; concrete strength (58, 92, and 97 MPa), eccentricity of load (0.1 to 0.4
times the column depth), and longitudinal reinforcement ratio (1.5% and 2.0%). All
columns were confined laterally with 4 mm diameter high strength ties at 60 mm
spacing. Confinement steel was in excess of the reqdirements of the Australian code (AS
3600 1994). It was reported that confinement steel was insufficient to produce ductile
behaviour for columns with low load eccentricity (e=0.1 d). The failure of such columns
was sudden, brittle, and explosive. One the other hand columns subjected to higher load

eccentricities (¢>0.3 d) behaved in a more ductile manner.
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The analytical program included development of two computer programs to predict the
failure load and load-deflection relationship of slender high strength concrete columns

under axial load uniaxia! bending.

2.3.3 Columns Under Constant Axial Load and Incremeh'tally

Increasing Lateral Deformation Reversals
Tests on high strength columns under reversed cyclic loading were scarce prior to 1990.
However, a number of experimental and analytical studies were conducted during the
past five years. The following is a summary of research on columns under reversed
deformation cycles. The column length referred to in the following sections includes

depths of top and bottom beams, or the depth of middle stub, wherever applicable.

2.3.3.1 Chung, Hayashi, and Kokusho (1980)

Twenty three rectangular columns were tested to investigate the behavior of reinforced
concrete columns subjected to cyclic load reversals. The column dimensions were 150
x 200 x 1500 mm. The main parameters considered included concrete strength, axial load
level, the amount of shear reinforcement, and loading history. The concrete strength

ranged approximately from 20 to 80 MPa.

The results indicated that increasing the amount of shear reinforcement and reducing
axial load level improved the ductility of high strength concrete columns. The effect of
loading history on column deformability was investigated by testing two identical
columns with two different loading histories. One of the columns was subjected to one
cycle, while the other to ten cycles. The results showed a decrease in deformability with

increasing number of inelastic deformation cycles.

2.3.3.2 Watanabe, Muguruma, Matsutani, and Sanda (1987)

Tests were conducted on three square columns, with 225 x 225 x 1340 mm dimensions.
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The strength of concrete used was 58 MPa in all columns. Two of the columns were
identical. They were designed to study the effect of direction of lateral loading. The
columns were subjected to lateral load reversals applied either paraliel to, or diagonal
to the principal axis. The results indicated significant increase in deformability when the
loading was applied diagonally. The third column was subjected to axial tension and
lateral load reversals. This column showed reduced strength but improved deformability

as compared to the companion column under axial compression.

2.3.3.3 Muguruma and Watanabe (1990)

Tests were conducted on eight square columns, with 200 x 200 x 1500 mm dimensions.
Test variables included concrete strength (86 and 116 MPa), yield strength of
confinement steel (328 and 792 *4Pa), and axial load level (25% and 63% of A,f).

Twelve-grade 400 bars were used as longitudinal reinforcement. Plain reinforcement,

with 6 mm diameter, was used as lateral confinement steel.

The tests indicated that the ductile behavior of high strength concrete columns could be
achieved by using high-strength lateral reinforcement. It was also observed that the
ductility enhancement was reduced with increasing concrete strength. Hence, the use of

high-strength steel was recommended to confine high-strength concrete.

The test data was used to modify the confinement models proposed by Muguruma et al.
(1983) and Modified Kent and Park (Park Preiestley and Gill 1982). The modified
model was used to calculate moment-curvature relationships of high-strength concrete

columns.

2.3.3.4 Sugano, Nagashima, Kimura, Tamura, and Ichikawa (1990)
Eight square columns were tested to study seismic behavior of hign strength concrete
columns. The columns had 250 mm square cross-sections and 2000 mm height. The

variables considered included concrete strength, the capacity of lateral reinforcement
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(p,f,,), and the ratio of axial stress to specified concrete strength. Concrete strengths
considered were 39, 59, and 78 MPa. The results indicated that the combined use of
high-strength concrete and high-strength steel could be very effective in attaining

improved deformability of columns.

2.3.3.5 Kabeyasawa, Li, and Huang (1990)

Three square columns were tested to investigate strength and ductility of high-strength
concrete columns under high axial compression and lateral load reversals. The columns
were 250 mm square in cross-section and 2210 mm in height. The lateral reinforcement
was in the form rectilinear spirals and cross ties with a yield strength of 1334 MPa.
Concrete strength was 91 MPa in all three columns. The main variables considered
included axial load level (35% and 52% of A_f), and tie arrangement (8-bar and 12-bar

arrangements).

The results indicated that both columns under low and high axial compression behaved
in a ductile manner due to the efficiency of confinement reinforcement used. However,
the one under high axial compression showed reduced ductility as compared to the other,
under low axial compression. The column with a 12-bar arrangement developed a higher
level of deformation at peak stress, when compared with a column with an 8-bar

arrangement.

2.3.3.6 Sakai, Hibi, Otani, and Aoyama (1990)

Eight square columns were tested to study the effect of confinement on ductility of high-
strength concrete columns. The columns had 250 x 250 mm cross-section and 2000 mm
height, with 100 MPa concrete. The yield strength of ties ranged from 344 MPa to 1126
MPa. The main variables considered were the distribution of longitudinal reinforcement
and resulting tie configuration, amount, diameter, and yield strength of transverse

reinforcement, and axial load level.
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The results indicated that the use of high-strength lateral steel was effective in improving
deformability of high-strength concrete columns. Confinement efficiency improved with
reduction of tie spacing in both the vertical and horizontal directions. The diameter of

lateral steel had little effect on column deformability.

2.3.3.7 Shin, Kamara, and Ghosh (1990)

A research program was conducted to investigate the flexural ductility of high strength
concrete members. Two series of tests were conducted. The first series consisted of
twelve specimens with 150 x 300 mm cross-section and 3000 mm length, tested under
monotonically increasing lateral loading. The concrete strength ranged from 28 MPa to
103 MPa. The second series consisted of twenty four specimens with 112.5 x 225 mm
cross-section and 3000 mm length, tested under reversed cyclic loading. The concrete
strength ranged from 35 MPa to 103 MPa. All the specimens were reinforced like
columns, although they were tested under zero axial load. The main test variables were;

concrete compressive strength, percentage of longitudinal reinforcement, and spacing

of confinement steel.

It was observed that the ratio of tension reinforcement to balanced section reinforcement
(p/p,) was the most significant factor for flexural ductility. Increase in (p/p,) resulted
in reduced flexural ductility. The envelope of the load-deflection curves for specimens
tested under cyclic loading showed the same features as those tested under monotonic
loading. A reduction in load carrying capacity was observed with repetition of cycles
at the same deflection level. The reduction in the load carrying capacity was more
significant in specimens with higher concrete strength, wider tie spacing, and lower
volumetric ratio of confinement steel. The equivalent rectangular stress block, suggested
by the ACI-318 code, was found to produce good estimates of flexural strength, for

members made with concrete strengths up to 103 MPa.
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2.3.3.8 Muguruma, Nishiyama, Watanabe, and Tanaka (1991)

Four square columns were tested to study deformability of high-strength concrete
columns confined with high-strength lateral steel. The columns were 200 mm square in
cross-section and 1500 mm in height. The concrete strength was 130 MPa. The test
variables included yield strength of transverse reinforcement (408 and 873 Mfa) and
level of axial load (34.3% and 47.3% of A_f.'). Eight laterally supported longitudinal bars

were placed in each specimen.

The researchers concluded that high-strength concrete columns could be designed to
behave in a ductile manner, even under high axial compression. It was also reported that
when the axial load level was low, high-strength confinement steel did not result in
ductility improvement, mainly because for these columns the volumetric ratio provided
could be considered excessive. However, when the axial load was high, the yield
strength of confinement steel played a major role in improving ductility. Furthermore,
the rectangular stress block suggested by ACI 318-89 produced good estimates of
experimental column capacity when the axial load level was moderate. However, the

same approach underestimated the capacity of columns under high axial compression.

The researchers used the test data to modify a confinement model that was already
modified once (Muguruma and Watanabe 1990). This model was originally developed
by Muguruma et al. in 1983. The modification involved revision of strength reduction
at large curvatures. It was assumed that concrete strength did not fall below 50% of the

peak stress.

2.3.3.9 Mizoguchi, Arakawa, and Arai (1991)

Tests were conducted on twelve small scale square columns with 180 x 180 x 1250 mm
dimensions. Four specimens were designed to fail in flexure and the remaining eight
were designed to fail in shear. Strength of concrete used ranged between 30 and 60 MPa.

The main test variables were; direction of lateral load, concrete strength, and axial load
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level.

The results indicated that the ultimate shear and flexural strengths of columns loaded
under biaxial bending were similar to those loaded parallel to the principal axis. It was
also reported that the columns failed in flexure showed smaller strength degradatidn than
those that failed in shear.

2.3.3.10 Kabeyasawa, Shen, Kuramoto, and Rubiano (1991)

Two square columns were tested to study the behaviour of high-strength concrete
columns under constant axial compression and biaxial moment reversals. The columns
were 250 mm square in cross-section and 2000 mm in height. Both were reinforced with
twelve laterally supported longitudinal bars. The lateral reinforcement consisted of
square spirals and cross ties, having a yield strength of 969 MPa. Concrete strength was
64 MPa. The only variable considered was the axial load. The first column was subjected

to constant axial load of 36.7 % of Af;". The second column was subjected to variable

axial load, ranging from -10 % to 60 % of A f."

The results indicated that the level of axial load had a significant effect on deformability
of reinforced concrete columns. The column subjected to variable axial load showed
reduced capacity when loaded in tension. However, it behaved in a more ductile manner

and showed less damage compared to the companion column under constant axial

compression.

2.3.3.11 Hibi, Mihara, Otani, and Aoyama (1991)

Five columns were tested to investigate deformability of high-strength concrete columns.
The columns had a square cross-section with 300 mm sectional dimension, and 2125 mm
height. Concrete strength was 100 MPa. The test variables considered included yield
strength of confinement reinforcement (797 and 1251 MPa), lateral confinement pressure
(6.0, 6.3, and 7.0 MPa), yield strength of longjtudinal reinforcement (424, and 711 MPa),
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arrangement of longitudinal reinforcement (12 and 16-bar), and axial stress ratio (30 %
and 45% of ). The results indicated ductile behaviour of columns subjected to low axial
compression and high lateral pressure. The strain readings indicated elastic behaviour

of transverse reinforcement throughout testing.

2.3.3.12 Kuramoto and Minami (1992)

Six square columns were tested to study the shear strength of high-strength reinforced
concrete columns. The columns had 300 x 300 x 2100 mm dimensions, and were
prepared using 114 MPa concrete and 736 MPa longitudinal reinforcement. The main
variables were; the amount (area ratio of 0.53% and 1.19%) and yield strength (407 to
766 MPa) of confinement reinforcement, and axial stress level (16.7 % and 33.3 %
of £). It was observed that the transverse reinforcement yielded in most of the columns
at the peak load, regardless of the yield strength. It was also observed that the ultimate
shear strength decreased with decreasing lateral confinement pressure and increasing

axial compression.

2.3.3.13 Thomsen and Wallace (1992, 1994)

Experimental and analytical studies were conducted to investigate the possibility of
using high-strength concrete columns in regions of moderate to high seismic risk. The
experimental program included tests of twelve small-scale square columns with 152 mm
cross-sectional dimension, and either 813 mm or 737 mm height. The concrete strength
varied between 67 MPa and 103 MPa, Ali the columns had eight laterally supported
longitudinal reinforcement. The primary variables were the spacing (25, 32, 38, 45 mm),
configuration (hoops with cross ties or hoops with diamond shape ties), and yield
strength (792, 1275 MPa) of transverse reinforcement, and the level of axial compressioh
(0%, 10 %, and 20 % of A f).

The results of the experimental program indicated that the columns subjected to zero
axial load developed lateral drifts in excess of 4% with no noticeable strength
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degradation. On the other hand, columns subjected to 10 % P, to 20 % P, showed stable
behavior up to 2% fateral drift, with subsequent strength degradation. Since the
confinement steel used was 50 % or less of that required by ACI 318-89, it was
concluded that the current building code requirements were conservative for axial load
levels of 0 to 20 % P,. It was observed that at drift levels of less than 2% the
configuration of transverse reinforcement did not play a significant role on concrete
confinement. The use of higher strength steel (1275 MPa instead of 792 MPa) did not
affect column ductility, in the drift range of practical interest, i.e. 2% or less. It was
concluded that although the use of high-strength steel could permit using larger tie
spacing, buckling of longitudinal reinforcement in such cases should be adequately

prevented.

The analytical program included computations of monotonic lateral load-displacement
relationships of columns using either the modified Kent and Park (1982) or Yong et al.
(1988) confinement models. The model proposed by Yong et al. resulted in more
accurate predictions of column behaviour than the modified Kent and Park model. The
analytical program also included the computation of drift levels associated with
longitudinal bar buckling. A parametric study was undertaken to evaluate the effect of
high axial load on column performance. It was concluded that column ductility reduced
significantly with increasing axial compression. More research was recommended in the

axial compression range of 0.25 to 0.50 P,,.

2.3.3.14 Azizinamini et al. (1993) and Azizinamini et al, (1994)

Nine square columns were tested as part of a research program aimed at evaluating the
ductility of columns designed according to the present ACI code (ACI 318-89). The
columns had 305 mm cross-sectional dimension and 2440 mm height. The test
parameters included the volumetric ratio (p,= 2.36% to 3.82%), spacing (41, 67 mm),
and yield strength (413 MPa, 827 MPa) of lateral reinforcement, concrete strength (26
to 104 MPa), and axial load level (20 %, 30 % and 40 % of P,).
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The test data indicated that an increase in concrete strength did not result in reduction
of displacement ductility ratio. However, reducing spacing of lateral steel from 67 to 41
mm increased the maximum displacement by 40 %. Increasing the level of axial
compression from 20 % to 40 % P, caused a 30 % reduction in the maximum
displacement. Increasing yield strength of transverse reinforcement from 413 to 827 MPa
did not result in improvements in column deformability, when the columns were
subjected to an axial load of 20 % P,. It was concluded that high-strength concrete
columns (f,' > 70 MPa ), designed in accordance with the present code (ACI 318-89)
showed good ductilities when subjected to axial loads of 0.2 P, or less. A linear
reduction in the intensity of rectangular stress block was recommended from 0.85 to 0.60
for concrete strengths of greater than 70 MPa, in calculating the nominal moment
capacity. The experimental data was also used to modify the confinement model
proposed by Yong et al. (1988). Analytical moment-curvature relationships, based on the

modified model, showed good agreement with those obtained experimentally.

_ 2.3.3.15 Sheikh, Shah, and Khoury (1994)

Four reinforced concrete columns were tested to investigate the performance of high-
strength concrete columns. The columns had 305 mm square cross-section, and
approximately 2.3 m column height. Concrete strength ranged from 54 to 59 MPa. All
columns were reinforced with eight laterally supported longitudinal bars. The volumetric
ratio of lateral steel ranged from 1.68% to 4.3%, and the yield strengths were 464 MPa
and 507 MPa. Axial load level ranged from 59 % to 62 % P,

The results were compared with those of normal-strength concrete columns. The
comparisons indicated that the required amount of lateral steel was proportional to
concrete strength, for certain column performance, if the axial load level was measured
in terms of P, rather than A, f;. Improvement in column ductility appeared to be

proportional to the amount of confinement steel.
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2.3.3.16 Lipien and Saatcioglu (1995)

Ten square columns were tested as part of a research program aimed at evaluating the
deformability of high strength concrete columns. The columns had 250 mm squaré'cross-
section, and 1.76 m column height. Test variables included concrete strength (64 and 104
MPa), yield strength (420, 575 and 1000 MPa), volumetric ratio(p,= 1.90% to 5.58%)
and spacing (45 to 100 mm) of confinement steel, reinforcement arrangement (8-bar and
12-bar), and axial load level (0.28% and 0.14% of Af.).

The tests indicated that the ductile behavior of high strength concrete columns could be
achieved when sufficient amount of confinement steel was used. It was reported that
increasing the amount of confinement steel and reducing tie spacing resulted in
significant improvement in column ductility. The use of higher strength steel (1000 MPa

instead of 575 MPa) did not have significant effect on column ductility, when the axial

load was low.

2.3.3.17 Baingo and Saatcioglu (1995)

Nine columns were tested to investigate deformability of high-strength concrete
columns. The columns had a circular cross-section with 250 mm diameter, and 1760 mm
height. The test variables included; concrete strength (60 MPa, and 90 MPa), Type
(circular spirals and circular hoops), amount (p,=1.6% to 3.7%), spacing (50 mm and
100 mm), and yield strength (f, = 400 MPa and 1000 MPa) of confinement steel, axial
load level (0.21, 0.33, and 0.43 Af), thickness of concrete cover (0, 10 mm).

The test results indicated that high strength concrete columns behaved in extremely
britile manner. However, the behaviour was improved by increasing the amount and/or
reducing the spacing of confinement steel. The results also showed a superior

performarice of columns confined with high strength steel as compared to those confined
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with normal strength steel, This was especially true for columns subjected to high axial
load levels. The type (continuity) of lateral steel did not have a significant effect on

column performance.

2.3.3.18 Legeron and Paultre (1995)

Six square columns were tested as part of a research program aimed at evaluating the
behaviour of high strength concrete columns. The columns had 305 mm square cross-
section, and 2.65 m column height. Concrete strength ranged between 92.4 MPa and
104.3 MPa. Test variables included volumetric ratio (p,= 1.96% and 4.26%) and spacing
(60 and 130 mm) of confinement steel, and axial load level (0.14% to 0.39% of A,f).

The test results indicated that high strength concrete columns with sufficient amount and
closely spaced confinement steel behaved in a ductile manner. It was observed that
column ductility was reduced significantly when the axial load level was increased from
14% 10 39% of Af. .

2.3.3.19 Bayrak and Sheikh (1995)

Five columns were tested under axial load and cyclic displacements to simulate
earthquake forces. The columns had 305 x 305 x 1473 mm dimensions with 508 x 702
x 813 mm stubs. Unconfined concrete strengths were either 72 MPa or 102 MPa. Other
test variables included; amount (p,=3.15% to 4.29%), and spacing (70, 90, and 95 mm)
of confinement steel, tie configuration, and axial load level (0.36, 0.48, and 0.50 Po).

Test results indicated that high strength concrete columns were less ductile than normal
strength concrete columns subjected to the same level of axial load. The distribution of
laterally supported longitudinal bars improved column ductility significantly. Columns
with 4-bar arrangement designed according to the current codes (ACI 318-89, CSA
A23.3, 1984) showed brittle behaviour under high axial load levels. The increase in axial

load level was observed to reduce column ductility and increase stiffness degradation.
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2.4 Conclusions Drawn From Previous Research

The following conclusions may be drawn from previous research on normal and high-

strength concrete columns.

- Column deformability is a function of three groups of parameters; those related to
applied loading, those related to confinement reinforcement and those related to
concrete type. The parameters related to applied loading include axial load,
eccentricity of axial load, shear stress, rate of loading, direction of lateral loading,
and loading history. The parameters related to confinement reinforcement include
the volumetric ratio, spacing, and yield strength of confinement reinforcement,
percentage and distribution of longitudinal reinforcement and resulting tie
arrangement, and section geometry. The parameters related to concrete type

include concrete strength and mass density of aggregate.

- Axial compression reduces column deformability. However, it is possible to obtain

high deformabilities in highly compressed columns, provided the columns are well
confined.

- The effect of increasing shear stress on normal-strength concrete is to reduce
ductitity. However, well confined columns may develop high deformabilities even
under high shear force reversals. The effect of shear stress on deformability of

high-strength concrete columns has not been investigated.

- The effect of high strain rate on normal-strength concrete is to increase strength
and reduce deformability. The same effect was observed by Li (1994) on high
strength concrete columns confined with normal strength lateral steel. Tests by

Bjerkeli et al. (1990) on high-strength concrete indicate no significant effect
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between low and very low strain rates.

The effect of eccentricity of loading and the resulting strain gradient on
deformability of confined concrete is a source of controversy. Although some
researchers reported that strain gradient improved ductility of normal-éirength
concrete, others were able to reproduce moment-curvature relationships for
columns using confined concrete stress-strain relationships obtained under
concentric loading. There is little research reported in the literature on the effects
of strain gradient on stress-strain relationship of confined high-strength concrete.
However, some researchers were able to reproduce moment-curvature relationships
for high-strength concrete columns using stress-strain relationships developed for
concentric loading, implying that the strain gradient effect may not be significant

on column deformability.

The effect of number of inelastic deformation cycles is to decrease column

deformability with increasing number of cycles.

Strength and ductility of confined concrete increase with increasing volumetric
ratio of confinement steel. This is true for both normal and high-strength concrete.
However, significantly higher volumetric ratio is required for .high-strength
concrete columns tc achieve deformabilities usually expected of normal-strength

concrete columns,

Previous research indicates conflicting views on the use of high-strength steel for
column confinement. Some researchers believe that the extra strength present in
high-strength steel can not be utilized prior to the failure of concrete. Therefore,
these researchers suggested limits ;_gn yield strength. Others feel that the use cf
high-strength steel is necessary to produce ductile behavior of high strength
concrete columns, even if very high-strength steel does not yield at the peak load.
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Examination of available test data indicates that the use of high strength steel may
not improve deformability of columns subjected to low axial load (P< 0.2 Af,).
However, there is a strong evidence that the behaviour of column subjected to high

axial load improves significantly with the use of high strength lateral steel.

- Reductions in tie spacing, and spacing of laterally supported longitudinal
reinforcement improve both the strength and deformability of confined normal and
high-strength concrete columns. The effect of spacing is more significant in
columns with relatively high volumetric ratio of confinement steel. The spacing of

laterally supported longitudinal reinforcement may play an important role on
column confinement.

- Circular spirals are more effective than most rectilinear ties. However, when legs
of rectilinear ties and cross ties are closely spaced in the cross-sectional plane, the

confinement efficiency can be increased to the same level as that of spirally

reinforced columns.

- High-strength concrete is more brittle than normal-strength concrete. Therefore,
more confinement steel is needed for high strength concrete to achieve

deformabilities usually expected from normal strength concrete.

- Confinement efficiency changes with mass density of aggregate used in concrete.
Strength and ductility enhancements attained in light-weight aggregate (LWA)

concretes are muck: less than those for normal-weight aggregate (NWA) concretes.

- Unconfined strength of concrete in the column core varies approximately between
85% and 100% of concrete strength determined by a standard cylinder test. The

average value of this variation appears to be higher for high-strength concrete.
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- Existing analytical models for stress-strain relationship of confined concrete have
limitations. Previous research indicates that analytical models developed based on
normal-strength concrete are not applicable to high-strength concrete. Auvailable
confinement models for high strength concrete are mostly modified versions of
normal-strength models, which are only applicable, in most cases, to test data
based on which they were derived. There exists a need for a generalized analytical
model that includes all essential parameters of confinement in normal-strength and

high-strength concrete.

- Confinement steel requirements of ACI-318 (1989) building code for normal-
strength concrete, are based on an arbitrary design concept. The code requirements
tend to be conservative for columns subjected to low axial load, and unsafe for
columns under high axial load. There exist a need for a more rational design

approach which includes all relevant confinement parameters.

- No specific confinement steel requirements for high-strength concrete are available
in the ACI-318 (1989) building code. However, the extension of the current
normal-strength concrete requirements to high-strength concrete may lead to

conservative design under low axial load, and unsafe design under high axial load.
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Chapter 3
Mechanical Properties of High Strength

Concrete

3.1 General

Mechanical properties of plain (unconfined) high-strength concrete have to be
established first before the characteristics of confined concrete can be investigated.
Currently used properties of concrete is mostly based on tests of normal-strength
concrete. The applicability of these properties to concretes with strengths reaching up
to 130 MPa becomes questionable since the stress-strain characteristics of concrete are
known to change with strength, Therefore, selected properties of plain high-strerigth
concrete were studied through a materials test program prior to the column tests
presented in Chapter 4 for investigation of concrete confinement. The mechanical
properties investigatea include relationships between mix design and compressive
strength, modulus of elasticity, splitting tension, and concrete stress-strain relationship.
Parameters affecting standard cylinder testing were also investigated. The test program

considered and the results obtained are presented in this chapter.
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3.2 Compressive Strength

. Compressive strength is perhaps the most important property of concrete for structural
applications. Compressive strength is also used as a measure of other mechanical
properties like; tensile strength, modulus of elasticity, durability, abrasion resistance, and
creep. Carefull selection of constituent materials and their proportions play an important
role on concrete strength. Therefore, mix-design was investigated as a primary
parameter, Other parameters considered to investigate concrete strength include; type of
curing, age of concrete, cylinder size, type of cylinder moulds used, and cylinder end

conditions. The effects of these parameters are discussed below.

3.2.1 Mix Design

A large number of standard cylinders were prepared from different trial mixes to study
relationships between strength and mix design, Table 3.1 summarizes the mix designs
considered, including those used in producing concrete for the column tests discussed
in Chapter 4. Mix design variables include water/cement ratio, aggregate type, and roles
of superplasticizer, silica fume, and slag. Table 3.2 summarizes strengths obtained at

various ages from each mix design .

3.2.1.1 Water/Cementitious Material Ratio

Water/cementitious material ratio is one of the important parameters that affects concrete
strength, Cementitious materials, in addition to cement, are often used in producing
concretes of very high strength for reasons discussed in subsequent sections. Therefore,
this ratio is used in place of water/cement ratio, which is commonly used for normal-
strength concrete mixes. However, it is referred to as water/cement ratio, whenever

applicable, because of its familiarity.

High-strength concrete can be produced by lowering the water/cement ratio and

increasing cement content. However, low water/cement ratio leads to an unworkable
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mix. Therefore, it is necessary to use superplasticizers to improve workability. The
water/cement ratio used in the current investigation range between 0.19 and 0.41. The
low ratio of 0.2 was needed to produced concrete strengths in excess of 100 MPa. It was
also observed that mixes with low water/cement ratios and high cement contents

developed early shrinkage cracks.

3.2.1.2 Amount of Superplasticizer

Superplasticizer is essential to increase workability of low water/cement ratio mixes.
However, the use of high amount of superplasticizer may lexd to bleeding and reduced
compressive strength of concrete. The amount of superplasticizer used in the mixes
produced ranged between 2.9 L/m’ to 20 L/m’.

Mixes 9 and 10 were designed to study the effect of superplasticizer on concrete
strength. The design for both mixes was identical except for the amount of
superplasticizer. The results indicate that the amount of superplasticizer has little effect
on the compressivg strength of concrete. The two-month strength of mix 10 was reduced
by 5% when the éﬁdunt of superplasticizer was increased from 11.2 L/m® to 18.6 L/n?’.
The effect of superplastlcucr was also studied by Aitcin et al. (1984). These researchers
indicated that the three-month strength dropped from 100 MPa to 90 MPa when the
amount of superplasticizer was increased from 14 L/m* to 21 L/m*, while no reduction

was observed in the 7-days and 28-days strength.

It was observed that mixes with low water/cement ratio and high dosage of
superplasticizer suffered loss of workability at a faster rate than those with high
water/cement ratios and lower dosage of superplasticizer. Figure 3.1 shows the loss of

workability in mixes with low and high water/cement ratios.

M P

3.2.1.3 Silica Fume
Silica fume is usually required for strengths higher than 80 MPa (FIP/CEB state-of-the-
art report 1990). Goldman and Bentur reported (1989) that the use of silica fume
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improved interface bond strength between the mortar and aggregate, and resulted in

improved concrete strength .

Two types of cement were used in this investigation; Normal Portland Cement (Type
10), and Normal Portland Cement Blended with Silica Fume (Type 10SF). Type 10SF
cement contained 7% silica fume, Comparison of test results for mix #1 (with Type 10SF
cement) and mix #10 (with Type 10) indicates no significant effect of silica fume on
compressive strengths of these two mixes. Comparisons of mix #2 (with Type 108F) and
mix #8 (with Type 10) shows that mix #2 developed slightly higher strength at 28 days
although it had a higher water/cement ratio. However, the 2 and 3-month strength of mix
#2 was lower than those for mix #8. The influence of silica fume on strength was
apparent in mixes with low water/cement ratios. Mixes # 4 and 14 contained 75 L/m® of
liquid silica fume. Each litre of liquid silica fume contained 0.5 kg of water and 0.7 kg
of silica. The strength attained in 28 days was approximately 100 MPa, increasing to
approximately 120 MPa after 6 months.

The presence of silica fume improved workability . This observation was also reported
by Tachibana et al. (1990), who reported that "in high-strength concrete with low
water/cement ratio, silica fume is considered to act as if it were water, dispersing
between the cement particles, and producing high flowability”. Mixes with high content
of cementitious material and silica fume were observed to get more sticky, with a rapid

loss of workability with time.

3.2.1.4 Blast Furnace Slag

Blast furnace slag is normally used to improve workability, resistance to alkali-aggregate
reaction, and to contro! thermal cracking due to heat of hydration (Tachibana et al.
1990). Djellouli et al. (1990) indicated that slag can also be used in high-strength
concrete mixes as a retarder to prolong workability of concrete. The researchers reported

that the major disadvantage of high-strength concrete with low water/cement ratio was
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the rapid loss of workability due to the reactivity of cement. The loss of workability
made it practically impossible to deliver concrete to construction sites only one hour
from the concrete plant. Therefore, it was suggested that slag be added to these mixes as

partial replacement of cement, since it was less reactive than cement, to control
workability (Djellouli et al. 1990). N

In the current investigation, slag was used in batches made with low water/cement ratios

to avoid loss of workability and to reduce thermal cracking.

3.2.1.5 Size, Shape, and Type of Aggregate

Previous studies have shown that limiting the size of coarse aggregate to 10 to 12 mm
improves the compressive strength of concrete. Cordon and Gillespie (1963) reported
that smaller size aggregates produced higher concrete strength due to the increased bond
stress between the aggregate particles and the cement paste. Mehta and Aitcin (1990}
reported that for most types of aggregates the smaller particles of coarse aggregate were
stronger than larger particles. The size reduction process eliminated internal defects,

such as large pores, and micro cracks.

The particle shape is another factor that affects the compressive strength, ACI-363
(1984) reported that the crushed stones produce higher compressive strength than

rounded gravel due to the greater mechanical bond associated with angular particles.

Crushed limestone with maximum size of 10 mm was used in all mixes considered in
this research program. Aggregates from two different locations were used. Those from
Doschenes Construction Limited , Hull, Quebec were used in earlier mixes. In one of the
mixes tested the expected Strength level was not achieved. Investigation of crushed
eylinders indicated a possibility of concrete strength being controlled by the strength of
laggregate. In subsequent mixes aggregates from United Aggregates Limited, Ottawa,

Ontario were used to produce higher strength concretes. This location was known to
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have stronger aggregates, and it was possible attain strengths of up to 124 MPa when

proper mix design was used.

3.2.2 Curing

The effect of curing was studied by considering two types of curing regime. All cylinders
were covered with polyethylene sheets immediately after casting. The moulds were
removed after 24 hours. Half of the cylinders were placed in the moist curing chamber.
The other half were kept outside the chamber and covered with wet burlap. This group
was sprayed water once a day until the day of testing. Test results indicated that the 28-
day strength was not affected by the curing regime. However, the moist cured cylinders
showed slightly higher strength at six months. These results are in line with those
obtained by others (Read et al 1990).

3.2.3 Age

Strength development with time was monitored through period testing. Mixes with silica

fume and w/c ratio of more than 0.3 showed a faster rate of strength development up to
twenty eight days. However, this trend was reversed after twenty eight days. Similar

observation was also made by Maage et al. (1990).

The effect of silica fume on long term strength development was studied by many
researchers. Cadette et al. (1989) reported that the compressive strength of 2 years old
silica fume concrete was lower than the 91 days strength. Similar observation was
reported by Li (1994). The researcher indicated that cylinders tested after 400 days
showed 9% reduction in strength as compared to 56 days strength. The long-term
strength loss was explained by De Larrard (1993) by a self stress field that was generated
in concrete. Drying of concrete resulted in skin tension which was balanced by a
compression in the core. The core compression was comparable to the long term strength

loss. Other researchers, however, found that there was no effect of silica fume on long
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term strength development of concrete. No strength loss was observed in concretes made

either with or without silica fume, during a 10-year study period (Maage et al. 1990).

Silica fume was used to produce 124 MPa concrete in this research program. A large
number of concrete cylinders were tested to monitor concrete strength. Test results
indicate that the compressive strength increased with age during the first six months and

remained constant thereafter up to the end of the study period, which was two years. This
is shown in Table 4.3.

3.2.4 Cylinder Size

Previous researchers studied the effect of cylinder size on compressive strength and the
possibility of using small size cylinders as standard size (Neville 1966, Malhotra 1976).
Advantages of using small size cylinders include savings in materials (concrete, capping,
and moulds), storage space, reduced capacity of testing machines, and ease in handling
and transportation (Dﬁy and Haque 1992). Analysis of test data conducted on concrete
cylinders with strengths of up to 50 MPa indicate that compressive strength of 100 mm

diameter cylinders was statistically identical to that of 150 mm cylinders (Day and
Haque 1992).

The study of size effect becomes more important for high-strength concrete. Testing
high-strength concrete cylinders requires high machine capacity which may not be
available in most concrete laboratories. Tests of high-strength concrete cylinders in the
past showed conflicting resuits on the effect of cylinder size. Some researchers found
that small scale cylinders (100 x 200 mm) gave higher strengths than those of standard
cylinders (150 x 300 mm). The difference was reported to range between 2 and 9% by
Tomosawa et al. (1993), and not more than 3% according to Novokshchenov (1993).
Other researchers indicated that standard cylinders were 2% stronger than small scale
cylinders (100 x 200 mm) (Radain et al. 1993).
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In this study, small scale cylinders (100 x 200 mm) and standard cylinders (150 x 300
mm) were tested to study the size effect. Test results of small cylinders consistently
showed lower compressive strength than those of standard cylinders. However, the
difference was within 5%. Strengths reported elsewhere in this thesis were obtained by

testing standard size cylinders.

3.2.5 Cylinder End Conditions

The effect of cylinder end condition on concrete strength was studied by a number of
researchers (Novokshchenov 1993, Tomosawa et al. 1993, Boulay and de Larrard 1993,
and Li 1994). The FIP/CEB State of the Art Report (1990) stated that "high-strength
concrete in compression testing is more sensitive to geometrical imperfections on the
ends of the specimens than concrete of a lower strength. The brittle behaviour of this
material reduces the ability to redistribute any stress-concentrations that might arise due

to partial contact between the plates and the specimen”.

Four methods were used in this research program to prepare the ends of cylinders for

testing. These methods are described below.

Grinding: Grinding of both ends was done using a special machine designed for this
purpose. The machine was available at the Energy Mines and Resources (EMR)
laboratory in Ottawa. This method produced highest compressive strengths as compared

to other methods.

Using Pad-Caps: Pad-caps used consisted of solid aluminum restraining caps filled with
tough elastomeric material to ensure uniform application of the load. The aluminum caps
were useful in confining the ends and preventing premature failure of the cylinders. The
test results were very close to those obtained by grinding the ends. The difference
between the two methods did not exceed 5%. Figure 3.2 illustrates the failure mode of
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concrete cylinders tested using pad-caps.

Capping with High-Strength Sulphur Compound: Cylinders capped with high-
strength sulphur compound produced results which were comparable to those obtained
from the previous two methods, up to approximately 75 MPa. Beyond this strengiﬁ level,

however, the failure took place in the capping compound prior to cylinder failure.

Cutting the Ends by Steel or Diamond Saw: Steel and diamond saws available in the
geology laboratory of the University of Ottawa, EMR, and a marble factory in Ottawa
were used to cut the cylinder ends, This method did not produce good results.
Compressive strengths obtained were consistently low. This was attributed to the

difficulty of cutting the ends perfectly perpendicular to the longitudinal axis of cylinders.

Among the procedures considered above, grinding of cylinder ends produced the best
results. However, this method may be time consuming and/or expensive. Boulay and de
Larrard (1993 a, 1993 b) suggested capping high-strength concrete cylinders with a
'sand-box system'. This system contained dry compacted sand for uniform distribution
of load. This method, not employed in the current investigation, produced test results
with good agreement with those obtained by grinding the ends. The method has been

used successfully in two major bridge projects in France (de Larrard 1993).

3.2.6 Type of Cylinder Moulds

Two types of moulds were used in this study; disposable plastic moulds and reusable
steel moulds. Cylinders made using steel moulds showed higher compressive strength
than those made using plastic moulds. The difference was in the range of 2 to 5%. This

observation is consistent with that made earlier ty. Novokshchenov (1993).
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3.3 Modulus of Elasticity

Modulus of elasticity of concrete is an important mechanical property that is used in

deflection calculations and in estimating the modular ratio used for flexural analysis.

Previous research showed a strong relationship between modulus of elasticity and

concrete compressive strength. Most of the available expressions for modulus of

elasticity are based on tests of concrete with strengths of 40 MPa or less. The following

is a summary of some of these relationships recommended by current building codes and

researchers:

ACI-318 (1989):
E =4730,[f’

CSA_A23.3 (1984):
E_=5000,/f"

Norwegian Standard NS 3473 (1989) for f* < 85 MPa:

E_=9500( f, Y
EB / FIP Model Code 90 (1988). f*. < 30 MPa:

E,-21500 /. 710 «,

(3.1)

(3.2)

(3.3)

(3.4)

_ where; f is compressive strength in MPa of 150 x 300 mm cylinders, and «,=0.9 for

- limestone aggregate.
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Carrasquillo et al. (1981) for (21 MPa < f'_ < and 83 MPa):

E _=3320,f+6900 (3.5)
Radain et al. (1993) for (40 MPa < f'_ < 90 MPa):

E-2173 71486 (36)

Tomosawa et al. (1993) for (20 < f_ < 160 MPa):

E_=33500 k k(y/2.4) (0,/60)" (3.7)

where; k, is a correction factor for aggregate. k; = 0.968 for concretes with crushed

limestone and silica fume < 10%.

k,is a correction factor for mineral additions. k,= 0.950 for concretes with silica
fume, slag, and fly ash.

op 18 concrete compressive strength (MPa). -

y is concrete unit weight (kN/m?).

The expressions given above are compared with values obtained from dylinder tests
conducted in this investigation. The comparisons presented in Table 3.3 indicate that
while both ACI-318 and CSA A23.3 expressions overestimate the modulus of elasticity
of high-strength concrete, the expression proposed by Radain et al. (1993)
underestimates it significantly. Equations suggested by NS 3473 (1989) code, CEB/FIP
Model Code 90, and Tomosawa et ai. (1993) provide reasonably good estimates of
experimental data. Carrasquillo et al. (1981) equation provides the best correlation v_vith
test data. It was reported (Russell 1990) that the ACI-318 equation overestimated té,s_}
results for concretes made with small size aggregates and underestimated those for larg'é"-\:
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size aggregate concretes. Therefore, it was recommended to report the modulus of
elasticity as part of concrete mix design. In addition, it was reported that the applicability
of the modulus of elasticity obtained from a 152 x 305 mm cylinder to large size
structural members was questionable. Test results indicated that concrete in large size

members might have a lower modulus of elasticity.

3.4 Tension Strength

The tensile capacity of concrete is usually ignored in calculating flexural capacity of
members (ACI 318-1989, CSA A23.3-1984). However,”it is one of the important
properties of concrete, since bond and development of reinforcement, shear and torsion
resistance of concrete, as well as deflection of members are usually related to tensile

strength of concrete.

The tensile strength of concrete is usually expressed in terms of its compressive strength.
The ratio of tensile to compressive strength becomes smaller for high-strength concrete
(Tomosawa et al. 1990, Favre et al. 1990). The following methods are used to determine

the tensile strength of concrete:

® Direct method, in which the specimen is subjected to uniaxial tensile stress.
® Indirect methods, which can be performed in two ways;,

- Flexural tension test. In this test a plain concrete beam is subjected to
concentrated loads and fails in flexure. Modulus of rupture is calculated
assuming elastic material properties.

- Split cylinder test. In this test a cylinder is placed horizontally in the testing
machine, and loaded in compression along two opposite sides. The cylinder

splits in tension along the loading piane.

The tensile strength of concrete was evaluated in this research program using split

59



cylinder tests. The tests were conducted according to ASTM C 496, using 150 x 300 mm
standard cylinders. The test results, presented in Table 3.4 , represent the average of at
least three tests for each concrete mix. Table 3.4 aiso includes the splitting tensile

strength computed by previously proposed analytical expressions. The expressions used
are presented below. -
ACI-363 (1984) for (21 MPa < f*_< 83 MPa):

[= 059 7" (3.8)

FIP / CEB State of the Art Report {1990) for f' < 75 MPa:

[ 0547 (39)
Nilson (1983):

fo= 068 J17 (3.10)
Wafa and Ashour (1992);

f= 088 Jf* (3.11)

Rakhsh et al. (1990), Tachibana et al. (1990), and Radain et al. (1993};

fo=062 ff" (3.12)
Gerd (1992) for f_ < 80 MPa:
J,p=0.4011% ‘ (3.13)
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Imam et al. (1993) for (70 MPa < ' < 115) MPa:

f,,=0.85/)% (3.14)

The comparisons of experimental and analytical values shown in Table 3.4 indicﬁfe very
good correlations with the expressions proposed by Bakhsh et al. (1990), and Radain et
al. (1993). The expression proposed by Nilson (1985) consistently overestimate th>

results.

The splitting tensile strength of concrete was reported to be influenced by curing
conditions (Nilson 1985, Nilson 1987). De Larrard (1993) reported that in his research
program the maximum tensile strength was developed at 7 days. The tensile strength
decreased thereafter up to 3 years, as the compressive strength continued increasing. This
behaviour was attributed to the formation of shrinkage cracks that weakened the concrete
in tension. In the research project reported in this thesis, however, both tensile and

compressive strengths were observed to increase up to 1 years.

3.5 Stress-Strain Relationship

The stress-strain relationships of high-strength concrete, obtained by testing standard
cylinders, are shown in Figure 4.12. Each relationship was obtained by testihg at least
three concrete cylinders. The cylinders were tested using a Forney testing machine that
had a capacity of 2200 kN. The machine had no deformation control feature which made
it impossible to obtain the complete descending branches of stress-strain relationships.
The main features of these relationships are summarized below, relative to those of
normal-strength concrete,

s High slope of the ascending branch due to the increased modulus of elasticity.

« Higher strain corresponding to peak stress.

« Steeper descending branch beyond the peak, as observed by failure mode.
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The same features were reported by other researchers (Li 1994, FIP/CEB state-of-the-art
report 1990). '

3.6 Summary and Conclusions

The following conclusions can be drawn from the study reported in this chapter:

-

It is necessary to use iow water/cement ratio, water reducing agent
(superplasticizer), and silica fum to produce high-strength concrete. In addition,
high quality control is essenﬁéll

Compressive strength of high-strength concrete is influenced by mix design, age,
and cylinder type.

Addition of silica fume is essential to produce very high strength concrete
(higher than 100 MPa). Silica fume also improves workability.

Small size crushed stone, used as coarse aggregate, is more effective than large
size round stone in producing high strength concrete, mainly due to increased
bond stress.

It is important to use good quality cylinder moulds to cast cylinders, and to grind
the ends to obtain reliable compressive strength results.

The expressions given in ACI-318 (1989) and CSA A 23.3 (1984) overestimate
the modulus of elasticity fqr _h_igh-stréhgth concrete. The expression suggested
by Carrasquillo et al. (198 l\)'agrees well with the experimental data.

The splitting tensile strength of high-strength concrete is related to the square

root of concrete compressive strength. Predictions of splitting tensile strength

‘based on the equations proposed by Bakhsh et al. (1990), Tachibana et al. (1990),

and Radain et al. (1993) agree well with test data on high-strength concrete.
The stress-strain relationship of plain high-strength concrete shows higher strain
at peak stress and steeper ascending and descending branches as compared to

those of normal-strength concrete.
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Table 3.2: Development of concrete compressive strength with time.

Age (Days) 1 7 28 56 91 182
Mix#  Curing
1 M N/A 58 74 75 75 .8.2
1 D N/A 59 73 77 78 79
2 M N/A 45 59 63 62 63
2 D N/A 45 58 61 59 60
3 D N/A 49 64 64 65 66
4 D 49 79 107 112 115 121
5 D N/A 67 69 73 81 86
6 D N/A 42 51 56 N/A N/A
7 D N/A 64 76 80 82 %1
8 D N/A 44 52 59 70 77
9 D N/A 61 72 80 N/A N/A
10 D N/A 61 71 76 N/A N/A
11 D NA 4@ s 0 7 80
12 D N/A 39 53 66 69 72
13 D N/A 54 65 69 78 85
14 D 52 63 80 102 110 123
15 D 30 41 50 56 58 59
Notes:

'D' indicates that cylinders were kept outside the curing chamber and sprayed water daily.
"M indicates that cylinders were cured in the moist curing chamber.
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Table 3.3: Moduli of elasticity for high-strengih concrete.

Concrete Strength (MPa) 60 81 92 124
Experimental 30.8 37.9 40.2 43.7
ACI - 318 (1989) 36.6 42.6 45.0 35.5
CSA A23.3 (1984) 38.7 45.0 479 557
NS 3473 (1989) 324 35.5 36.9 | 40.3
CEB/FIP (1990) 35.2 38.9 40.5 44.8
Carrasquillo et al. (1981) 32.6 36.8 38.7 43,9
Radain et al. (1993) 18.3 21.0 223 25.7
Tomosawa et al. (1993) 30.8 35.8 37.4 39.2

Note:; All units for moduli of elasticity are in GPa.

Table 3.4: Splitting tensile strength of high-strength concrete.

Concrete Strength (MPa) 60 81 92 124
Experimental 4.49 5.69 6.09 7.33
ACI - 318 (1989) 4,57 5.31 5.66 6.57
CEB/FIP (1990) 4.18 4.86 5.18 6.01
Nilson (1985) 5.26 6.12 6.52 7.57
Wafa and Ashour (1992) 4.49 5.22 5.56 6.46
Bakhsh et al. (1990) 4.80 5.58 5.90 6.90
Gerd (1992) 4.30 5.11 5.50 6.55
Immam et al. (1993) 5.15 5.88 6.21 7.09

Note: All units are in MPa.
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Figure 3.1: Loss of concrete workability with time.

Figure 3.2: Failure mode of concrete cylinders tested using pad-caps.
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Chapter 4

Experimental Program

4.1 General

A comprehensive experimental program was conducted to investigate the behaviour of
high-strength concrete columns confined with circular and rectilinear reinforcement. The
test program included a total of forty six square and circular columns subjected to
monotonicaly increasing concentric compression. Test specimens were designed to
investigate the influence of main parameters of confirement. The parameters included
cross-sectional shape, volumetric ratio and spacing of transverse reinforcement,
distribution of longitudinal reinforcement and resulting tie arrangement, yield strength
of transverse reinforcement, concrete strength, and type of circular reinforcement. The
tests produced invaluable data for development of behavioral models and design
guidelines for earthquake resistant high-strength concrete columns. The details of test
specimens, material properties, test set-up, instrumentation, test procedure, observed
behaviour, and test results are presénted‘in this chapter. Analysis of test data and

evaluation of test parameters are presented in Chapter 5.
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4

4.2 Properties of Test Specimens

A total of 26 square and 20 circular columns were prepared for testing. The columns
were labelled as either CS or CC, where the first letter "C" identified the type of loading,
as being concentric, and the second letter identified the cross-sectional shape, as either

alll

"S" for square or "C" for circular.

4.2.1 Square Columns

The square columns had 250 mm square cross-section, and 1500 mm height. They were
cast horizontally in four sets. Each set had a different batch of concrete with different
strength. Concrete compressive strengths, established by standard cylinder tests, were
f' = 60 MPa, 81 MPa, 92 MPa, and 124 MP4, for the period in which column tests were
performed. Two of the columns were prepared as plain (unconfined) concrete specimens
to establish the in-place strength of concrete in columns, as opposed to strength
determined by standard cylinder tests. These were CS-10, and CS-21, with 124 MPa and
81 MPa concretes, respectively. The remainder twenty four columns were confined with
three different reinforcement configurations. Configurations 2, 3, and 4 contained 4, 8,
and 12 longitudinal bars, respectively, all laterally supported by transverse
reinforcement. Column geometry and tie configurations are shown in Figures 4.1 and
4.2. Al longitudinal bars were 16 mm in diameter (No.15), and had yield strength of 450
MPa. The percentage of longitudinal reinforcement was 1.28 %, 2.56 %, and 3.84 %, for
4-bar, 8-bar, and 12-bar configurations, respectively. The lateral confinement
reinforcement had volumetric ratios (p,) that varied between 1.0 % and 4.6 %. The
spacings of transverse reinforcement were 40 mm, 55 mm, 85 mm, and 120 mm. Grades
400, 570, and 1000 MPa steel were used as transverse reinforcement. All the ties had
135-degree hooks at the ends, with at least 10-bar diameter extensions in to the core
concrete. A clear concrete cover of 10 mm was provided in all reinforced specimens. The
core size, measured from outside-to-outside of the perimeter tie was kept constant at 230

x 230 mm. The properties of square columns are summarized in Table 4.1. The
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reinforcement cages for square columns are illustrated in Figure 4.3.

The square columns were cast horizontally using a formwork made with 6.35 mm-thick
plywood. The forms were stiffened by wooden brackets. Threaded rods were used to tie
the opposite faces of formwork to prevent bulging during casting. Figure 4.4 illustrates
preparation of square columns for casting. A large number of standard cylinders were
cast from each batch to establish the stress-strain characteristics of concrete. The
formwork was removed approximately 24 hours after casting. The specimens were
covered with wet burlap and plastic sheets. Curing of specimens continued until the
required strength level was attained. Figure 4.5 illustrates the columns during curing, All
specimens were confined at the ends externally by steel brackets, and internally by
closely spaced transverse reinforcement, to avoid premature failure at the loading ends,

outside the test region. Figure 4.6 depicts the end brackets placed prior to testing,

4,2.2 Circular Columns

The circular columns had a 250 mm cross-sectional diameter and 1500 mm column
height, as illustrated in Figure 4.1. They were cast using three different batches of
concrete with three different strengths. Concrete compressive strengths, determined by
standard cylinder tests were f'.= 60 MPa, 92 MPa, and 124 MPa, for the period in which
column tests were performed. All the columns were confined with circular spiral
transverse reinforcement, with the exception of column CC-4 which was confined with
circular hoops. Columns CC-5, CC-6, CC-17, and CC-18 were confined by circular
spirals without any longitudinal reinforcement. The remainder 16 columns had 8-16 mm
diameter (No.15) longitudinat bars, with yield strength of 450 MPa. The percentage of
longitudinal reinforcement for these columns was 3.26%. The volumetric ratio (p,) of
confinement steel varied between 0.4% and 3.0%. The spacings of circular reinforcement
were 60 mm, 70 mm, 100 mm, and 135 mm, Grades 400, 660, and 1000 MPa steel were

used as transverse reinforcement. A clear concrete cover of 10 mm was provided in all
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columns. The diameter of the core, measured from outside-to-outside of the spirals or
hoops, was kept constant at 230 mm. Figure 4.7 illustrates the reinforcement cages used

for circular columns.

The circular columns were cast vertically using sona tubes. Figure 4.8 illustrates the sona
tubes and preparation of columns for casting. The specimens were covered with plastic
sheets after casting. The formwork was removed after approximately one day. The
columns were covered with wet burlap and plastic sheets for curing. The curing of
specimens continued until the required strength was attained. Figure 4.9 illustrates the
columns during curing. All specimens were confined at the ends, externally by steel
brackets, and internally by closely spaced transverse reinforcement, to avoid premature
failure near the loading ends, outside the test region. Figure 4.10 shows the end brackets

for circular columns. A summary of column properties is provided in Table 4.2.

4.3 Casting of Columns

A total of four batches of concrete were prepared for all columns. An arrangement was
made with a local ready mix concrete company to supply the desired quantities of fine
and coarse aggregates, and silica fume with a ready mix concrete truck. The moisture
content of the sand and aggregate was reported by the ready-mix company to account for
the extra water present. The moisture in the drum was also estimated prior to adding
water. For Batch No.l, the desired quantities of water, cement, retarder, and
superplasticizer were added in the structures laboratory, as shown in Figure 4.11(a). The
concrete was mixed in the truck for at least five minutes before the first slump test was
conducted. Subsequently, the specimens were cast along with a large number of standard
cylinders. For Batches No.2, No.3, and No.4, the cementitious materials and 50% of the
superplasticizer were added at the ready mix plant, in addition to the aggregates. All
concrete batches had enough superplasticizer to maintain workability of concrete. A

team of people were available to perform casting before the hardening of concrete.
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Concrete was cast in layers and vibrated very well. Casting each set of columns took

between 1.5 to 2.0 hours. Figure 4.11 (b) illustrates casting of square columns in the

laboratory.

4.4 Material Properties
4.4.1 Concrete

Four different mix designs were used for four batches of concrete. Strength and
workability were the main criteria in mix designs. Low water-cement ratio (w/c) and
high cement content were used to achieve the strength level required. It was necessary
to use superplasticizer to achieve workability. Normal Portland Cement and local
aggregates were used in all batches. The course aggregate used was 10 mm crushed
limestone, The silica fume used in some batches was in liquid form. The concrete
compressive strengths attained were 60, 81, 92, and 124 MPa. Table 4.3 provides the
material quantities used in each of the four batches. A Large number of standard
cylinders were cast to determine the properties of unconfined concrete. Cylinder tests
were performed at predetermined time intervals to monitor strength gain with time. The
cylinders were either ground at the ends prior to testing, or capped with Pad-Caps to
ensure the uniform application of load. Table 4.4 illustrates the development of strength

in each batch of concrete with time.

The stress-strain relationship for each batch of concrete, as recorded by standard cylinder
tests, are shown in Fig,. 4.12. These relationships represent the average of at least three
cylinders per batch. The cylinder tests were conducted using a Forney testing machine
with 2200 kN capacity. The machine had no deformation control feature. Therefore, it

was not possible to obtain the descending branches of the curves.

4.4.2 Steel

All the fongitudinal reinforcement used were 16 mm diameter (#15) deformed bars. The
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yield strength was 450 MPa. Five different grades and sizes of reinforcing steel were
used as lateral reinforcement. The lateral steel used for square columns consisted of 11.3
mm diameter (#10) deformed bars, two different grades of 6.5 mm-diameter plain bars,
and 7.5 mm-diameter plain bars, with yield strengths of 400 MPa, 400 MPa, 570 MPa,
and 1000 MPa, respectively. The circular columns contained either 11.3 mm diﬁmeter
(#10) deformed bars, 6.3 mm diameter plain reinforcement or 7.5 mm diameter plain
reinforcement, with 400 MPa, 660 MPa, and 1000 MPa yield strengths, respectively. The
deformed bars showed clear yield strength and yield plateau. However, this was not the
case for plain reinforcement, Therefore, the 0.2% offset method was used to establish
yield strengths of plain reinforcement. Stress-strain relationships, established by coupon
tests, are shown in Figs. 4.13 and 4.14. The coupon tests were obtained using a Tinious
Olsen testing machine with a 1300 kN capacity. Each relationship shown in the figures

represents the average of at least three coupon tests.

4.5 Instrumentation

The specimens were instrumented with linear variable differential transducers (LVDT)
to measure axial deformations. A total of four LVDT's, with 100 mm stroke and 300 mm
gauge length were mounted, one on each column face. The LVDT's were secured on
threaded rods that had been cast in column concrete. This enabled continuous data
recording, even after the spalling of cover concrete. Figure 4.15 shows the LVDT' on

typical square and circular columns.

Electric strain gauges were placed on lateral and longitudinal reinforcement to measure
steel strains. Most square columns had eight gauges placed on tie steel, four on the
central tie, and two on each of the ties immediately above and below. Figure 4.16 shows
the locations of strain gauges on lateral reinforcement in square columns. Square
columns with 60 MPa concrete had eight strain gauges placed on longitudinal

reinforcement, in addition to the eight placed on the tie steel. Each corner bar had two
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gauges placed, one above and the other below the cental tie. Most circular columns had
six strain gauges placed on spiral steel. Two strain gauges were provided at mid-height,

and two other pairs immediately above and below. Figure 4.17 shows the arrangement

of strain gages in circular columns.

A pressure transducer was used to measure the appiied load. The LVDT readings, steel
strains, and applied load were recorded using a Sciemetric System 200 Data Acquisition

System and a micro computer as illustrated in Figures 4.18 and 4.19.

4.6 Test Set-up and Test Procedure

The specimens were tested under monotically increasing concentric compression. A
10,000 kN capacity testing machine, located at the Fire Research Laboratory of the
National Research Council of Canada (NRC) was used, because of the high concentric
capacity of columns resulting from large cross-sectiona! size and high strength of
concrete. The columns were prepared in the Structures Laboratory of the University of
Ottawa before being shipped to NRC Laboratory, also located in Ottawa. The testing
machine is illustrated in Figure 4.19. The machine head was set up for columns of
approximately 4.0 m height. The specimens, on the other hand were 1.5 m high to avoid
slenderness effects. Therefore, a high-strength concrete spacer block was used to reduce
the machine head room to an appropriate level. Figure 4.20 shows the reinforcement
cage and casting of the spacer block. Figure 4.21 illustrates the inside view of the testing
machine, depicting the spacer block. An end plate, matching with the head of the testing
machine, was secured to the end of each specimen by means of threaded rods that had
been cast in column concrete, prior to testing. Upon fixing the stee! brackets at the ends
of a column, it was pulled into the machine by a self contained crane, and fixed at the top
of the machine. Figure 4.22 shows various stages of installation of test specimens into
the machine for testing. Four LVDTs were mounted on four sides of the column, at

column mid-height. The LVDTSs and strain gauges were connected to the data acquisition
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system,

The load was applied by compressing the column between the top of the machine and
the spacer block. The initial load was applied slowly, and the deflections on four sides
of the column were monitored. If the deflections were not approximately the same, this
was an indication of the load not being concentric. The column was then unloaded and
the ends were shimmed to minimize the accidental end eccentricity. This procedure
continued until all four LVDT's indicated approximately the same reading, signifying

that the initial load was concentric.

The load was applied continuously at a slow rate until the first sign of cover spalling was
observed. The rate of loading was further reduced after the development of initial
cracking in cover concrete. In some columns, the load was cycled a few times near the
peak load to record sufficient data points prior to failure. The tests were stopped when

the load dropped significantly.

4.7 Observed Behaviour and Recorded Data

The experimental observations made during column tests are presented and discussed in
"~ this section, along with the raw data recorded. The data presented include axial force-
axial strain relationships as recorded by LVDT's, and steel strains as recorded by strain
gauges. The recorded data is then processed to obtain the behaviour of confined core
concrete and the effects of test parameters. The latter is presented and discussed in
Chapter 5.

Figures 4.23 to 4.48 illustrate axial load-axial strain relationships recorded during tests
of square columns. Observed behaviour of these columns are also shown in the same
figures. Two plain concrete specimens, with a square cross-section, were tested to
investigate the behaviour of unconfined concrete. These were columns CS-10 and CS-21.
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Neither longitudinal nor transverse reinforcement was placed in these columns. Both
specimens were observed to behave in a similar manner. The ascending branch of the
recorded load-strain relationship was almost linear. Column CS8-10, with 124 MPa
concrete, showed steeper ascending branch (i.e. higher modulus of elasticity) than CS-21
with 81 MPa concrete. When the peak load was reached both columns failed in a sudden,
brittle, and explosive manner. The strain corresponding to the peak load was 0.0025 and
0.0022, for CS-10 and CS-21, respectively. The recorded peak strength was equal to 89%

and 92% of concrete strengths determined by standard cylinder tests (f,') for CS-10 and
CS-21, respectively.

The remainder of the square specimens were reinforced with different reinforcement
arrangements. In general these specimens showed similar behaviour as the previous two,
prior to the peak load. The specimens were continuously monitored during testing for
development of surface cracks. It was observed that the surface cracks developed at an
early stage of loading at approximately 0.0015 and 0.002 strains for 124 MPa and 60
MPa concrete columns, respectively. These cracks eventually resulted in spalling of
cover concrete. Large pieces of cover concrete were observed to separate from the core
and spall off, suggesting that the spalling was due to instability rather than crushing of

the shell concrete. The spalling often resulted in some drop in load resistance.

The formation of cracks was not uniform on all sides. Usually the cracks were observed
on one side of the column, before resulting in spalling. The column was then subjected
to eccentric loading due to the uneven spalling of cover. The cracks soon propagated to
other sides, causing complete spalling of the cover. The loading became approximately
concentric after complete spalling of the cover, in the test region. At this load stage, the
applied load was resisted by core concrete and longitudinal reinforcement. Therefore,
the post peak behaviour varied depending on the confinement characteristics of the core
concrete. It was also observed that the concrete strength was an important parameter that

influenced column behaviour.

75



Square columns with 124 MPa suffered early spalling of concrete cover due to the
instability of cover under high compressive stresses. Columns with less than 2%
volumetric ratio of lateral steel (i.e. CS-5, CS-6, and CS-7) failed in a brittle and
explosive manner. A sudden loss of strength was observed in these columns immediately
after the peak load. The failure was associated with hoop fracture, buckling of
longitudinal reinforcement, and crushing of core concrete. Column CS-1 failed in a
similar manner, aithough it was confined by 3.33 % volumetric ratio of lateral steel.
This may be attributed to poor confinement characteristics of the 4-bar arrangement used
in this column. Columns with more than 3 % volumetric ratio of lateral steel, and better
arrangement of reinforcement showed relatively more stable behaviour, with a gradual
strength decay beyond the peak. Columns CS-8 and CS-9 fall under this category.
Among the columns with 2.2% lateral steel, column CS-4 with 1000 MPa lateral steel
was the most ductile column. This indicates that the grade of transverse steel played a

significant role on column confinement.

Almost all the square columns with 81 MPa or 92 MPa concretes (with the exception of
CS-17 and CS-18) behaved in a fairly ductile manner, showing a well developed yield
plateau, until the fracture of one or more ties occurred. Once the first tie fractured, one
or more longitudinal bars buckled causing the load to drop at a fast rate. Columns CS-17
and CS-18 had less than 1.5% lateral steel. They behaved in a brittle and explosive
manner. A sudden drop was observed in the load resistance immediately after the peak
load. The drop in load was attributed to the spalling of cover concrete. The load
continued to drop at a fast rate due to buckling of longitudinal reinforcement and lack
of sufficient transverse reinforcament.

Square columns with GO MPa concrete can be viewed in two groups. Columns CS-24,
CS-25, and CS-26, with more than 2% volumetric ratio of lateral steel, formed the first
group and behaved in a fairly ductile manner. These columns showed high deformability,
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with little degradation of strength. On the other hand, columns CS-22, and CS-23, with
less than 1.5% volumetric ratio of lateral steel, behaved in a less ductile manner.

Strength of these columns dropped at a fast rate beyond the peak. Severe buckling of
longitudinal reinforcement was observed at the end of the tests.

Figures 4.49 to 4.68 illustrate the axial load-axial strain relationships recorded during
tests of circular columns. Observed behaviour of these columns are also shown in the
same figures. The behaviour of circular columns showed essentially the same trend as
those observed in square columns. It was clear that the concrete strength was a major
contributor to column behaviour. Columns with 60 MPa and 92 MPa concrete showed
superior performance when compared with those with 124 MPa. Significantly high
volumetric ratio and/or vield strength of lateral steel was required in high strength

concrete columns to achieve the same level of deformability exhibited by 60 MPa

concrete columns.

Circular columns with 124 MPa and less than 1.5% volumetric ratio of lateral steel (i.e.
CC-8, CC-9, and CC-11) failed in an extremely brittle and explosive manner. A sudden
loss of strength was observed in these columns immediately after the peak load. The
failure was associated with hoop fracture, buckiing of longitudinal reinforcement, and
crushing of core concrete. However, column CC-12 with 1.32% volumetric ratio of high
strength lateral steel behaved in a ductile manner. The column showed high
deformability, with very little drop in the load carrying capacity prior to the first
hoop fracture. This indicates that high strength lateral steel was effective in confining
the core concrete. Once the first hoop fractured, one or more longitudinal bars

buckled causing a sudden drop in the load carrying capacity. Column CC-10 with

high volumetric ratio of lateral stee! (3.05%), exhibited ductile behaviour and showed

relatively stable behaviour, and a well developed yield plateau.
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Circular columns with 92 MPa and less than 2% volumetric ratio of normal strength
lateral steel (i.e. CC-19, CC-20, CC-21, and CC-22) failed in an extremely brittle and
explosive manner. However, the behaviour was improved when high strength lateral
steel was used. Columns CC-14 and CC-16 with 1000 MPa lateral steel showed a more
stable and ductile behaviour compared to those with normal strength lateral steel.
Column CC-15 also behaved in a fairly ductile manner due to the high volumetric ratio
of lateral steel provided (3.05%).

All of the circular columns made with 60 MPa concrete had low volumetric ratio of
lateral steel (i.e. less than 1.5%). Therefore, none of the columns behaved in a ductile
manner. Columns CC-5 and CC-6, with low volumetric ratio of transverse reinforcement,
and without any longitudinal reinforcement, behaved similar to the plain concrete
columns. These columns failed suddenly after the peak load. Therefore, 1t was not
possible to record any data for the descending branches of the load-deformation

relationships of these columns.

Square columns CS-22 to CS-26 had strain gages placed on iongitudinal reinforcement.
Each column had a tota! of eight strain gages located on corner bars. Figures 4.69 and
4.72 present typical axial load-average axial steel strain relationships. The figures also
include axial load-average axial concrete strain relationships. The results indicate very
good agreement between axial concrete and steel strains prior to the yielding of

longitudinal steel. This indicates that there was no bond slip between steel and concrete.

Buckling of longitudinal steel was not observed in columns with closely spaced lateral
steel until after the fracture of transverse reinforcement. In columns with widely spaced
lateral steel, however, longitudinal bars buckled between the ties, prior to fracture. The
axial load level at buckling varied depending on size and spacing of" lateral

reinforcement.
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Strains in transverse reinforcement were measured using electric strain gages. Eight and
six strain gages per column were provided for square and circular columns respectively.
It was observed that transverse reinforcement, in square and circular columns, yielded
at or shortly after the peak load was reached. This observation was made regardless the
yield strength of transverse steel. Figures 4.73 and 4.88 present typical axial load -

lateral steel strain relationships.
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Table 4.1: Properties of square columms.

M

Column  Reinforcement f. b, bg s Ps fye
Number Arrangement (MPa) {mm) (mm) (mm) (%) (MPa)
CS-1 2 124 218.7 11.3 55 3.33 400
CS-2 3 124 223.5 6.5 55 216 - 570
CS-3 4 124 223.5 6.5 55 2.16 570
CS-4 3 124 222.5 7.5 55 2.17 1000
CS-5 4 124 222.5 7.5 120 1.32 1000
CS-6 3 124 2235 6.5 85 1.05 400
CS-7 4 124 223.5 6.5 120 0.99 400
CS-8 3 124 218.7 11.3 85 3.24 400
Cs-9 4 124 218.7 113 120 3.06 400

CS-10 1 124  Plain concrete

CS-11 2 g1 218.7 11.3 40 4.59 400
CS-12 2 81 218.7 11.3 55 3.33 400
Cs-13 3 92 223.5 6.5 55 2.16 570
CS-14 4 92 2235 6.5 55 2.16 570
CS8-15 3 81 222.5 1.5 55 2.17 1000
CS-16 4 81 222.5 7.5 85 1.87 1000
CSs-17 3 81 223.5 6.5 85 1.05 400
CsS-18 4 81 2235 6.5 85 1.40 400
CS-19 3 92 218.7 11.3 85 3.24 400
CS-20 4 92 218.7 11.3 85 432 400
CS-21 1 81 Plain concrete

CS-22 3 60 2225 7.5 85 1.40 1000
CS-23 4 60 222.5 7.5 120 1.32 1000
CS-24 3 60 218.7 11.3 85 3.24 400
CS-25 4 60 218.7 11.3 120 3.06 400
CS-26 4 60 223.5 6.5 55 2.16 570

“

Notes: 1. Columns CS-2 and CS-13 had double layers of cross ties.
2. Reinforcement arrangements are shown in Figure 4.2.
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Table 4.2: Properties of circular columns.

#

Cuolumn  Reinforcement = f'. b, bg s Ps Y
Number  Arrangement (MPa) {mm) (mm) {mm) (%) (MPa)

CC-1 5 60 223.7 6.3 135 0.41 _‘660
CC-2 5 60 218.7 11.3 135 1.35 400
CC-3 5 60 223.7 6.3 70 0.80 660
CC-4 5 60 223.7 6.3 70 0.80 660
CC-5 6 60 223.7 6.3 70 0.80 660
CC-6 6 60 223.7 6.3 135 0.41 660
CC-8 5 124 223.7 6.3 70 0.80 660
CC-9 5 124 218.7 11.3 135 1.35 400
CC-10 5 124 218.7 11.3 60 3.05 400
CC-11 5 124 223.7 6.3 60 0.93 660
CC-12 5 124 222.5 7.5 60 1.32 1000
CC-14 5 92 2225 7.5 60 1.32 1000
CC-15 5 92 218.7 11.3 60 3.05 400
CC-16 5 92 222.5 7.5 100 0.79 1000
CC-17 6 92 222.5 7.5 60 1.32 1000
CC-18 6 92 222.5 7.5 100 0.79 1000
CC-19 5 92 218.7 11.3 100 1.83 400
CC-20 5 92 223.7 6.3 100 0.56 660
CC-21 5 92 223.7 6.3 70 0.80 660
CC-22 5 92 218.7 11.3 135 1.35 400

W

Notes: 1. Column CC-4 had circular hoops tied with mechanical connectors.
2. Reinforcement arrangements are shown in Figure 4.2.
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Table 4.3: Mix design for high strength concrete columns.

Mix # 1 2 3 4
Concrete Strength, f'; (MPa) 81 092 124 60
Cement (kg) 500 500 362 336
Slag (kg) N/A N/A 156 ..144
Silica Fume (L) N/A N/A 75 N/A
Added Water (kg) 128 123 39 135
Water in Ready Mix Drum (kg) 4.5 4.5 4.5 4.5
Fine Aggregate (kg) 750 750 726 613
Coarse Aggregate (kg) 1140 1150 1122 1130
Superplasticizer (L) 20 10 6 5
Retarding Admixture (L) 1.1 0.9 1.6 1.5
Shimp (mm) 195 100 50 85
Notes:

1. Coarse aggregate:10 mm crushed limestone.
2.The fine aggregate contained approximately 3% by weight water.

3. Superplasticizer : Conchem S.P.N. (Water reducing plasticizer). It contained 0.708 kg of

water and 0,490 kg of solids per liter.

4, Retarding Admixture: Conchem Protard ( Water reducing set retarding admixture).

It contained 0.790 kg of water and 0,410 kg of solids per liter.

5. Silica Fume; Grace Force 10000 (in liquid form). It contained 0.5 kg of water and 0.697 kg

of silica per liter.
6. Cement: Ordinary Portland Cement Type 10.
7. The drum contained approximately 4.5 kg of water.

Table 4.4: Developement of concrete strength with time.

Concrete compressive strength (MPa)

Mix #

Age (days) 1 2 3 4
1 N/A NA 52 30

2 39 54 63 41

7 53 65 80 50

28 66 69 102 56

91 69 78 110 58

182 72 85 123 59

365 80 91 124 60

730 81 92 124 60
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Figure 4.1: Geometry of columns tested
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Figure 4.2: Cross-sectional arrangements considered in the experimental progeam.
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Figure 4.3: Reinforcement cages for square columns.
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Figure 4.4: Preparation of square columns for casting.

Figure 4.5: Curing of square columns in the laboratory.
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(a) Front view

(b) Top view

Figure 4.6: End brackets for square columns.
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(a) Sona tubes

(b) Circular columns prior to casting.

Figure 4.8: Sona tubes and preparation of circular columns for casting.
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Figure 4.10: End bracket for circular columns.
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(b)

Figure 4.11: Casting high strength concrete in the laboratory.
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Figure 4.14: Stress-strain relationship for lateral reinforcement.
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(b) Circular column

Figure 4.15: Instrumentation of testing region for axial strain measurement.
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Figure 4.16: Location of strain gages on lateral steel in square columns.
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Figure 4.17: Location of strain gages on lateral stee! in circular columns.
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Figure 4.‘:19: Testing machine
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(b) Casting in the laboratory

Figure 4.20: Reinforcement cage and casting of spacer block.
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.23: Column CS-1
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(a) Axial force-axial strain relationship.
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(b) Column behaviour during different stages of loading.

Figure 4.24: Column CS-2
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.25: Column CS-3
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.26: Column CS-4
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.27: Column CS-3
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.28: Column CS-6
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.29: Column CS-7
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(@) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.30;: Column CS-8
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.31: Column CS-9
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.32: Column CS-10
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.33: Column CS-11
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(a) Axial force-axial strain relationship.

{b) Column behaviour during different stages of loading.

Figure 4.34: Column CS-12
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.35: Column CS-13
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.36: Column CS-14
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.37: Column CS-15
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.38: Column CS-16
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.39: Column CS-17
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.40; Column CS-18
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.41: Column CS-19
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.42: Column CS-20
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.43: Column CS-21
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.44: Column CS-22
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.45: Column CS-23
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.46: Column CS-24
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.47: Column CS-25
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(a) Axial force-axial strain relationship.
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(b) Column behaviour during different stages of loading.

Figure 4.48: Column CS-26
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.49: Column CC-1
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.50: Column CC-2
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.51: Column CC-3
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.52: Column CC-4
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- (a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.53: Column CC-5
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.54: Column CC-6
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.55: Column CC-8
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.56: Column CC-9
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{a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.57: Column CC-10
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.58: Column CC-11
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.59: Column CC-12
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(a) Axial force-axial strain relationship.
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(b) Column behaviour during different stages of loading.

Figure 4.60: Column CC-14
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.61: Column CC-15
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.62: Column CC-16
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(a) Axial force-axial strain relationship.
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(b) Column behaviour during different stages of loading.

Figure 4.63: Column CC-17
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.64: Column CC-18
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(a) Axial force-axial strain relationship.

() Column behaviour during different stages of loading.

Figure 4.65: Column CC-19
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(a). Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.66: Column CC-20
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.67: Column CC-21
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.68: Column CC-22
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Figure 4.69: Columm load versus longitudinal steel strain for column CS-22
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Figure 4.70: Column load versus longitudinal steel strain for column CS-23
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Figure 4.71: Columm load versus longitudinal steel strain for colunm CS-24
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Figure 4.72: Column load versus longitudinal steel strain for columm C8-25
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Figure 4.73: Columm load versus transverse steel strain for column CS-2.
8000 r

Gage 2

'—7 Column CS-3

Yield

L Il L L L L 1 ' L

00 ©O01 02 03 04 05 06 07 08 09
Strain (%)

Figure 4.74: Column load versus transverse steel strain for columm CS8-3
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Figure 4.75: Column load versus transverse steel strain for column C8-4.
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Figure 4.76: Colunm load versus transverse steel strain for column CS-5.
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Figure 4.77; Column load versus transverse steel strain for Column CS-22.
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Figure 4.78: Column load versus transverse steel strain for Column CS-23.
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Figure 4.79: Column load versus transverse steel strain for column CS-24,
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Figure 4.80: Column load versus transverse steel strain for column CS-25.
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Figure 4.81: Columm load versus transverse steel strain for column CC-3.
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Figure 4.82: Column load versus transverse steel strain for columm CC-5.
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Figure 4.83; Column load versus transverse steel srain for column CC-11.
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Figure 4.84: Column load versus transverse éteel srain for coturnn CC-12.
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Figur 4.85: Colunm load versus transverse steel strain for column CC-14
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Figur 4.86: Columm load versus transverse steel strain for column CC-16
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Chapter5
Analysis of Test Results

5.1 General

The test data presented in Chapter 4 was analyzed to establish strength and ductility of
confined concrete in columns. This was done by computing stress-strain relationships
of core concrete from recorded test data. The evaluation of test data, concentric

capacities of columns, and the effects of confinement parameters are presented and

discussed in this Chapter.

5.2 Evaluation of Test Data

The raw data recorded during column tests provided force-axial strain relationships for
columns. This data was used to generate the stress-strain relationship of core concrete.
The load carried by cover concrete and/or longitudinal reinforcement was subtracted
from recorded column capacity, depending on whether the capacity was attained before

or after the spalling of the cover concrete, to obtain load resisted by the core concrete.

~ The following assumptions were made for this purpose:

- Strain in longitudinal stee! was assumed to be equal to that of the surrounding

concrete.
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- A bilinear stress-strain relationship was assumed for longitudinal reinforcement,
ignoring the strain hardening of steel. This was found justifiable in light of the
experimental data that indicated bending and/or buckling of longitudinal bars
either prior to, or shortly after the onset of strain hardening.

- Tt was assumed that the effect of confinement was negligibly small up to a certain
level of axial strain that depended on concrete strength. These limiting strains
were assumed to be 0.15%, 0.17%, 0.18%, and 0.20% for 124 MPa, 92 MPa, 81
MPa, and 60 MPa concretes, respectively. Therefore, the core and cover
concretes were assumed to behave in a similar manner up to these limiting
strains, with total cross-sectional area of concrete providing full resistance to
applied loading. This assumption is consistent with the experimental
observations discussed in Section 5.3.

- Concrete cover was assumed to spall off completely beyond a certain level of
axial strain that depended on concrete strength. This strain level was assumed to
be 0.25%, 0.30%, 0.35% and 0.50% for 124 MPa, 92 MPa, 81 'MPa, and 60 MPa
concretes, respectively. This assumption is consistent with the experimental
observations discussed in Section 5.3.

- Gradual spalling of cover concrete was assumed between the two limiting values

of axial strains specified above.

Stress-strain relationships of core concrete, computed from experimental data, are used
in Sec. 5.5 to evaluate the effects of test parameters. They are also presented in Chapter

7 for comparison with analytical predictions.

5.3 Evaluation of Column Strength

Column strength under concentric loading was recorded during testing. Experimental
observations indicated that cover spalling had occurred in most cases prior to the

attainment of the load capacity. In these columns, the maximum load was resisted by the
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core concrete, including the contribution of longitudinal reinforcement. Columns with
well confined core were able to resist loads higher than those computed based on gross
cross-sectional area and unconfined concrete strength. However, those that did not have
sufficient confinement were not able to develop unconfined column capacities based on
total cross-sectional area and unconfined concrete strength. Tables 5.1 and 5.2 contain
recorded strengths of square and circular columns, respectively. The tables also contain
nominal concentric capacity (P,), computed by Eq. 5.1, following the requirements of
current building codes (ACI 318-89, CSA A23.3, 1984). Figure 5.1 illustrates the

variation of strength gain in columns with concrete confinement.
P=085f", (AR—AS)+AS fy (5.1)

The load resistance provided by concrete, and the core concrete alone, are included in

Tables 5.1 and 5.2, as computed below.

P,=035f, (4,-4) (5.2)

P, =085, (4 -A) (5.3)

Tests of plain concrete columns, discussed in Chapter 4, showed that the in-place
strength of concrete (unconfined) in columns varied between 89% and 92% of stre_ngfh
determined by a standard cylinder test (f,). This implies that 0.85 . may be used
conservatively to represent the in-place strength of unconfined concrete in columns, as
commonly done for concretes in the normal-strength range. The in-place strength of
high-strength concrete, however, appears to be closer to the cylinder strength than that

of normal strength concrete.

Strength enhancement due to confinement was established by comparing strengths of
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core and unconfined concretes. The core capacity was established by subtracting the
contribution of cover concrete and/or longitudinal reinforcement from the recorded
column capacity, as discussed in Sec. 5.2. The ratios of confined to unconfined concrete
strengths are listed in Tables 5.1 and 5.2 for square and circular columns, respectively.
These ratios range between 1.09 and 1.50 for confincd square columns, and 1.06 and
1.35 for circular columns, indicating up to 50 % and 35 % increase in concrete strength

due to confinement.

The test data was re-examined to assess concentric capacities of columns, and the
influence of cover spalling. The strain data indicated that the premature spalling of cover
concrete had occurred in columns with very high strength concretes, prior to the
development of strains associated with concrete crushing. This observation, combined
with visual observations of cover spalling during testing suggested that the cover
concrete suffered stability failure under high compressive stresses. Fig. 5.2 illustrates
cover spalling typically observed in columns. It was hypothesized that the presence of
closely spaced longitudinal and transverse reinforcement, forming a mesh of
reinforcement, produced a natural plane of separation between the cover and the core.
The separation of this plane was triggered by high compressive stresses and the
differences in behaviour between the core and cover concretes. Early spalling of the
cover concrete resulted in lower capacities than those computed using Eq. 5.1, for those
columns where the strength enhancement in the core was not sufficient to make-up for
the loss of cover. Beginning of cover spalling was visually observed and marked during
testing. Accordingly, the initial signs of cover spalling began at approximately 0.15%
to 0.30% for 124 MPa, 0.12 % to 0.25% for 92 MPa, 0.18% to 0.29% for 82 MPa, and
0.20% and 0.41% for 60 MPa concretes. It should be noted that these strain ranges only
indicate the initial signs of cover spalling and not accurate representations of spalling
load.

The test data was further analyzed with those reported by other researchers, to explore
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the possibilities of generalizing some of the conclusions drawn. Figure 5.3 depicts the
variation of column strength with concrete confinement. Those tested by Rangan et al.
(1991), and some of the columns tested by Yong et al. (1988) contained widely spaced
low volumetric ratio transverse reinforcement. These columns were able to develop
unconfined column capacities, P,, as given by Eq. 5:1. Columns tested by Itakura and
Yagenji (1992), without any cover, consistently showed higher capacities than those
computed based on gross cross-sectional area and unconfined concrete, since they did
not suffer strength loss du”o cover spalling, Those that were sufficiently confined to
offset the effects of covéf spalling consistently developed higher strengths than P,
However, the group that contained insufficient volumetric ratio of closely spaced
transverse reinforcement could not sustain capacities computed on the basis of total
cross-sectional area and unconfined concrete strength. Therefore, it may be concluded
that high-strength concrete columns may be classified into three groups in terms of their
capacities under concentric loading. The first group consists of plain or lightly reinforced
unconfined colunms,:-where early separation of cover concrete is not likely to occur.
These columns may be able to develop capacities based on the current practice for
normal-strength concrete, as given by Eq. 5.1. Columns confined with closely spaced
longitudinal and transverse reinforcement 2xperience loss of strength due to the early
separation of cover. Depending on the thickness of the cover, concrete strength, and the
degree of confinement of thc core, the unconfined strength P,, based on gross cross-
sectional area may or may not be attained. When core confinement is not sufficient, the
loss of strength associated with cover spalling can not be compensated by the concrete
confinement. These columns form the second group. It may be more appropriate to
compute concentric capacities of these columns on the basis of the core area. The third
group consists of columns with sufficient confinement of the core to develop unconfined
column capacities with core alone. Equation 5.1 may still be applicable to these
columns, provided that the attainment of the ultimate load capacity beyond the spalling
of the cover is an acceptable limit state for design purposes. More research is needed to

establish the govemning conditions for each category of columns, and the associated
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concentric load capacities.

5.4 Evaluation of Column Deformability

Column deformability reflects the ability of columns to deform without a significant loss
of strength. Deformability of columns tested in this research program were investigated
by examining the experimentally obtained axial stress-axial strain relationships of core
concrete. To quantify column deformability; the axial strain ductility ratio was used. The
strain ductility ratio was determined as the ratio of axial strain of confined concrete at

15% strength loss beyond the peak stress (e,;) divided by 0.002. These strain ratios are
listed in Tables 5.3 and 5.4.

The axial strain ductility ratios provide some measure of column deformability.
However, a better assessment of deformability can be achieved by examining the
complete stress-strain relationships. This is done in the following section, as the effects

of confinement parameters are examined.

5.5 Effects of Test Variables

The experimental progfam was designed to establish relationships between confinement
parameters, and strength and ductility of high-strength concrete. The following includes
the parameters considered in the test program:

1. Concrete conipressive strength.

Amount of lateral confinement reinforcement.

[

Strength of lateral reinforcement.

Tie spacing.

Distribution of longitudinal reinforcement and the resulting tie arrangement.
Influence of longitudinal reinforcement in circular columns.

Type of circular reinforcement (continuous spiral and circular hoop).

w0 N & kW

Section geometry.
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At least two companion columns were tested to investigate the effect cf each parameter.

These columns had otherwise identical properties.

5.5.1 Concrete Compressive Strength

Strength and ductility of unconfined concrete are known to be inversely proportional.
High-strength concrete is more brittle than normal-strength concrete. Therefore, concrete
strength was one of the primary variables that was studied extensively in the test
program. Columns with the same amount and arrangement of reinforcement, but with
distinctly different concrete strengths were tested to quantify the effects of this
parameter. Both square and circular columns, with low and high levels of confinement,
were considered. The results are compared in terms of stress-strain relationships of
confined core concrete. However, to facilitate the comparison of concretes with different
unconfined strengths, the stress axis was normalized relative to concrete cylinder

strength (f.).

Figure 5.4 shows comparisons of companion square columns with a 12-bar arrangement,
and either 60 MPa or 124 MPa concretes. The results indicate that 60 MPa concrete
benefited more from the same confinement reinforcement used in each companion pair,
and developed higher strength enhancement. Furthermore, the 60 MPa concrete clearly
showed better ductility characteristics than the companion ‘concrete with 124 MPa. The
difference in behaviour appeared to be more pronounced in columns with higher
volumetric ratio of confinement reinforcement. Similar comparisons, showing the effects
of concrete strength on strength and deformability of core concrete are shown in Figs.

5.5 and 5.6 for columns confined with 8-bar and 4-bar arrangements, respectively.
The effects of concrete strength on strength and deformability of spirally reinforced

circular columns are shown in Figs. 5.7. The sudden drops in strength observed in Fig:

5.7(b) are attributed to the buckling of longitudinal reinforcement associated with
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increased spiral pitch of 135 mm.

The comparisons described above indicate a consistent decrease in deformability with
increasing concrete strength. However, strength gain due to confinement is
approximately constant for concretes with different unconfined strengths. Columns with
different concrete strengths but similar confinement characteristics indicate
approximately the same absolute gain in strength due to confinement. Therefore, if the
same percentage of strength enhancement is desired, higher strength concrete columns

are required to be confined more than those with lower sirength concretes.

5.5.2 Amount of Confinement Reinforcement

The amount of confinement steel is directly redated to the passive confinement pressure
that can be exerted by reinforcement. A: increase in the amount of specific grade of
confinement steel, usually expressed in terras of volumetric ratio, directly translates into
a proportional increase in confinement pressure. In general, both the strength and

ductility of confined concrete increase with increasing volumetric ratio.

The significance of the volumetric ratio of confinement reinforcement on square columns
is illustrated in Figs. 5.8 and 5.9. The results indicate that both strength and ductility of
confined high-strength concrete increase with an increase in volumetric ratio. Columns
with low volumetric ratios exhibit brittle behaviour, showing high rate of strength decay
immediately after the peak load. On the other hand, columns with increased lateral
reinforcement are able to deform signiicantly with very little drop in capacity. The
improvements observed are more pronounced in columns with closer spacing of
transverse reinforcement. Similar observations can be made for circular columns, in Fig.
5.10.
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5.5.3 Yield Strength of Transverse Reinforcement

Confinement pressure is generated from tensile forces that develop in transverse
reinforcement. It is therefore likely to expect that the steel yield strength plays a role on
concrete confinement. However, tensile stress in transverse reinforcement is ggqerated
as a result of lateral expansion of concrete, which in turn is dependent on the mechanical
properties of concrete. If the lateral strain in concrete is not high enough to strain the
transverse reinforcement to higher stresses, the extra strength of steel that may be

present, will not be utilized.

The effect of yield strength was investigated by testing two pairs of square columns with
the same volumetric ratio and spacing, but different yield strengths of lateral
reinforcement. The comparisons, shown in Fig. 5.11, indicate that the columns confined
with 1000 MPa lateral steel showed improved strength and ductility as compared to those
with 570 MPa steel.

The effect of yield strength was further investigated by testing columns with different
volumetric ratios (p,) and yield strengths (f,) of confinement reinforcement, but the
same p,f,, product (representing lateral pressure). The comparisons shown in Fig. 5.12
indicate that, although higher grade confinement reinforcement increases lateral pressure
and hence improves behaviour, the volumetric ratio plays a more dominant role on
concrete deformability, especially when the tie spacing is large. Hence, the increase in
the grade of transverse reinforcement could not totally make up for the proportional

reduction in volumetric ratio, in square columns.

Fig. 5.13 shows the behaviour of three pairs of spirally reinforced circular columns
where each column in a pair was reinforced with either grade 400 MPa or 1000 MPa
transverse reinforcement. The results exhibit similar behaviour within each pair,

indicating that the required lateral pressure could be provided either by increasing the
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volumetric ratio or the strength of transverse reinforcement. This implies that the
increased confinement pressure required for high-strength concrete circular columns can
be provided by increasing the strength of confinement steel. The apparent difference in
behaviour between the square and circular columns could be explained by the difference
in efficiency of confinement reinforcement, considered in the test program. When the
transverse reinforcement is efficient, as in the case of circular spirals and closely spaced
rectilinear ties, 1000 MPa transverse steel becomes fully effective in providing lateral
confinement pressure. When the tie spacing approaches h/2, as in the case of columns

in Fig. 5.12, using low volumetric ratio high-strength steel is not as effective as high

volumetric ratio lower grade steel.

5.5.4 Distribution of Longitudinal Reinforcement and Resulting Tie
Arrangement

Arrangement of transverse reinforcement is an important parameter that affects
distribution of confinement pressure. If the lateral force applied by transverse
reinforcement on concrete is well distributed around the perimeter of the core concrete,
the distribution of lateral pressure becomes almost uniform, improving the efficiency of
confinement reinforcement. The arrangement of transverse reinforcement has been

shown to have significant effects on strength and ductility of normal-strength concrete

columns.

Fig. 5.14 illustrates the behaviour of high-strength core concrete in two sets of three
columns, confined with different arrangements of tie reinforcement. The reinforcement
arrangements include 4, 8, and 12 longitudinal bars laterally supported either only by
perimeter hoops, or perimeter hoops in combination with cross ties or interior hoops. The
results indicate that as the spacing of laterally supported longitudinal reinforcement s,
decreases, strength and ductility of high-strength concr&e increase. This implies that the

tie spacing s in the longitudinal direction can be relaxed if the spacing s, in the transverse
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direction is reduced to improve the efficiency of reinforcement. Figs. 5.15 and 5.16
indicate that there is a direct trade-off between s and s. For example, the spacing s of
column CS-22, shown in Fig. 5.15(a), can be relaxed from 85 mm to 120 mm provided

that the arrangement is improved from 8-bar to 12-bar, to attain similar behaviour.

5.5.5 Tie Spacing

Spacing of transverse reinforcement is one of the important parameters that affects the
distribution of confinement pressure, as well as the stability of longitudinal
reinforcement. Closer spacing of transverse reinforcement is known to increase the

uniformity of lateral pressure and effectiveness of confinement reinforcement.

Behaviour of columns with different tie spacing is shown in Figs. 5.17 and 5.18. These
columns also have different volumetric ratios of tie steel. The comparisons, shown in
Figs. 5.17 and 5.18, indi_c::ate that the negative effects of increased tie spacing can be
offset by increased volumetric ratio of transverse reinforcement, provided that premature
buckling of longitudinal steel is prevented. However, the relationship between the effects
of tie spacing and volumetric ratio is not linear. The effectiveness of transverse
reinforcement diminishes quickly with increase in tie spacing. Columns with wide tie
spacing may not develop any confinement, irrespective of the volumetric ratio used.
High-strength concrete columns tested by Yong et al.(1988) did not develop any effect

of confinement when the tie spacing was increased to be equal to the section size.

5.5.6 Effect of Longitudinal Reinforcement in Circular Columns

Although circular hoops provide uniform pressure at hoop level, the presence of
longitudinal bars may provide additional restraining action against lateral expansion of
concrete, and may improve the confinement efficiency. Previous research on circular
columns was conducted mostly on small scale columns with no longitudinal

reinforcement. Eight columns were tested to study the effect of longitudinal
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reinforcement on behaviour of circular columns, These include columns CC-5, CC-6,
CC-17, and CC-18 without any longitudinal reinforcement, and columns CC-3, CC-1,
CC-14, and CC-16 with eight longitudinal bars, uniformly distributed around the section
perimeter. Figs. 5.19 and 5.20 indicate that the longitudinal reinforcement improves
strength and ductility of circular columns. Therefore, previous research on circular
columns, mostly conducted on small scale cylinders without any longitudinal

reinforcement, has to be reassessed in view of these findings.

5.5.7 Type of Circular Reinforcement

One of the variables investigated in the experimental program was the significance of
continuity in transverse reinforcement, as in the case of continuous spirals, as opposed
to individual circular hoops. Columns CC-3 and CC-4 were tested for this purpose.
These two columns had identical properties, with the exception of the type of transverse
reinforcement. Column CC-3 had a continuous spiral, whereas CC-4 had circular hoops,
the ends of which were connected with mechanical coupling devices to prevent opening
under lateral pressure. Fig. 5.21 depicts the stress-strain relationships of core concretes
for these two columns. The results indicate similar stress-strain relationships, implying
circular spirals and hoops can be used interchangeably in confining concrete, provided

that the hoop ends are connected not to allow opening under lateral pressure.

5.5.8 Section Geometry

Tt has been well established that circular spirals are more effective in confining concrete
than rectilinear ties. The superiority of circular spirals come from their geometric shape
which produces uniform and continuous pressure around the circumference of the core.
Rectilinear ties produce non-uniform pressure which peaks at locations of transverse legs
of tie steel. The effect of section geometry can be seen by comparing test resuits for
square and circular columns with identical concrete strength and amount and spacing of

confinement reinforcement. This is done in Fig. 5.22. The comparison clearly shows the
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superior performance of core concrete confined with circular spirals over a square core
confined with perimeter hoops only. It is, however, possible to improve the behaviour
of square columns up to the same level of performance as circular columns, or even
higher level of performance, by improving the efficiency and/or the amount of
confinement reinforcement. Figures 5.23 and 5.24 illustrate that similar behaviour was
attained in square and circular columns when 8-bar or 12-bar arrangements were used

for the square columns with increased volumetric ratio of transverse reinforcement.

5.6 Summary and Conclusions

The following conclusions can be drawn from the experimental parametric study

reported in this chapter:

1. High-strength concrete columns under monotonically increasing concentric
compression show extremely brittle behaviour unless confined with transverse

reinforcement, providing sufficiently high lateral confinement pressure.

2. High lateral pressure required to confine high-strength concrete, relative to
normal-strength concrete, can be provided either by increasing the volumetric
ratio of confinement steel and/or using high-strength lateral steel. High strength
steel, with 1000 MPa yield strength, can be fully utilized in confining high-

strength concrete.

3. The beneficial effects of high strength concrete becomes more apparent when the
transverse reinforcement is efficient, as in the case of circular spirals and closely

spaced rectilinear ties.

4. Although higher grade confinement reinforcement increases lateral pressure and

hence improves behaviour, the volumetric ratio plays a more dominant role on
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concrete deformability. Hence, the increase in the grade of transverse

reinforcement can not totally make up for a proportional reduction in volumetric

ratio.

5. The test resulis indicate a consistent decrease in deformability with inéfeasing
concrete strength. However, strength gain due to confinement is approximately
constant for concretes with different unconfined strengths. Columns with
different concrete strengths but similar confinement characteristics indicate
approximately the same absolute gain in strength due to confinement. Therefore,
if the same percentage of strength enhancement is desired, higher strength

concrete columns are required to be confined more than those with lower

strength concretes.

6. Confined high-strength concrete columns with closely spaced reinforcement

separating the core form the cover exhibit early spalling of cover concrete under'. -

concentric compression. Columns with efficient reinforcement arrangement
and/or high volumetric ratio of confinement steel may be able to exceed their
capacities based on the current building code approach. However, when
confinement parameters are not favourable, columns may not develop the

computed capacity based on the building code approach due to the early spalling

of cover.

7. Reducing the spacing of lateral and/or longitudinal steel increases confinement
efficiency, and improves strength and ductility of high-strength concrete

columns.

8. Circular spirals are more effective in confining concrete than rectilinear ties.
High-strength concrete columns confined with circular spirals showed improved

strength and ductility when compared with columns confined with the same
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volumetric ratio of rectilinear ties. However, it is possible to improve the
behaviour of square columns up to the same level of performance as circular
columns, or even higher level of performance, by improving the efficiency and/or

the amount of confinement reinforcement
9. Circular hoops show similar effects of confinement as circular spirals.

10. Longitudinal reinforcement in circular columns has an effect on concrete
confinement, when tied by closely spaced circular ties or spirals. Therefore, the
characteristics of confined concrete in circular columns can not be assessed
accurately by testing circular columns with transverse reinforcement only, as has

commonly been done in previous research.
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Table 5.1: Experimental and theoretical strengths for square columns.

Cotumn . T Pow Pt T Po P Poe  Pu  fom
Number (MP2) &GN GN) (MP) N &N &N  Fo  f'co
“CS.1 124 6040 5680 1208 6863 5317 4957 088 LIS
cS2 124 6597 5877 1216 7139 5317 4597 092 115
CS-3 124 7402 6138 1201 7415 5317 4237 1.0 1.22
CS.4 124 6631 5911 1234 7139 5317 4597 093 LI7
CS-5 124 6849 5769 1225 7415 5317 4237 092 116
CS6 124 6927 5596 1157 7139 5317 4597 097 110
0s.7 124 6910 5466 1150 7415 5317 4237 093  1.09
cs.8 124 6165 5445 1178 7139 5317 4597 086  LI2
CcSo 124 7177 6096 1342 7415 5317 4237 097 127
CS-10 124 6863 6863 1098 6588 5317 5317 104 104
Cs-11 81 4856 4416 939 4608 5317 4957 105 136
cs-12 81 4366 3861 821 4608 5317 4957 095  L19
CS-13 92 4874 4154 859 5482 5317 4597 089 110
CS-14 92 5561 4482 943 5780 5317 4237 096 121
CS-15 81 5296 4576 955 4913 5317 4597 108 139
cs.16 81 5578 4482 952 5218 5317 4237 107 138
CS.17 81 5242 3636 752 4913 5317 4597 107 109
Cs.18 81 5536 3633 764 5218 5317 4237 106 LI
CS.10 02 5536 4815 1042 5482 5317 4597 101 1.3
CS-20 92 5911 4830 1063 5780 5317 4237 102 136
CS.21 81 4645 4645 743 4303 5317 5317 108 LOB
CS-22 60 4322 3257 680 3826 5317 4597 113 133
0S.23 60 4790 3357 713 4145 5317 4237 116 140
cS.24 60 4763 3356 726 3826 317 4597 124 142
CS.25 60 4996 3166 697 4145 5317 4237 121 137
CS26 60 5365 3647 767 4145 5317 4237 129 150

Note: P,y is the maximum column load recorded during testing. Po we, fie are the maximum lcad and stress
resisted by core concrete. Po , Py, and Poo are defined in Equations 5.1, 5.2, and 5.3 respectively.

170




Table 5.2: Experimental and theoretical strengths for circular columms.

-'M
Column f 'c P|.1, Pu: (™3 f tast Po Poc Pnu: Pt.-t f test
Number (MPa) (kN) (kN)  (MPa)  (kN) (kN) (kN) Po f'co

cC-1 60 3499 2259 599 3142 2643 1923 1.11 1.17

ccp 60 3035 2241 623 3142 2554 1834 097 122
cc.s 60 3483 2580 684 3142 2643 1923 L1I 134
Cc.a 60 3402 2543 674 3142 2643 1923 108 132
cc.s 60 2783 2415 618 2593 2094 1994 107 121
ccs 60 2505 2214 566 2593 2094 1994 097  1lI
cc.s 124 5354 4634 1229 5725 4694 3974 094 117
cco 124 5564 4845 1347 5725 4511 3791 097 128
cc.jo 124 5076 4356 1353 5725 4511 3791 089 128
cc.yl 124 5424 4704 1248 5725 4694 3974 095 LIS
cc.lp 124 5482 4762 1277 5725 4650 3930 096 121
cc.1a 92 4590 3820 1025 4434 3635 2915 104 131
cc.1s 92 4501 3781 1052 4434 3532 2812 102 135
Cc.l6 92 4266 3546 951 4434 3635 2915 096 122
cc.17 92 3693 3452 892 3923 3125 3025 094 114

cc.is 92 3538 3216 831 3923 3125 3025 090 106
ce.1o 92 4339 3402 946 4434 3532 2812 098 121
cc2o 92 4172 3331 884 4434 3668 2948 094 113

cea1 92 4323 3522 934 4434 3668 2948 098 119
ccop 92 4237 3210 893 4434 3532 2812 096 LM

[N NNNN__—E_ ]

Note: P is the maximum column load recorded during testing, Po e, fuen are the maximum load and stress
resisted by core concrete. P, , Py , and Po.. are defined in Equations 5.1, 5.2, and 5.3 respectively.
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Table 5.3: Axial strain ductility ratios for square columns.

Columr  Reinforcement f'e s Psf y €ss €gs
Number  Arrangement (MPa) b, | (%) 0.002
Cs-1 2 124 0.25 0.108 0.36 1.8
CS-2 3 124 0.25 0.099 0.78 3.9
CS-3 4 124 0.25 0.099 0.82 4.1
CS-4 3 124 0.25 0.175 1.19 59
CS-5 4 124 0.54 0.107 0.46 2.3
CS-6 3 124 0.38 0.034 0.46 2.3
CS-7 4 124 0.54 0.032 0.50 2.5
CS-8 3 124 0.39 0.104 093 4.7
CSs-9 4 124 0.55 0.099 0.78 3.9
CS-10 1 124 N/A 0.000 N/A N/A
CS-11 2 81 0.18 0.226 2.00 10.0
CS-12 2 81 0.25 0.165 0.74 37
CS-13 3 92 0.25 0.134 0.91 4.6
CS-14 4 92 0.25 0.134 1.80 9.0
CS-15 3 81 0.25 0.267 1.24 6.2
CS-16 4 81 0.38 0.231 0.83 41
Cs-17 3 81 0.38 0.052 0.68 34
CS-18 4 81 0.38 0.069 0.78 3.9
CS-19 3 02 0.39 0.141 0.92 4.6
CS-20 4 92 0.39 0.188 1.54 1.7
CS-21 1 81 N/A 0.000 N/A N/A
CS-22 3 60 0.38 0.234 0.78 3.9
CS-23 4 60 0.54 0.221 1.03 5.2
CS-24 3 60 0.39 0.216 1.65 8.3
CS-25 4 60 0.55 0.204 1.98 9.9
CS-26 4 60 0.25 0.205 1.46 7.30

M

Note: Reinforcement arrangements are shown in Figure 4.2.
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Table 5.4: Axial strain ductility ratios for circular columms.

w

Column Reinforcement f'. $ Puf g Egs _Es5 _
Number _ Arrangement (MPa) be f'e (%) 0.002
cC-1 5 60 0.60 0.045 0.66 33
cC-2 5 60 0.62 0.090 0.74 3.7
CC-3 5 60 031  0.088 0.90 4.5
CC-4 5 60 0.31 0.088 0.73 3.7
CC-5 6 60 0.31 0.088 N/A N/A
CC-6 6 60 0.60 0.045 N/A N/A
CC-8 5 124 0.31 0.042 0.50 2.5
CC-9 5 124 0.62 0.044 N/A N/A
CC-10 5 124 0.27 0.098 1.00 5.0
cc-11 5 124 0.27 0.049 0.53 2.7
cC-12 5 124 0.27 0.107 1.00 -~ 5.0
CC-14 5 92 0.27 0.144 0.88 4.4
CC-15 5 92 0.27 0.133 0.85 4.3
CC-16 5 92 0.45 0.086 0.58 2.9
CC-17 6 92 0.27 0.144 0.63 3.2
CC-18 6 92 0.45 0.086 0.64 3.2
CC-19 5 92 0.46 0.080 0.72 3.6
CC-20 s 92 0.45 0.040 0.42 2.1
CC-21 5 92 0.31 0.057 0.67 3.4
cC-22 5 92 0.62 0.059 0.44 2.2

[P

Note: Reinforcement arrangements are shown in Figure 4.2.
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(a) Cover spalling in a square column. (b) Cover spalling in a circular column.

(c) Large pieces of spalled off cover concrete signifying instability failure.

Figure 5.2: Typical spalling of cover in high strength concrete columns.
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Figure 5.4: Continued

177



Stressi f'.

Stress / f

0.0 05 1.0 1.5 20 25 30 35 40
Strain (%)
(a)
14 ¢

CS-15
f'.-=81 MPa

1.0
0.8
0.6
0.4
0.2
0.0 -
0.0 0.5 1.0 15 20 25 30 35 40
Strain (%)
(b)

Figure 5.5: Effect of concrete strength for square columms with 8-bar arrangement.
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Figure 5.8: Effect of volumetric ratio of transverse reinforcement for square columns
with 12-bar arrangement.
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Figure 5.9: Effect of volumetric ratio of transverse reinforcement for square colurms
with 8-bar arrangement.
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Figure 5.10: Effect of volumetric ratio of transverse reinforcement for circular columns.
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Figure 5.11: Effect of yield strength of transverse reinforcement for square colummns,
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Figure 5.12 : Effect of p,fy for square columns.
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Figure 5.13 : Effect of p,f . for circular columns.
186



120

CC-14 f'.=92 MPa
o e 132%
100 p: = 1.32%
™ 80 F
0.
<
» -
H CcC-15
B i p. =3.05%
» f =400 MPa
20
0 i [ 1 ] [l ) ] '] J
0.0 0.5 1.0 1.5 2.0 25 3.0 35 40
Strain (%)
(b)
140
f'.=124 MPa
120
P, =3.05%
1m f’-g= 400 MPa
w
o
= 8
"
2 &
o
&
40
20
o [l 1 L 'l 1 L 1 [
0.0 05 1.0 15 20 25 30 35 40
Strain (%)
(c)

Figure 5.13: Continued

187



Stress (MPa)

Stress (MPa)

140

Ccs-1
120
100
80
60
40
20
0 | - L ]
0.0 05 1.0 1.5 20 25 3.0 35 4.0
Strain (%)
(@)
100 Cs-14 CS-14 Cs-13 CS-12
%0 f. =92 MPa f.=92MPa f'. =81 MPa
)
80 [
70 :_
60
50
40
30
20
10
0 L 1 L /1 L i i
0.0 08 15 23 3.0 3.8 45 53 8.0
Strain (%)
)

Figure 5.14: Effect of distribution of longitudinal reinforcement for square columms.
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Figure 5.15: Effect of distribution of longitudinal and transverse reinforcement for square
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Figure 5.16: Effect of distribution of longitudinal and transverse reinforcement for square
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Figure 5. 19: Effect of longitudinal reinforcement in circular cohumns (f'; = 92 MPa).
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Figure 5. 20: Effect of longitudinal reinforcement in circular columns (f'. = 60 MPa).
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Figure 5. 21: Effect of type of circular reinforcement.
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Chapter 6
Analytical Computations

Part 1- Review of Available Models

6.1 General

A critical review of previously proposed confinement models is presented in this
Chapter. While the models for normal-strength and high-strength concretes are both
included in the review, the emphasis is placed on those that were developed for high-
strength concrete. A comprehensive review of available models for normal-strength
concrete was presented earlier by the author (Razvi 1988). Development of a new
confinement model, applicable to normal-strength and high-strength concretes, is
discussed in Chapter 8 with extensive verifications, involving a large number of

comparisons with experimental data.

6.2 Confinement Models for Normal Strength Concrete

Richart et al. (1928, 1928) were among the first researchers to study strength and
ductility of confined normal-strength concrete. Their research on concrete cylinders,

either confined by uniform fluid pressure or spiral reinforcement, provided some of the
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basic information on concrete confinement. Confinement by reinforcement was
researched extensivaly in the past by Chan (1955), Roy and Sozen (1964), Sulaiman and
Yu (1967), Sargin et al. (1971), Kent and Park (1971), and Vallenas et al. (1977). These
researchers developed analytical models for the stress-strain relationship of confined
concrete. The main variables considered in these models were the size, strength, amount
and spacing of lateral reinforcement. Other variables considered included cross-sectional

size and shape, rate of loading, and amount of longitudinal reinforcement.

Researchers prior to 1975 did not consider the distribution of longitudinal reinforcement
and the resulting tie arrangement as a confinement parameter. This effect was discussed
by Park and Paulay (1975), and Sheikh and Uzumeri (1980). The tie arrangement was
not a parameter in the earlier models, as well as some of the more recent models (Park,
Priestley, and Gill 1982, Fafitis and Shah 1985). The influence of this parameter on
square columns was shown experimentally, for the first time, by Sheikh and Uzumeri
(1980) The importance of tie arrangement was also shown by Scott, Pask, and Priestley
(1982) for columns under concentric and eccentric loadings, and by Ozcebe and
Saatciogiu (1987) for columns under reversed cyclic loading. This effect was first
modeled by Sheikh and Uzumeri (1982), using "effectively confined core area” concept,
illustrated in Figure 6.1. A comparative study, conducted by Sheikh (1982), showed that
models that did not include reinforcement arrangement as a parameter were not able to
predict differences in response resulting from the tie arrangement. The Sheikh and
Uzumeri model was subsequently modified by Sheikh and Yeh (1986) and Yeh and
Sheikh (1988) to incorporate the effects of eccentric loading and high axial compression
under eccentric loading. A comprehensive bibliography of available models prior to
1988 was compiled by the author (Razvi 1988).

A theoretical model was proposed by Mander, Priestley and Park (1988), with a wider
scope than those previously proposed. The model was based on the effectively confined

core area concept. The model was shown to produce good predictions of test data for

—_
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circular, square, and rectangular sections subjected to high and low strain rates.

While the effectively confined core area concept, as proposed for symmetrically
reinforced square columns (Sheikh and Uzumeri 1982) was a significant step forward
in predicting the characteristics of confined conc:ete, the application of the coric:,ept to
non-square sections raises questions, especially if the empirically derived coefficients
for square sections are to be used. Figure 6.1 (b) illustrates a rectangular section where
the parabolic arches defining the effectively confined core area overlap, resulting in
negligibly small or negative effectively confined core area. Therefore, this section is
expected to develop little or no cornfinement action. However, the same section can
develop significant confinement when reinforced with closely spaced hoops, especially
if it has high volumetric ratio of hoop steel. Therefore, the use of effectively confined

core area concept for this column may result in erroneous results.

Additional difficuities arise when the same concept is applied to columns with
asymmetric tie arrangement, and used to quantify lateral pressure, as done by Mander,
Priestley and Park (1988). Figures 6.1 (c) and 6.1 (d)' illustrate column sections with
unequal lateral reinforcement arrangements in two orthogonal directions. In this case the
lateral pressure in each direction is different. In rectangular sections, the pressure on the
long side has a more pronounced effect than that acting on the short side. However, the
effectively confined area is a sectional property which does not reflect the differences

in confinement pressure in each direction.

The effectively confined core area concept has further limitations when applied to
sections reinforced with different confinement reinforcement. Figure 6.1 (e} illustrates
a square column reinforced with square hoops and a circular spiral. The concept as
defined for square columns with rectilinear reinforcement, can not be applied to this type

of columns.
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6.3 Confinement Models for High Strength Concrete

Confinement models developed for normal-strength concrete may not be applicable to
high-strength concrete. These models were shown to overestimate ductility when applied
to high-strength concrete. Therefore, existing confinement models for normal strength-
concrete are usually modified to be used for high-strength concrete. The following is a

brief summary of confinement models proposed in the literature for high-strength

concrete.

6.3.1 Ahmed and Shah (1982)

Ahmed and Shah were among the first group of researchers who propose a model for
confined-high strength concrete. The model was developed on the basis of test data on
up to 69 MPa concrete columns. It involves an iterative procedure, utilizing triaxial
stress-strain relationship of plain concrete and stress-strain relationship of confinement
steel. The model was verified against tests of concrete cylinders confined with circular

spirals.

6.3.2 Martinez, Nilson, and Slate (1982)

Martinez et al. (1982) proposed a stress-strain relationship for confined concrete within
the range of 21 to 83 MPa for normal-density concrete and 21 to 62 MPa for low-density
concrete. The model is limited to steel grades of 414 MPa and lower. The relationship
was derived on the basis of test data obtained from concrete cylinders confined with
circular spirals, without any longitudinal reinforcement. Strength enhancement was
expressed as a function of lateral pressure and spacing of confinement steel, as indicated

below.

[ =L AS, (6.1)
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CAf =40 f7, (1--1—;—,) (6.2)

63)

Ductility improvement is expressed in terms of concrete strength, lateral pressure, and

spacing of confinement reinforcement.

€= €,tA€, (6.4)

12
1.724f,(1 D,)
f.r

Ae = (6.5)

[

Where D’ is the diameter of core concrete, A, is the area of circular hoop, and f, isthe
stress in circular hoop. It was assumed that the in place strength of concrete f °.;= 0.85

f’. and the corresponding strain €,,= 0.0025. Substituting these values into the above

equations leads to,
8.04_f s
* =0.88f + 2T | 1 6.6
f (- f [ s D ’ ( D ’ ] ( )
3.454
G. = 0,0025+ ..—'!i'.’— ( 1- i’] (6.7)
sD'(f.Y D

The mathematical expression for the ascending branch of the stress-strain relationship

is given below.
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Fore <€, .

EC ec
E
14|oea Sl (6.8)
E, €, le .
where;
w LS
E = (40000,/ " +1.0x10° £ si 6.9
= ( v ) vr P (6.9)
f'
E = &c
. T (6.10)

The descending branch was assumed to be a straight line, where the strain at 15%

strength decay for confined concrete, €45, was defined as indicated below.

21x10° " 1-2
avy, -]

- 6.11)
€™ €t : (
sy
The strain at 15% stress decay for unconfined concrete, €y, was defined as;
1
€., =0.0025 [( lf"—l] +1] 6.12)

633 M ma, W himi i 1983

Watanabe et al. (1980) had proposed a model for confined concrete with a strength of
26.2 MPa to 61.4 MPa. The model had been derived based on tests of concrete prisms
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and cylinders confined by lateral reinforcement having a yield strength between 161 and
1353 MPa. Muguruma et al. (1983) modified the model to increase the range of concrete
strength. The modification was based on tests of small scale square columns confined
with 1390 MPa lateral steel, without any longitudinal reinforcement. The concrete
strength varied between 34 to 87.5 MPa. A confinement coefficient, C. , was pl"éposed

as defined below, and used to express the peak stress and corresponding strain of

confined concrete.

= U313p, ‘/_ (l -0.5 7 ] (6.13)

Where b is the largest dimension of confined core concrete.

The peak stress and strain are function of the confining coefficient, and given below.

S e

(1+49C, ) [, (6.14)

m
"

(1+341C, ) €, (6.15)

The peak strain of unconfined concrete, €,,, can be calculated as follows;

e, =(0.814k_+1.67) /1000 k, <1.5 (6.16)

€,,=2.817/1000 k, >15 (6.17)

Where k,, is a parameter that reflects the mix properties of fresh concrete, and can be

calculated from the following equation.
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k =(f°./54) (€/500)* (w /200) (6.18)

The terms ¢ and w refer to cement and water contents in (kg/m’), respectively.

Ascending part of the proposed stress-strain relationship consists of two second degree
parabolas. The first parabola is common to both unconfined and confined concretes, and
starts at the origin and terminates at the peak point of unconfined concrete (f'; , €;,). The
second parabola starts at (f, €;,) and terminates at the peak point of confined concrete
(f.. , €,). The descending branch of the stress-strain relationship is a straight line.
Starting at the peak of confined concrete (f'.. , €,), and terminating at a point referred to
as the available limit strain of confined concrete {f, , €,,). The mathematical expressions
for the three parts of the relationship are given below.

For 0<e <€y:

(f'c_E.ieol ) .
€

feEer———e, (6.19)
0
E, =4651,/ [ (6.20)
For €, <e <€
(f.-1,.) 2 g
fr———r ¢ )+ [, (6.21)
(eu" 5 )

For ¢, <g,
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(e.-€)+f. (6.22)

Where £, and €, are defined below.

z(sc- 'u 1 ’
Jou™ S € )+f ce (6.23)

[ o
1 (1]

€, =(1+509C ) e, (6.24)

The strain ¢, is defined below.

e, =131e, k_ >15 (6.25)

€, = (-0265k_+1.71)¢, k, <15 (6.26)

Where, S , is the area under the stress-strain curve of confined concrete up to the peak.

For unconfined concrete, the model consists of two parts. The ascending branch is the
same as for confined concrete. The descending branch is a straight line defined by the
following equation,

f;.= f"+( -f;-f’e )(Ee-etl )
(e--eu )

(627)
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Where;

. 2(S_f'ceol)

L= 17, ) (6.28)

Where S is the area under the stress-strain curve up to f.".

6.3.4 Fafitis and Shah (1985)

Fafitis and Shah had developed a model for confined concrete, based on a large number
of small cylindrical specimens with concrete strengths up to 62 MPa. (Fafitis and Shah
1985 a). The model was later modified to include the effects of higher strength concretes
(Fafitis and Shah 1985 b). The modification was based on the tests conducted by
Muguruma et al. (1983) and Martinez et al. (1982).

According to the model, the peak stress and the corresponding strain can be calculated

as follows;
, 21
[ =A [f ‘+(1_15+_’_] j'] (6.29)
€, =1.4%10°% S, +0.02962, j{—:+ 0.00195 (6.30)
Where;
3
A, =1+ 15[ -£— (6.31)
/.
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(632)

A, is the area of circular spiral or circular hoop. The model was developed for circular
columns, and can be used for square columns with well distributed and laterally
supported longitudinal reinforcement. The confining pressure, f, is calculated
approximately by assuming an equivalent circular column with an effective diameter, D,,
equal to the side of the confined square core. For such square column, the confining

pressure is given below;

(6.33)

A, is the total cross-sectional area of rectilinear ties, including cross ties if any. The
proposed stress-strain relationship consists of two continuous branches. The ascending
branch is a parabolic curve that starts at the origin and terminates at the peak (f.., €,)).
The descending branch is an exponential curve that starts at the peak and reaches zero

stress at infinite strain. The expressions defining the stress-strain relationship are given

below.
For €.<¢€;:
c A
f.=1..1- 1--= (6.34)
el
For € 2 €;:
j; = f'” exp [-k(e—el)""] (6.35)
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Where;

A _ Et el
f €39
_ , 1,
k— 24.7f c exp - 1.45 -l_- . (6'37)
/. . [
A =1+258-11 - -
1t f': exp( 44-_79) } (6.38)
E =33 w'* f" psi (6.39)

It is to be noted that the model is applicable to unconfined concrete with f;, = 0.

6.3.5 Yong, Nour, and N 1988

Yong et al. (1988) proposed a stress-strain relationship on the basis of experimental data
obtained from tests of small scale square columns with concrete strengths of 84 to 94
MPa. Three sets of parameters are required to define the complete stress-strain
relationship. These include; the peak stress and corresponding strain (£, €,), the stress
defined as inflection stress on the descending branch and corresponding strain (£, €;),
and the stress and strain at an arbitrarily selected point on the descending branch (£;;, ;)
where ¢, is equal to (2¢; - €,). The proposed peak stress is similar to that suggested
originally by Sargin (1971), and modified later by Vallenas et al. (1977). The expression
is given below;
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(6.40)

[ Kf= [uo.u (1-9—2;‘1-51) (p nd’’ )

\/_

where, h is the iength of one side of the rectangular tie, n is the number of longifudmal
bars, d”’ is the nominal diameter of lateral ties, d is the nominal diameter of longitudinal

bars, and p is the volumetric ratio of longitudinal reinforcement.

The proposed strain corresponding to the peak stress is also similar to that proposed

originally by Sargin (1971), as illustrated below.

0. 734s

m

The other variables can be calculate from the following equations;

f’
0.25| — | +0.4 .
( 7 ] ] (6.42)

cc

0.008(1 - )( f)*

€, =0.00265 + (6.41)

fi=/.

€ =K

1

] +0.0003] T (6.43)

By|m

fu=1" [oozs( £ 9] 0065] 20.30f", (6.44)
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€,= 26~ € (6.45)

The proposed stress-strain curve consists of three parts. The first part (ascending .b‘ranch)
and second part (descending branch) are polynomials, similar in form to that originally
proposed by Sargin (1971). They are used to produce a smooth continuous curve. The
two equations meet with a slope continuity at the peak stress point. The third part of the
curve is a horizontal segment, starting at the end of the second part where the stress
reaches 30% of the peak , and shows constant stress beyond this point. The mathematical

expressions for the stress-strain relationship are given below.

Fore < €,;
Y- AX+BX?
= : (6.46)
1+(A -2)X+(B+1)X
Fore 2 g,
2
¥- CX+DX 6.47)
1+ (C-2) X +(D+1) X?
Where;
e"
X== (6.48)
el
A
Y=— 6.49
I (6.49)
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(6.50)

{6.51)

(6.52)

(6.53)

(6.54)

(6.55)
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6.3.6 Bjerkeli, Tomaszewecz, and Jensen (1990

Bjerkeli et al. (1990) proposed a generalized model for high-strength concrete,
applicable to circular, square, and rectangular sections. The behavior of confined
concrete was assumed to be controlled by three parameters; concrete s;rength,
confinement pressure, and section gebmetry. The model is applicable to normal ciensity
and low density concretes up to 90 MPa and 70 MPa, respectively. The equations

presented here are only those applicable to normal density concrete. The proposed peak

stress is given below.

fo=f 24K f, 45MPa < f° < 80MPa (6.57)

f., = f’c+3I{‘ f 80MPa < f, < 90MPa (6.58)

The confinement pressure is defined as;

A
Pt (6.59)
hs
K, is the larger of K, and K,
K,-1-= (6.60)
& d
4-.2C
ERr Y7y (6.61)
Where; h': outer size of confined section.

A, total effective area of hoop ties and supplementary confining
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reinforcement, in the direction under consideration, within

spacing s.
d: the shorter outer diameter of hoop ties.
n number of laterally supported longitudinal bars.

o

distance between laterally supported bars.
A  gross area of concrete section measured to centre line of

peripheral hoop.

The strain corresponding to the peak can be calculated from the following equation.

[

€= 0.0025+0.050K [ ff ] (6.62)

c

The proposed stress-strain relationship is a2 modified version of Martinez et al. (1982)
model. It consists of three parts. The ascending branch is a polynomial, starting at the
origin and ending at the peak stress. It is followed by a linear descending branch which
ends at a stress level of f,,. Beyond this point the stress is assumed to be constant. The
expressions for the stress-strain relationship is given below.

For €. <¢:

E e {6.63)

Where;
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=~

( w. ]l.s .
E = 9500 2200 (f.)

For €.~ ¢,:
-fc: = f'cc _'Z (ec‘ el )
Where
0.15
Z= f’tt
€™ &

0.051{' (f, If)
g5~ Eops* -
(1-F)
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1

1+ 1 038 (6.70)
/. K,

When the stress reaches f,, on the descending branch, it remains constant. This stress

F=

is defined below.

A, [
= 487 kvt
£ 1 (6.71)

4

The main deficiencies of the model were discussed by Razvi and Saatcioglu (1991).
Accordingly, the section geometry factor K, is defined as the larger of K, and K, . The
tie spacing s is included only in the expression for K,, while the number of laterally
supported longitudinal bars is included only in the expression for K, . This implies that
there is no effect of laterally supported longitudinal bars when K, governs, and no effect
of tie spacing, when K, governs. This is inconsistent with experimental observations,
as the tie spacing and the number of laterally supported longitudinal reinforcement both
affect concrete confinement, and these parameters are interrelated.

The expression used for K, was developed for square columns. The applicability of this
equation to circular and rectangular columns is questionable. Variables 'n’ and 'C' are not
defined for circular columns, as well as rectangular columns, where the spacing of
longitudinal reinforcement is likely to be different in two orthogonal directions. In
rectangular columns, the lateral confining pressure in one direction may not be equal to
the pressure in the orthogonal direction. This implies that lateral pressure f usedinthe
model is not constant for a given section. Therefore, the analytical model appears to have

limitations that have not been mentioned by the authors.

Another questionable point in the analytical model is the sudden change in the confined
concrete strength at the 80 MPa strength level. It is not likely that the concrete
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confinement mechanism changes suddenly at this strength level.

6.3.7 Muguruma, and Watanabe (1990)
Two of the previously proposed models were modified by Muguruma and Watanabe
(1990) to reflect recent experimental resuits. The results were obtained from eight large

scale HSC columns with well distributed longitudinal steel, tested under constant axial

load and lateral load reversals.

One of the models had been developed by Muguruma et al. (1983) for high strength
concrete, on the basis of column tests conducted on small scale square columns without
longitudinal steel and cross ties. It was found that the model underestimated the
curvature ductility in test columns. Therefore, the model was modified by reducing the
slope of the descending branch to produce a better agreement with test data. The
modification was introduced by increasing the available limit of compressive strain € .

The original expression is given below.

€, =(1+509C) €, (6.72)

The modified expression is;

€ = (1+509C)) €, (6.73)

Where, « is the modification coefficient. The value of o varies between 1.22 to 1.43
based on test results. However, a value of 1.2 was recommended for practical
applications involving the computation of section curvature. The model does not account

for effects of ‘longitudinal steel distribution on confinement.

The second model that was modified by the same researchers was the modified Kent and
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Park mode! (Park et al. 1982), originally developed for normal-strength concrete. It was
found that the original model overestimated the curvature ductility of high-strength
concrete columns. Therefore, the mode] was modified by increasing the slope of the
descending branch as a function of concrete strength. The original slope of the

descending branch is given by the following expression:

tan0-K Z_ f". (6.74)

The modified slope of the descending branch can be calculated from the following

expression:

tan6-pK Z_ [ (6.75)

where, P is a modification factor, which is a function of concrete and steel strength, as

indicated below:

p=1.0for f,=328 MPa and f," =43 MPa or less
p=3.5for f,=328MPa and f"=97MPa
B=1.0for f,=792MPa and f,' =57 MPa or less
p=35for £, =792MPa and f." =120 MPa

K is the ratio of confined to unconfined concrete. Z,, is the base value of slope which is

a function of concrete strength, as well as the amount, strength, and spacing of

confinement reinforcement.

Muguruma et al. (1991) modified one of the models already modified for high-strength
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concrete (Muguruma and Watanzbe 1990). The original model was developed by
Muguruma et al. (1983). The modification was based on recent experiments conducted
under constant axial load and lateral load cycles, and invoived four large scale columns
with concrete strength of 130 MPa. The re-modified model! consists of three parts. The
ascending branch is a polynomial, starting at the origin and ending at the peak stress. It
is followed by a linear descending branch which ends at a stress level of 0.50 f.". Beyond
this point the stress is assumed to be constant. The mathematical expression of the
ascending branch and the slope of the descending branch are identical to those of the
modified modal (Muguruma and Watanabe 1990). However, in the re-modified model

it was assumed that concrete strength does not fall below 50% of the peak stress.

6.3.9 Nagashima, Sugano, Kimura, and Ichikawa (1992

Nagashima et al. (1992) proposed a model base on the results of square column tests.
The effectively confined core area concept, suggested by Sheikh and Uzumeri (1982)
was adopted in calculating confined concrete strength. The concept reflects the effects
of longitudinal reinforcement and tie spacing. Confined concrete strength can be

calculated from the following equations:

f'cc = f'n+31'4vl. P ’w jj:l' V‘ (6'76)

) 2
A= (1-%%](1-%] 6.77)

Where,
P, = area ratio of lateral reinforcement (A, / (B s)).

B = centre-to-centre distance between the legs of perimeter ties.
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C,= centre-to-centre distance between the longitudinal perimeter bars.

The strain at peak stress is expressed by the following equation:

€€, [1 +138 [ L}P—"QN (6.78)

The stress strain relationship consists of three parts. The expression proposed by
Popovics (1973) and used by Mander et al. (1988) was adopted for the first part
(ascending branch). The second part of the curve (descending branch) is a straight line,
starting at the peak and terminating when the stress reaches 30 % of the peak stress. A
horizontal line is assumed beyond this point to form the third part, with constant concrete

stress.

The following are the mathematical expressions proposed for the stress-strain

relationship.
Fof €S €
f..Xr
= er—— 6.79
¢S X’ (6.79)
For €.>¢,:
r ec - el 4
S, .. 105 = 031", (6.80)
€ ~ §
Where,
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x- &
= = (6.81)

r=
EE (6.82)
S
E_ = . (6.83)

The strain at 50% stress decay is given below.

I
€.~ €, +0.193 [—-;—'”—{’l] (6.84)

ec

6.3.10 Muguruma, Nishiyama, an n 1993

Muguruma et al. modified their original model for the fourth time in 1993. The
modification was based on the same earlier tests that formed the basis for the previous
two modifications (Muguruma and Watanabe 1990, and Muguruma et al. 1991). The

present modifications are summarized below.

1. The peak strain of unconfined concrete €,, was expressed as a function of
compressive strength f,’, to avoid the inconvenience of specifying water and
cement contents for a particular concrete strength. The following equation

was proposed to calculate €,;
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€, 0.0013( Y (6.85)

2. The modulus of elasticity was increased by about 10 %, as given- in the

following equation:

f’c

E= 22700 (6.86)

3. The descending branch of unconfined stress-strain curve was assumed to be
a straight line that started at the peak (e,, £} and terminated at (0.004, 0).
The equation for the descending branch is expressed below:

)

f;= m‘ (Ec— 0.004) (6_87)

4. The available strain and stress limits for plain concrete were expressed as

given below;

.- J 24 (0008 -¢_) €u” (0.004-¢ ) 35
f
[ (a004-¢,)
CTY YR &) (6:89)
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Where;

- €y (E; €,7217)
6

(6.90)

5. The descending branch of confined concrete curve was assumed to continue to

the zero stress lgvel.

The mathematical expressions for stress-strain relationship of confined concrete are
similar to those used in the previous version, as outlined below.

For € < ¢€y:

(fE e,) ,
€ (6.91)

€n

For €y <€ .<e¢;:

U
For €,<e¢,:
L)
f= <) (c-e)/f .. (6.93)

where €, is the available strain limit of confined concrete, and f, is the stress

corresponding to €,,. These two variables are calculated from the following equations.

A g
fu= f ',:2( 1SS ) | (6.94)

el +€¢l
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e, =(1+611C ) e, (6.95)

where A, is the area under the stress-strain curve of confined concrete up to the peak.
The peak stress and the corresponding strain are functions of confining coefficient (o

and are given below.

S = (149C ) [, (6.96)

e =(1+341C, ) €, (697

where b is the maximum dimension of confined concrete core, and the confining

coefficient, C, , is defined below.

C.=0.313p, 7 (1 0.5-5] (6.98)

The model is applicable to columns with normal and high-strength concretes, in the
range of 20 to 130 MPa, confined with normal and high-strength steel.

6.3 n Paul 993

Cusson and Paultre (1993) proposed a model for confined concrete based on tests of
large scale high-strength concrete columns. The model utilizes the 'effectively confined
core area' concept which was originally proposed by Sheikh and Uzumeri (1982) and
modified by Mander et al. (1988). The proposed expressions for peak stress and

corresponding are given below.
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f 0.9
fL=1, 1e+3.0 | == (6.99)
S
f‘ 1.7 .
€= €,+02 | = (6.100)
S o
Where:
6. c 2¢ P (6.101)
S K fr i e L
o -p,) fos
f ) A: x + As
f= T ho| ehx Tty (6.102)
s e +c
x ¥
f, = stress in lateral steel at peak stress of confined concrete.
Ay, Ay, = total area of lateral steel perpendicular to x and y axes, respectively.
Cyx» Cy = widths of concrete core parallel to the x-axis and y-axis, respectively.
s = centre to centre tie spacing.
W, = clear spacing between adjacent longitudinal reinforcement.
s = clear spacing of ties.
P. = ratio of longitudinal steel.

The stress-strain relationship consists of two parts. The expression for the ascending
branch was originally proposed by Popovics (1973) and later used by Mander et al.
(1988) and Nagashima et al. (1992). The expression for the descending branch was
adopted from Fafitis and Shah (1985). Following are the ﬁathematical equations for the
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two branches.

For € .<¢€:
f.. Xr
fo = = .
1X (6189
For €.~ ¢€;:
L =S e [k (e g )] (6.104)
x=2
“e (6.105)
= E‘
7 (6.106)
P In 0.5
™ 6.107
(esoe_ € )t; ( )
f 13
k = 0445 | < (6.108)
fee
f’:ﬂ
E, = — (6.109)
el
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The strain corresponding to 50% stress decay is given below.

f 12
EcSDc = Ecsou +0.2 .7-1;— (6-110)
Where;
€cs0c = strain at 50% drop beyond the peak stress of confined concrete.
€cs0u = strain at 50% drop beyond the peak stress of unconfined concrete. In the

absence of test data, a value of 0.004 can be assumed.

The proposed relationship can be used with f,, = 0, and k, = 1.5 to describe the stress-
strain relationship of unconfined concrete.

6.3.12 Cusson and Paultre (1994)

Cusson and Paultre (1994) modified their original model (Cusson and Paultre 1993) on
the basis of column tests conducted by Nagashima et al. (1992). An iterative procedure
was introduced, as part of modifications, to calculate the stress in lateral steel. The
modified stress-strain relationship consists of the same ascending and descending
branches of the original model. However, some of the empirically obtained coefficients
were modified based on the new data base. Accordingly, the peak stress and
corresponding strain, the strain at 50% stress decay, and coefficient k,, originally
described in equations 6. 99, 6.100, 6.110, and 6.108 respectively, are modified as
follows;

r

f.=1, [Lo+21 [-f‘—] (6.111)

o
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f 17
= e, 021 | == 6.112
€ €, [ fw) (6.112)

f 1.1 ..
= +015 | == 6.113
6:50: ecso (,fﬂ,] ( )
k, = 0.58+16 [f - ] (6.114)
S e

All other equations remained the same as those used in the original model.

63.13 Li (1994)

Li (1994) proposed a generalized stress-strain relationship for confined and unconfined

concrete. The model was developed on the basis of a large number of column tests with

a wide range of concrete strength. It is applicable to circular and square columns

confined with norml and high-strength steel. The mode! is described below.

A continuous curve was proposed to represent the stress-strain relationship of

unconfined concrete. The proposed curve is a modified version of that proposed by

Popovics (1973). The mathematical expression is;

_f'“Xr

Ee—— 6.115
r-1+X" (6.115)
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Where,

01

3320 \/f",, + 6900

0.67+ {.ﬂ 21.0
62

0(f7,)"
"7 1000
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(6.117)

(6.118)

(6.119)

(6.120)
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Confined Concrete
Li (1994) found experimentally that a modified form of Popovic's equation would not

accurately model the ascending and descending branches of confined high-strength
concrete. Therefore, the equations proposed by Muguruma et al. (1993) were a&opted

after modification. The expressions for the proposed stress-strain relationship are given

below;
For e < ey
(fo - Ei € ) .
L=E, e+ ——— ¢, (6.122)
€
For €, <€, <¢€;:
.U o T)
fo L e - € - e ) (€-¢) (6.123)
1 01
For €, <¢.:
- r f'ﬂ! ’
f= .- B - (e.-€) 2 0.4f° (6.124)

The following values are assigned to the p coefficient:

For concrete confined by circular high-strength steel (£,> 1200 MPa):
p =0.08 when; f', < 80 MPa
p=020 when; f,,> 80 MPa

For concrete confined by circular normal-strength steel (£, < 550 MPa):
=020 when; £, < 80 MPa
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For concrete confined by rectilinear high strength steel (f,, > 1200 MPa):
p =0.07 when; f . < 80 MPa
p=0.10 when; f > 80 MPa

For concrete confined by rectilinear normal-strength steel (f,<550 MPa)
and f' > 75 MPa;

3

B=(Q048/ " - 2.14)- (0.098", - 4.57)

(6.125)

’

S|

(14

The expressions for strength and ductility of confined concrete are also expressed on the

basis of concrete strength and type of confinement reinforcement, as follows:

High-strength concrete confined by circular normal-strength steel:

The following expression was proposed for peak stress, on the basis of tests conducted

by Khaloo and Ahmed (1989). The expression is similar to that used by Mander et al.

(1988).
fo. = f, | -0413+1.413 ‘1+11.4ff, L -2 %‘— (6.126)

The effective lateral pressure, f ', , can be calculated based on the confinement

effectiveness coefficient, K., as follows:

f1=05K,p, f, (6.127)
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d (6.128)

Where, s is the clear spacing between circular hoops or spirals, d, is the core diameter
measured centre-to-centre of circular hoops or spiral, p, is the volumetric ratio of
confining reinforcement to core concrete, and p,, is the ratio of longitudinal steel area

to core area. Strain corresponding to the peak stress is expressed below.

S . 1.o+3s4[ 4 "] (6.129)

€

The above expressions are only applicable in the range of 60 to 80 MPa.

High-strength ¢oncrete confin rectilinear normal strength steel:

The peak stress is calculated using Eq. 6.126 provided above for circular columns.
However, the effective pressure is calculated using the ‘effectively confined core area’
proposed by Sheikh and Uzumeri (1982) and later modified by Mander et al. (1988), and
also used by Cusson and Paultre (1993, 1994). Accordingly, the effective pressure can

be calculated as follows:

f1=05K, ( p,*p, ) S, (6.130)
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Y? . .
1-——|[1-2—[{1--Z
6c_ <, 2, 2¢c, (6.131)

(1-p,.)

K=

where; p, , p, are lateral confining reinforcement ratios parallel to x and y-axes,
respectively, G, ¢, are the widths of concrete core parallel to x and y-axes, respectively,
w; is the spacing between adjacent longitudinal reinforcement, and s’ is the clear spacing

of ties. The strain corresponding to the peak stress is given below:

In the range of 60 MPa < f_’ < 80 MPa;

e f, 0.7
L = 1.0413] = (6.132)
Em f'f.'d
In the range of 80 MPa < f," < 100 MPa,;
. .
-L = -8.1+91 exp[ i ] (6.133)
Eco f'co

Concrete confined by circular high-strength steel:
The expression proposed by Mander et al. (1988), to predict the peak stress of normal-
strength concrete, was modified as follows:

i 4 I (6.134)
flc’ lfr“

f.=S -—1.254-!-2.254\] 1+7.94e,
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Forf' _, s 52 MPa,

1

o, =(21.2-0.35f" ) — (6.135)
S
Forf ', > 52 MPa,
S
o =3.1— 6.136
7 (6.136)

The strain corresponding to the peak stress is given below:
Forf' , < 52 MPa;

—=1.0+ (119.8-1.554 f'_ ) [—f-'—) (6.137)
eﬂl f co
For f'_,> 52 MPa;
(12 ]
=1.0+(71.4-0623 "} | — (6.138)
EM Kf [}

Concrete confined by rectilinear high-strength steel:
The peak stress is calculated using the same form of equation used for circular columns,

as shown below:

f..=f. —1.2s4+2.254\]1+7 94a_ LR i} (6.139)

f’ﬂ. f o
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Where;

I
=1.56| — 6.140

e

The strain corresponding to the peak stress:

Forf’ , < 52 MPa;

. .
—1=1.0+ (78.1-0.83 f"_) -f—‘ (6.141)
EO] fco

Forf’ > 52 MPa;
e r
—1=1.0+ (55.3-0.39 f"_) f—‘ (6.142)
601 fu

6.3.14 Azizinamini, K Brungardt, and Hatfield (1994

Azizinamini et al. (1994) modified Yong et al. (1988) model based on their test results
and those conducted by Yong et al. (1988). The model consists of a linear ascending
branch, followed by a linear descending branch and a constant residual stress of 0.3 f',..

The peak stress and corresponding strain of confined concrete were adopted from Yong
et al. (1988) as given below:

[ KS 'f% *0-11(1' 0'2:55] (p.+ ';f;o) Jff"_]f . (6.143)
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0.734 s
0.003[1 = ](p, £, F°

¢ =0.00265+ (6.144)
Vi
Where;
h: rectilinear tie dimension
n: number of longitudinal reinforcement
d": nominal diameter of lateral ties
d: nominal diameter of longitudinal reinforcement
p  volumetric ratio of longitudinal reinforcement.
p, : volumetric ratio of longitudinal reinforcement.
The ascending branch of the stress-strain relationship is defined below.
For e <¢;:
f'
f,=—c¢ (6.145)
€ 1
For €. >¢;:
f[=f.[1-a(e)]2f, (6.146)
Where;
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( 0.145/"-0.6 )
0.1451"_

g =

(6.147)

[}
3.13K lm (IYL] +0.0003

6.4 Summary and Conclusions

The following observations can be made based on the review of previously proposed

analytical models presented above:

- Most of the models proposed for high-strength concrete are modified versions
of models developed for normal-strength concrete. The modifications are
usually made based on limited test data. Therefore, the modified models may
be limited to cases considered in a particular experimental program, and may

have to be remodified for other cases. Many examples of this were presented

in the previous section.

- Most of the proposed models for high-strength concrete are applicable to
either circular or square columns, and are not general enough to cover both
cases. Ahmed and Shah (1983), Martinez et al. (1982), and Fafitis and Shah
(1985) models were developed for circular columns. All others, with the

exception of that proposed by Li (1994), were developed for square columns.
- The parameters of confinement considered in developing models for high-

strength concrete are the same as those considered for normal-strength

concrete.

- Many of the models proposed for square columns do not include the
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distribution of longitudinal reinforcement as a confinement parameter. Those
that include this parameter are based on the "effectively confined core area

concept", with the exception of that proposed by Yong et al. (1988).

With the exception of those proposed by Muguruma et al. (1991, 19§3) and
Li (1994), none of the previous models is applicable to a wi_de range of
concrete strength, covering between 30 MPa, which is a commonly used
normal-strength concrete, and 130 MPa, which is generally regarded as the
highest strength that can be attained with ordinary materials of concrete. The
two that have a relatively wide range of applicability in terms of strength,

have other limitations, seriously hindering their use as generalized models.

It can be concluded that there exists a need for an analytical model that is
relatively simple to use and general enough to cover the cross-sectional shapes
and reinforcement arrangements used in practice. This mode! should reflect
all the relevant parameters of confinement with a smooth transition from

normal-strength to high-strength concrete.
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(e)

Figure 6.1: Generalization of effectively confined area concept.
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Chapter 7
Analytical Computations

Part 2 - Development of a Confinement

Model

7.1 General

A mathematical model was developed for stress-strain relationship of confined concrete.
The model was developed in two stages. The first stage involved the formulation of the
model for normal-strength concrete, for which extensive test data was available. The
second stage involved the formulation of strength dependent parameters based on
experimental research on high-strength concrete. The experimental research used for the
latter stage included that reported in Chapter 4 and those previously conducted by others.
Extensive verification of the analytical model has been done against available test data,

covering a wide range of parameters, '

The model is based on the computation of confinement pressure caused by circular or

rectilinear transverse reinforcement, and the resulting improvement in strength and
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ductility of confined concrete. A large volume of test data, including those for poorly and
well confined concretes, was evaluated to establish the parameters of the model. The
model is general, and is applicable to circular, square, and rectangular columns, confined
by different types of reinforcement arrangements. It can be used to predict concrete
behaviour under concentric and eccentric loadings, applied with slow and fast strain
rates. Development of the model, and the comparisons with experimental data, are

presented in this chapter.

7. 2 Development of a Model for Normal-Strength
Concrete

7.2.1 Confined Concrete Strength

Plain concrete subjected to longitudinal compression is in a uniaxia! state of stress.
Longitudinal strains generated by such loading give rise to transverse tensile strains,
which may result in vertical cracking. As the material approaches its uniaxial

compressive capacity, the transverse strains and vertical cracks reach their limiting
values.

For a linearly elastic and isotropic material, the limiting value of lateral strain at failure

can be expressed as shown below:

€y =S, /E (1)

The material failure can be prevented if the development of the limiting lateral strain is
counteracted. This can be achieved either by active, or passive lateral pressure caused
by the lateral restraint. The combination of lateral pressure and axial compression results

in a triaxial state of stress.

Uniaxial and triaxial stress conditions are illustrated in Figure 7.1. Transverse strains
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caused by lateral pressure counteract the tendency of material to expand laterally,
resulting in increased stréngth. For a linearly elastic and isotropic material, the limiting

transverse strain can be determined from Hook's law as indicated below:

_ Sure (fatfa) 1.2)
7 E

Assuming failure under triaxial and uniaxial stress conditions take place at the same
transverse strain level, Eq. 7.1 can be set equal to equation Eq. 7.2. Solving for f,
provides the expression for axial strength of material under triaxial stress condition, in

terms of lateral pressure.

€ua® €y (7.3
o= Lt ki Sy (7.4)

where;
k= -pp (1.5)

Coefficient k,' is a function of the Poisson's ratio p. For Poisson's ratios of 0.1 and 0.3,
the corresponding values of k,' are 9.0 and 2.3 respectively, resulting in a higher value
for a lower value of Poisson's ratio. The stress terms; f,, f,,, and £, represent stresses

under triaxial and uniaxial stress conditions, acting in directions 1 and 2. E is the elastic

modulus.

The above equations are not directly applicable to concrete. The elastic modulus and the

241



Poisson's ratio of concrete change due to material nonlinearity and internal cracking.
Furthermore, the stress-strain characteristics and Poisson's ratio may be different in all
three orthogonal directions. However, the mechanism of load resistance described above

can be used to explain the confinement of concrete in reinforced concreic elements.

The lateral pressure in reinforced concrete is provided by reinforcement where the
transverse reinforcement plays a major role. In this case the lateral pressure may or may
not be uniform. Furthermore, the coefficient that relates the lateral pressure to strength
enhancement is different than that given by Eq. 7.5. Recognizing these differences
between a linearly elastic isotropic material and concrete, Eq. 7.4 can be written to

express triaxial strength of concrete in terms of uniaxial strength and lateral confinement

pressure.

fcc =f’c o+k1fl (7'6)

where, £, and f,' are confined and unconfined strengths of concrete in member,
respectively. While the coefficients k, and k' are not identical, it is reasonable to expect
that k,, like k,', is a function of the Poisson's ratio, and as in the previous case, assumes
lower values for higher values of this ratio. Since higher values of Poisson's ratio occur
near failure, when the lateral pressure is maximum, lower values of coefficient k,

corresponds to higher values of lateral pressure.

The variation of coefficient k, with lateral pressure f; can best be obtained from
experimental data. Tigure 7.2 contains experimental data obtained from specimens
subjected to different levels of hydrostatic pressure (Richart et al. 1928), and an
analytical relationship obtained from regression analysis. The results show that
coefficient k, does assume low values for high values of lateral pressure, approaching
a constant value in the high pressﬁre range. However, for normal-strength concrete, the

lateral pressure provided by reinforcement, is generally in the low end of the pressure
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range shown in Fig. 7.2. The expression given below, obtained from regression analysis

of test data, reflects the variation of coefficient k; with lateral pressure.

k=6.7(f, Y*V (7.7)

where f, is uniform confinement pressure in MPa. Tests conducted by Balmer (1949)
and, Sato and Ibushi (1988) also indicate that coefficient k; attains low values for high

values of lateral pressure.

Eq. 7.6 was also arrived at by Richart et al. (1928) from experimental data. Richart et al.
performed a large number of cylinder tests under different levels of lateral fluid pressure
(Richart, Brandtzaeg, Brown, 1928), as well as tests of spirally reinforced cylinders
(Richart, Brandtzaeg, Brown, 1929). It was reported that Eq. 7.6 with a constant value
of 4.1 for k, produced a good correlation with spirally reinforced test cylinders. Their
recommendations have formed the basis for confinement steel requirements of the ACI
318 Building Code (1989) for many years.

The unconfined concrete strength f.' in Eq. 7.6 is the plain concrete strength in a
member under concentric loading. This may be different than that obtained from a
standard cylinder test. Therefore it should best be determined from tests of plain concrete
specimens of the same geometry, size, and concrete casting practice as those of the
actual column member. In the absence of such test data, standard cylinder test results
may be used with an appropriate modification. Modification factors ranging between
0.85 and 1.00 have been reported in the literature. For members subjected to high strain
rates, the unconfined concrete strength f,' should be determined under the same strain
rate for which the confined concrete strength £’ is sought.

7.2.1.1 Circular Sections

The relationship between concrete strength and lateral confining pressure, given in Eq,
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7.6, is valid for uniform lateral pressure. The pressure provided by closely spaced
circular spirals and vertiéal column reinforcement can be considered to be uniform
around the perimeter of the core. This lateral pressure can be computed from statics, as
illustrated by Fig. 7.3. If the pressure is computed at the useful limit of the hoop steel,
i.e. at yield, and taken equal to the uniform pressure f| given in Eq. 7.6, and coefficient
k, is obtained from Eq. 7.7, the confined concrete strength can be established for spirally

reinforced circular columns.

Equations 7.6 and 7.7 were used to compute confined concrete strengths of 24 circular
columns reinforced with circular spiral or circular hoop and longitudinal reinforcement.
The columns were tested by two groups of researchers in two different research
programs (Mender, Priestley and Park, 1988, and Sheikh and Toklucu, 1993). The
columns were tested under both slow and fast rates of concentric loading, The results are
shown in Table 7.1 and 7.2 and Fig. 7.4. Comparisons of experimental and analytical

values indicate excellent agreement.

7.2.1.2 Square Columns;

While the uniform confinement pressure for spirally reinforced columns can be found
from hoop tension, it is difficult to determine the confining pressure exerted by a square
or a rectangular hoop. Therefore, empirical expressions were used in the past to'relate
what was observed to be significant during the experiments, to the increase in concrete
strength. However, a more general and rational approach, analogous to that used for
spirally reinforced columns can be employed to compute the equivalent lateral pressure
and the resulting confined concrete strength, starting from material and geometric

properties.

The passive confinement pressure exerted by a square hoop is dependent on the
restraining force developed in the hoop steel. The hoop steel can develop high restraining

forces at the corners, where it is supported laterally by transverse legs, and low
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restraining action between the laterally supported comners. The restraining force at each
comer depends on the force that can be developed in the transverse leg, which in turn is
related to the area and stress of the hoop steel. The restraining action of the hoop
between the corners is related to the flexural rigidity of the hoop steel, which depends
on the size and unsupported length of the bar. This restraining action is proportibnal to
the elastic rigidity of the hoop steel until yielding. Beyond yielding, the restraining
action remains approximately constant until the strain hardening of steel produces
additional restraining action. However, the flexural rigidity of the hoop between the
laterally supported nodal points and the resulting restraining action is very small as
compared to the restraining action of the corners and the other nodal points. Therefore,
as the concrete expands laterally under axial compression, there will be higher reactive
pressures building up at the nodal points, than at locations away from the nodes. Figure
7.5 illustrates the build-up of passive confinement pressure in a square column. If cross
ties or inside hoops are used to support the middle bars, additional points of high lateral
restraint are generated. It is clear that the shape of the pressure distribution is a function
of the reinforcement arrangement. Shapes of pressure distributions for various tie

arrangements are shown in Fig. 7.6.

Concrete confinement is a three dimensional phenomenon that can not be reduced to a
sectional level. Therefore, it is essential to consider the variation of lateral pressure along
member length. This is illustrated in Fig. 7.7. It should be noted that the pressure
developed at a nodal point, where the longitudinal bar is supported by a lateral tie, is
distributed reasonably uniformly along the length of the longitudinal bar. This is because
the longitudinal bar in compression, with a short unsupported length between the ties,
_maintains the restraining action until it begins to lose its stability. The laterél pressure
between the ties reduces with the distance from the longitudinal reinforcement. This

reduction occurs at a faster rate than that of the pressure at the tie level.

For the case of closely spaced and laterally supported longitudinal reinforcement, the
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pressure distribution is close to uniform. In this case a transverse force of Af, is
developed in each transverée bar at the useful limit of reinforcement, where A, and f, are
the area and yield strength of transverse reinforcement, respectively. The summation of
these forces divided by the area bound by the core dimension, measured center-to-center
of perimeter hoop (b.) and center-to center tie spacing (s) leads to an average uniform
pressure for which Eq. 7.6 was derived. At the other extreme, columns with four corner
bars tied by widely spaced perimeter hoops are subjected to pressure peaks at corner
nodal points. The reduction of pressure in the longitudinal direction between the ties
becomes more pronounced. In this case the assumption of uniform pressure, obtained by
distributing these comer forces over the side of the core, results in overestimation of the
actual effect of lateral pressure. Therefore, the average pressure can not reflect the true
effect of the actual confinement pressure. In this case an equivatent uniform pressure,
with the same effect as that of the actual non-uniform pressure, is needed if Eq. 7.6 is to
be used. Figure 7.8 illustrates the actual, average, and equivalent lateral pressures in a
square column section. The equivalent uniform pressure fi. can be established by
reducing the average pressure with due considerations given to the appropriate
parameters. Therefore, coefficient k; is introduced to reduce the average pressure.

Equation 7.6 then becomes;

f,l.‘t‘:f’c o+kl le’ (7'8)

where;
Jie =k 0y (1.9)
f= (oA, sma i) (7.10)
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ky=6.7 (f, )V (7.11)

The equivalent lateral pressure in Eq. 7.11 is in MPa. Coefficient k, is equal td 1.0 for
closely spaced spirally reinforced circular columns as well as square columns with
closely spaced lateral and laterally supported longitudinal reinforcement. Angle  is the
angle between transverse reinforcement and b, and is equal to 90 degrees if the

transverse reinforcement is perpendicular to b,.

A large volume of experimental data was examined to define k. It is clear from the
above discussion that k, should have a smaller value for large spacings of laterally
supported longitudinal reinforcement (s;), and lateral ties (s), so that the reduction in the
average stress is high. It was also found from experimental data that a high nodal force,
resulting from a large area andfor strength of transverse steel, increases the stress
concentration and sharpness of stress peaks at the nodes. This requires further reduction
in the average stress so that the stress in regions away from the nodal points are not
overestimated due to the sharpness of the stress peaks. The following is the expression

derived from regression analysis of test data.

ky= 026 \l(b_‘][ﬁ](l] < 10 (7:12)
s\ VA

where, ] is in MPa. It should be noted that Eq. 7.12 is applicable only if premature

buckling of longitudinal reinforcement is prevented. Based on the results of column tests
considered in developing the above expression, the maximum tie spacing for buckling
specified in the ACI Building Code (ACI 318, 1989) appears to satisfy this requirement.

Furthermore, the columns considered conformed to the building code fimitation for
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maximum spacing of laterally supported longitudinal reinforcement. Therefore this may

be taken as an upper limit for s,

Equations 7.8 through 7.12 were used to compute confined concrete strengths of 51
square columns tested by three groups of researchers in three different research pfdgrams
(Razvi and Saatcioglu 1989, Scott et al. 1982, Sheikh and Uzumeri 1980). The columns
included a wide range of confinement parameters, from poorly confined to well confined
columns. Different reinforcement configurations were used, as indicated in Fig. 7.9. Both
low and high rates of loadings were considered. The unconfined concrete strength £/,
was taken as reported, wherever available. When this value was not reported, the
cylinder strength was factored as suggested by researchers who reported the test data.
Comparisons between the analytical and experimental strength values are presented in
Tables 7.3 through 7.5 and Fig. 7.10. The resuits indicate an excellent agreement

between the analytical and experimental values.

7.2.1.3 Rectangular Sections

Rectangular columns may have different confinement reinforcement in two orthogonal
directions. This may lead to different levels of confinement pressure along the long and
short sides of the section. The pressure along each side can be determined following the
same procedure outlined above for circular and square columns. Figure 7.11 illustrates
lateral pressure distributions along the long and short sides of a rectangular column
section, Confinement pressure along the long side plays a more dominant role on
concrete strength than that along the short side. Examination of experimental data
indicated that the effects of confinement pressures along long and short sides could be
considered to be proportional to the cross-sectional dimensions. Therefore, Eq. 7.13,

given below, can be used as overall equivalent lateral pressure to be used in Eq. 7.8.

-’;e= Mexbcx+-ficybty )’ @cx*' bcy) (7.13)
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where, f,, and f,_, are effective lateral pressures acting perpendicular to core dimensions
b,, and b,, respectively. Eq. 7.13 also provides equivalent lateral pressure for square

columns where the pressure distributions in two orthogonal directions are not equal.

Results of rectangular column tests conducted by Mander, Park, and Priestley (1 998) are
compared with analytical calculations of concrete strength obtained by the use of Eqs.
7.8 through 7.13. The comparisons, shown in Table 7.6 and Figure 7.12, indicate an
excellent agreement between experimental and analytical strength values. The

reinforcement arrangements used in rectangular column tests are shown in Fig.7.9.

7.2.1.4 Concrete Confined by WWF

The analytical procedure discussed above can also be applied to columns reinforced with
welded wire fabric. In this case the column is treated the same as a column reinforced
with reinforcing bars, with due considerations given to the area and grid size of the
welded wire fabric. The tie spacing is taken as the vertical grid dimension of the mesh.
The spacing s, between the laterally supported longitudinal reinforcement is taken as the
center-to-center distance between the outermost vertical wires unless there are lateral ties
in between. The comparisons of experimental (Abdulkadir, 1991) and analytical results
for columns reinforced with welded wire fabric are shown in Table 7.7. The comparisons

are also shown in Fig. 7.10.

7.2.1.5 Combined Use of Different Confinement Reinforcement

The analytical procedure presented above also permits superposition of confinement
effects resulting from the use of different types of confinement reinforcement. Razvi and
Saatcioglu (1989) tested columns confined with welded wire fabric and square hoops.
Figure 7.9 illustrates the reinforcement arrangements used in the experimental program.
The core concrete in these columns was confined by a combination of hoop and welded
wire fabric reinforcement. The analytical procedure for this case involves computation

of equivalent lateral pressures separately for each type of confinement reinforcement.
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The pressures acting over the same area are then superimposed to find the combined
effect. This combined pressure is used in Eq. 7.8 to find the confined concrete strength.
In the cross-sectional arrangement No. 9 shown in Fig. 7.9, the inner circular core is
subjected to uniform pressure provided by the welded wire fabric, and the equivalent
uniform pressure provided by the outside hoops. In the same column, the cdfe area
between the outer hoops and the inside mesh is confined only by the outside hoops. The

comparisons of analytical and experimental strength values are shown in Table 7.7 and
Fig. 7.10.

7.2.2 Ductility of Confined Concrete

Plain concrete under uniaxial compression shows brittle behaviour. Deformability of
concrete improves with confinement. Confined concrete can sustain higher strains at the

peak stress, and may show little strength degradation thereafter.
The strain at peak stress is affected by confinement, and can be expressed in terms of the
ratio of confined to unconfined concrete strengths, The following expression, also used

by previous researchers (Balmer 1949, Mander et al., 1988) is found to produce good

agreement with experimentally obtained strain values.

€= €y (1+5K) (7.14)
where;

K=k1f;e If'co (7'15)

€,, is the strain corresponding to peak stress of unconfined concrete, and should be

determined under the same rate of loading as for confined concrete. In the absence of
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experimental data, a value of 0.002 may be appropriate for €, under slow rate of loading.

Deformability of concrete beyond the peak stress is significantly affected by the
behaviour of longitudinal reinforcement. Longitudinal reinforcement in concrete is
laterally restrained against buckling. However, spalling of cover concrete at
approximately the peak stress level makes the longitudinal reinforcement susceptible to
buckling. At this load stage, the lateral support provided by transverse reinforcement
becomes important. If the amount of lateral reinforcement is sufficiently high in relation
to the unsupported length of longitudinal reinforcement, the stability of longitudinal
reinforcement between the ties is ensured. A stable reinforcement cage is essential to
continue providing effective confinement against lateral expansion of concrete.
Therefore, the amount of transverse reinforcement, expressed in terms of reinforcement
ratio (p), plays a major role on the descending slope of the stress-strain relationship.
Regression analysis of test data indicates that the following expression can be used to

establish the strain at 85 % strength level beyond the peak (egs).

€55 = 260p € 1+ €gqe (7.16)

Where,

Pe=2 A,/ [s(b b, )] (7.17)

€5 is the strain at 85 % strength level beyond the peak stress of unconfined concrete,
and should be determined under the same rate of loading used for the confined concrete.
In the absence of test data, a value of 0.0038 may be appropriate for €, for slow rate
of loading. The summation sign in Eq. 7.17 indicates the summation of transverse
reinforcement area in two directions, crossing b, and b, giving total area of transverse

reinforcement in used in both directions. If an inclined reinforcement is crossing the
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core, the projection of the area should be included in the total area. If the section is
spirally reinforced, or has identical reinforcement arrangement in each direction, Eq.
7.17 reduces to transverse reinforcement ratio in each direction. For columns with more
than one type of confinement reinforcement, the reinforcement ratio consists of the
summation of reinforcement ratios for each type, computed with due consideration given
to the respective core dimensions. It is important to note that, while the deformability of
confined concrete improves with increasing transverse reinforcement ratio, it is not
realistic to expect this improvement to continue at the same rate, beyond a practical
range of reinforcement ratio, Eq. 7.16 was obtained from test data that included columns
with less than 2% lateral reinforcement ratio. This may be used as an upper limit for Eq.
7.16.

7.2.3 Stress - Strain Relationship of Confined Concrete

The stress-strain relationship shown in Fig. 7.13 is proposed for confined concrete. The
relationship consists of a parabola for the ascending branch, and a linear portion for the
descending branch. A constant residual strength is assumed at 20 % strength level. The

following expression is suggested for the parabolic ascending portion.

2 |1
€, € 142K (7.18)
-fnl: = fcc 2 “G- -1 =2 3 -rcc

where, coefficient K is defined in Eq. 7.15. The proposed relationship becomes identical
to that proposed by Hognestad (1951) for unconfined concrete, when confinement
effects are negligible and the lateral confinement pressure is zero. This expression was
selected for its simple and familiar form, even though under certain combinations of
confinement parameters it may result in a slight underestimation of confined concrete

stiffness prior to the onset of the mechanism of confinement.
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The analytical relationship is compared with a large volume of experimental data,
covering a wide range of confinement parameters between poorly confined and well
confined columns, Some of the typical comparisons are selected for presentation in Figs.
7.14 through 7.34 for circular, square and rectangular columns, tested under siow and
fast rates of concentric compression. The comparisons indicate good correlation between

the analytical and experimental results.

7.2.4 Confined Columns under Eccentric Loading

The applicability of confinement models derived on the baéis of concentric column tests
to eccentrically loaded columns is a source of controversy among researchers. Therefore,
one of the objectives of this research program was to investigate the effects of strain

gradient on concrete confinement.

Column tests performed under concentric loading indicate that transverse column
reinforcement develops its yield strength at or near peak concentric column load. The
same reinforcement may not be stressed to the same level under eccentric loading. While
the tendency to expand in the lateral direction, and the associated transverse strains in
concrete near the extreme core compression fiber may be comparable to those attained
under concentric compression, concrete near the neutral axis is subjected to relatively
low compressive strains in the longitudinal direction and comparably low tensile strains
in the transverse direction. This translates into a lower passive pressure produced by
confinement reinforcement. Hence, the lateral pressure predictions based on concentric
loading are not representative of those generated under eccentric loading. Fig. 7.35
illustrates equivalent lateral pressure for concentrically and eccentrically loaded
columns. A linear variation of equivalent pressure is more appropriate for the
compression region of an eccentrically loaded column, undergoing a linear variation of
longitudinal strains. However, the effects of confinement on stress-strain characteristics

of concrete increase with increased compressive strain. This means that in the low
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compressive strain range, the range typically expected near the neutral axis is not likely
to result in appreciable differences in overall section response. This is illustrated in Fig,
7.35. Concrete near the extreme compression fiber (Strip 1) has stress-strain
characteristics that can be determined by the confined concrete model. The use of the
same stress-strain relationship for compression regions towards the neutral axis (Strip
2 and 3) will produce overestimation of concrete confinement. However, in these regions
the longitudinal strains are proportionately lower, and the corresponding portions of the
stress-strain relationships are not significantly different than that established for Strip 1.
Furthermore, the true confinement pressure near the perimeter hoop is higher than the
uniform pressure used to establish the stress-strain relationship for Strip 1. Therefore,
some overestimation of confinement effects for Strips 2 and 3 within the low
longitudinal strain range are likely to be offset by the underestimation of confinement
pressure for Strip 1. Hence, the use of the stress-strain relationship established for Strip
1 for the whole compression zone is not likely to result in any appreciable error in
flexural analysis. This point has been verified extensively against test data. The
analytical model described in previous sections was used to conduct plane section
analyses of columns tested under eccentric loading. Column tests reported by Saatcioglu
et al. (1995), Sheikh and Khoury (1993) and Ozcebe and Saatcioglu (1987), and Park et
al. (1982) were used for this purpose. Analytically generated moment-curvature
relationships are compared with those recorded experimentally, in Chapter 8. The results
indicate that the model, although developed based on column tests conducted under

concentric loading, is also applicable to columns under eccentric loading.

7.3 Modifications Introduced for High-Strength

Concrete

Previous researchers concluded that models developed for normal-strength concrete
overestimated ductility of high strength concrete (Yong et al. 1988, Polat 1992, Thomsen
and Wallace 1992, Cusson and Paultre 1994). This observation was confirmed in the
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current investigation. Experimental results of high-strength concrete coiumns tested in
this research program exhibited stecper descending branch of stress-strain relationships,
and lower strains at peak stress, when compared with those computed by the model
described above. Therefore, it was necessary to modify the expressions used for the
“model, without changini the main features, so that they would be applicable to high-
strength concrete. The new expressions were derived based on experimental research
involving both normal-strength and high-strength concrete columns, and hence are

applicable to a wide range of concrete strength. The modified expressions are described

in the following sections.

7.3.1 Confined Concrete Strength

Review of previous research indicated two conflicting views on strength enhancemcnt
in high strength concrete. While Nagashima et al. (1992) concluded that the additional
strength gain due to confinement was independent of concrete strength, Galeota et al
(1992) showed that the strength gain attained was lower in higher strength concretes. The
experimental results of this study confirmed the findings of Nagashima et al. (1992), i.e.
the absolute gain in strength was independent of concrete strength. Therefore, Equations
7.8 through 7.11, which are independent of concrete strength, can be used without
modification to compute confined strength of high-strength concrete in columns.
However, the yield strength of lateral steel £, used in Eq. 7.10 should be limited to 1000
MPa, to be consistent with experimental observations. Columns tested in this program
showed yielding of 1000 MPa steel at or shortly after the peak. Polat (1992) also
reported yielding of 950 MPa steei at the peak. However, Li (1994) indicated that high-
strength steel with yield strength of 1300 MPa did not yield at the peak. Therefore, the
useful limit of yield stress was assumed to be 1000 MPa.

A large volume of test data, including those of high-strength concrete, were examined

to verify the applicability of Eq. 7.12 when the lateral pressure was relatively high, as
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required for high-strength concrete. It was concluded that while Eq. 7.12 produced
accurate estimates of coefficient k, for the lateral pressure range usually used for normal-
strength ccncretes, it may not produce acceptable results for high-strength concretes
under high lateral pressure. Since the lateral pressure required to confine high-strength
concrete is much higher than that required for normal-strength concrete, Eq 712
underestimates coefficient k,. Test results indicate that coefficlent k, becomes
independent of f; beyond a certain limit of lateral pressure. Therefore, Eq. 7:12 is

modified by substituting a constant vahug of f;= 3 MPa, as shown below.

(7.19)

It is to be noted that coefficient k, reflects the arrangement of confinement
reinforcement, and is equal to unity for closely spaced spirally reinforced circular

columns with well distributed longitudina! reinforcement.

Eqs. 7.8 through 7.11 and Eq. 7.19 were used to predict the strength of 40 confined high-
strength concrete columns tested in this research proéfam, in addition to 127 columns
tested by six other groups of researchers. The cclumns were either circular or square in
section, confined by different amount, sﬁaciﬁg: grade and arrangement of transverse
reinforcement. The concrete strength ranged approximately between 50 and 130 MPa.
The reinforcement arrangements considered are shown in Fig. 7.9. The in-place strength
of unconfined concrete ' was taken to be 0.85f, for the columns tested in this research
program. Similar values are used for columns tested in other research programs, as

reported or suggested by respective researchers.

The comparisons between analytical and experimenta! strength values are presented in
Tables 7.8 to 7.16 and Figures 7.36 to 7.39. The results indicate good agreement of

analytical strength values with those recorded in colurnn tests.
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7.3.2 Ductility of Confined Concrete

It is well known that the strength and ductility of concrete are inversely proportional.
Ductility of confined concrete is indicated by the siope of the descending branch of the
stress-strain relationship. The slope of the descending branch is a function of twd strain
values in the analytical model developed in this investigation. These values include
strains corresponding to the peak stress (e, ), and 85% of the peak within the descending
branch of the stress-strain relationship (e4s). The mathematical expressions for €,, and
€45, as originally developed using normal-strength concrete test data, were not a function
of concrete strength. The effects of concrete strength and lateral steel strength on
ductility of confined concrete were subsequently introduced using coefficients k, and k,

respectively as indicated below,

€ =€, (1454 K) (7.20)
€ =260 K, P& [1+ 0.5k (K -D)]+ egs (7.21)
k=3 .10 o
- 51 (1.23)
500
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where;

€, and €y are strains of unconfined concrete in column corresponding to the peak stress
and 85% of the peak within the descending branch, respectively. These quantities are
usually determined experimentally. In the absence of experimental data, however, the

following expressions may be used,

€y = 0.0028- 00008 &, (7.24)

€s = €+ 0.0018 k) (7.25)

It is to be noted that Eq. 7.21 was obtained from test data that included columns with
lateral reinforcement ratio, p_, less than (0.04 - 0.02k,). This may be used as an upper
limit for the applicability of Eq. 7.21.

7.3.3 Stress - Strain Relationship of Confined Concrete

The ascending branch of the stress-strain relationship, proposed for normal-strength
concrete, was a modified version of Hognestad's curve (195 1). It was confirmed
experimentally that the applicability of this curve was limited to normal-strength
concrete. This relationship, given in Eq. 7.18, produced overestimation of the initial
modulus of elasticity when applied to high-strength concrete. Therefore, another
relationship which was reported to produce good agreement with experimental data for
both normal-strength and high-strength concretes was adopted for the model. The
relationship is applicable to confined and unconfined concretes within the norma! and

high-strength range. The curve was originally proposed by Popovics (1973), and later
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used by Mander et al. (1988) for normal-strength concrete, and by Nagashima et al.
(1992), and Cusson and Paultre (1993, 1994) for high-strength concrete. The

mathematical expression for the curve is given below.

(7.26)

E, @27

Where;
E,,. is the secant modulus of elasticity of confined concrete. It can be calculated from
Equation 7.28.
f’
E, - —e‘—i (7.28)

E, is the modulus of elasticity of unconfined concrete. The following expression,
originally proposed by Carrasliquillo et al. (1981) is found to produce good agreement

with experimentally obtained values.

E

(4

= 3320, +6900 (7.29)
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7.3.4 Comparisons with Experimental Results

The analytical model, with the above stresg-strain relationship and the modified
expressions (Egs. 7.19 to 7.27) defining strains, is compared with 40 high-strength
concrete columns tested in this research program, in addition to 50 columns tested by
three other groups of researchers (Nagashima et al. 1992, Nishiyama et al. 1993, and Li
1994). The comparisons include circular and square columns with a wide range of
confinement parameters and concrete strengths. Figs. 7.40 through 7.83, indicate good

agreement between the experimental and analytical stress-strain relationships.

It is important to note that the mode! is applicable to both normal and high-strength
concretes. This is because the mode] assumes that the absolute gain in strength due to
confinement is independent of concrete strength. Therefore, Eqs. 7.8 through 7.11, Eq.
7.13, and Eq. 7.19 can be used to calculate the confined concrete strength for both
normal and high-strength concretes. Furthermore, Eqs. 7.20, and 7.21, used to calculate
concrete ductility, become identical to Eqs 7.14 and 7.16, when ks = 1 (for normal-
strength concrete), and k,= 1 (for normal-strength steel). Therefore, the model can be

used for columns with concrete strengths ranging between 30 and 120 MPa.

7.4 Conclusions

The analytical procedure and the stress-strain relationship developed in this research
program can be used to predict strength and ductility characteristics of confined
concrete. The procedure is relatively simple to use. It covers a wide range of concrete
strength, ranging from 30 to 120 MPa, confined with normal or high-strength steel. It is
applicable to concretes confined by spirals, rectilinear hoops, cross ties, welded wire

fabric, and combinations of these reinforcement. Confined concrete behaviour under
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concentric and eccentric loadings, and slow and fast strain rates can be predicted by the
proposed model. The stress-strain relationships established by the model compare well

with those obtained experimentally.
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(a) Uniform built-up of pressure.  (b) Computation of lateral pressure from hoop

f'.c, MPa (anal)
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Figure 7.3: Lateral pressure in circular columns.
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Figure 7.4: Comparison of analytical and experimental strength values for confined

normal strength concrete in circular columns.
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Figure 7.6: Pressure distribution resulting from different reinforcement arrangements.

280



et et e S —

|

a
-
s
nw
a"s

h

o o — S ——

At Tie Level

Between the Ties

Figure 7.7: Distribution of tateral pressure along member length.

Equivalent

\
1}

Actuel

Average

-

S|

g

_T_ jkgﬁ

fi

Figure 7.8: Actual, average, and equivalent lateral pressure.

281



(2) (7)

(3) (8)

(4) (%)

(14)

(5) (10)
Figure 7.9: Reinforcement arrangements considered in column tests.

282



60 r

¢ Razvi and Saatcioglu (1989) - WAWF & Ties
m Abdulkadir (1991) - WWF
so I ™ Razvi and Saatciogliu (1989)
= e Sheikh and Uzumeri (1980)
= a Scottetai. (1982) .
E 40 “
E A
- 30
20 1 1 L J
20 30 40 50 60
f'ec , MPa (exp)
Figure 7.10: Comparison of analytical and experimental strength values for confined
normal strength concrete in square columns.
Y L
> T
bcy
A

Figure 7.11: Lateral pressure distribution in rectangular columns.
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Figure 7.12: Comparison of analytical and experimental strength values for confined

normal strength concrete in rectangular columns.
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Figure 7.14: Circular columns (1, 5, and 12) tested by Mander et al. (1988) under a

high strain rate of 0.0133/sec.
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Figure 7.15: Circular columns (6 and 7) tested by Mander et al. (1988) under a
high strain rate of 0.0133/sec.
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Figure 7.16: Circular columns (8 and 9) tested by Mander et al. (1988) under a

high strain rate of 0.0133/sec.
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Figure 7.17: Square columns (7 and 16 ) tested by Razvi and Saatcioglu (1989).
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Figure 7.18: Square columns (3 and 6) tested by Razvi and Saatcioglu (1989).
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Figure 7.19: Square columns (pair 15) tested by Razvi and Saatcioglu (1989).
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Figure 7.20: Square columns (pair 14) confined with WWF and hoops, tested by

Razvi and Saatcioglu (1989).
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Figure 7.21: Square columns (pairs 12 and 13) confined with WWF, tested by
Razvi and Saatcioglu (1989).
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Figure 7.22: A square column (RC2) confined with WWF, tested by Abdulkadir (1991).
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Figure 7.23: Square columns (12 and 14) tested by Scott et al. (1982) under a high

0.00

strain rate of 0.0167/sec.
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Figure 7.24: Square columns (2 and 6) tested by Scott et al. (1982).
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Figure 7.25: Square columns (6, 9, 12 and 13) tested by Sheikh and Uzumeri (1980).
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Figure 7.26: Square columns (1, 2, 3 and 4) tested by Sheikh and Uzumeri (1980).
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Figure 7.27: Square columns (5, 7, 8 and 11) tested by Sheikh and Uzumeri (1980).
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Figure 7.28: Square columns (10, 14 and 15) tested by Sheikh and Uzumeri (1980).
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Figure 7.29: Square columns (16, 17 and 18) tested by Sheikh and Uzumeri (1980).
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Figure 7.30; Square columns (19, 20 and 21) tested by Sheikh and Uzumeri (1980).
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Figure 7.31: Square columns (23 and 24) tested by Sheikh and Uzumeri (1980).
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Figure 7.32: Rectangular columns (1 and 3) tested by Mander et al. (1988).
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Figure 7.33: Rectangular columns (2 and 11) tested by Mander et al. (1988) under a
high strain rate of 0.0167/sec.
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Figure 7.34: A rectangular columns (4) tested by Mander et al. (1988).
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Figure 7.35: Equivalent lateral pressure and corresponding stress-strain relationships

for concentric and eccentric loads.
303



140 A

120 } a This investigation 7 a

100 + Py

f'.c, MPa (anal)
>

60

40 L L L 1 J
40 60 80 100 120 140
f'ec , MPa (exp)

Figure 7.36: Comparison of analytical and experimental strength values for confined

high strength concrete in circular columns tested in this investigation.

140

120 A This investigation

100 } a

80

f'.c, MPa (anal)
»
»

Apd

40 L 1 1 I §
40 60 8o 100 120 140

f'ec » MPa (exp)

Figure 7.37: Comparison of analytical and experimental strength values for confined
high strength concrete in square columns tested in this investigation.
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Figure 7.39: Comparison of analytical and experimental strength values for confined high
strength concrete in square columns including those tested by others.
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Figure 7.40: Circular columns (CC-1 and CC-2) tested in this investigation.
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Figure 7.41: Circular columns (CC-3 and CC-4) tested in this investigation.
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Figure 7.42: Circular columns (CC-8 and CC-9) tested in this investigation.
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Figure 7.43: Circular columns (CC-10 and CC-11) tested in this investigation.
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Figure 7.44: Circular columns (CC-12 and CC-14) tested in this investigation.
310



Stress (MPa)

Stress (MPa)

120

[ Experimental Column CC -15

" o = = = Analytical

0 1 1 1 L L
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Strain (%)

= = = Analytical

1 A L -l 1

1.5 2.0 25 3.0 35 4.0
Strain (%)

Figure 7.45: Circular columns (CC-15 and CC-16) tested in this investigation.
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Figure 7.46: Circular columns (CC-19 and CC-20) tested in this investigation.
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Figure 7.47: Circular columns (CC-21 and CC-22) tested in this investigation.
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Figure 7.48: Square columns (CS-1 and CS-2) tested in this investigation.
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Figure 7.49: Square columns (CS-3 and CS-4) tested in this investigation.
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Figure 7.50: Square columns (CS-5 and CS-6) tested in this investigation.
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Figure 7.51: Square columns (CS-7 and CS-8) tested in this investigation.
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Figure 7.52: Square columns (CS-9 and CS-11) tested in this investigation.

318

4.0



Stress (MPa)

Stress (MPa)

o D
8000

- Experimental
= = « Anpalytical

1 L [ 1

100 p

80

88883

20
10

1.0

1.6

—  Experimental

2.0 25 3.0 35

Strain (%)

ColumnCS -13

Analytical

[ L H 1

4.0

0.0

0.5

1.0

1.5

20 25 3.0 35
Strain (%) |

Figure 7.53: Square columns (CS-12 and C8-13) tested in this investigation.
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Figure 7.54: Square columns (CS-14 and CS-15) tested in this investigation.
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Figure 7.55: Square columns (CS-16 and CS-17) tested in this investigation.
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Figure 7.56: Square columns (CS-18 and CS-19) tested in this investigation.
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Figure 7.57: Square columns (CS-20 and CS-22) tested in this investigation.
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Figure 7.58: Square columns (CS-23 and CS-24) tested in this investigation.
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Figure 7.59: Square columns (CS-25 and CS-26) tested in this investigation.
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"Figure 7.60: Circular columns (3A and 3B) tested by Li (1954).
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Figure 7.61: Circular columns (6A and 6B) tested by Li (1994).
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Figure 7.62: Circular columns (12A and 9B) tested by Li (1994).
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Figure 7.63: Circular columns (4HB1 and 4HC) tested by Li (1994).
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Figure 7.64: Square columns (1A and 1B) tested by Li (1994).
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Figure 7.65: Square columns (2A and 2B) tested by Li (1994).
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Figure 7.66: Square columns (SA and 8B) tested by Li (1994).
332




Experimental
Analytical

Stress (MPa)

0.0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0
Strain (%)

——  Experimental

Stress (MPa)

0.0 0.5 1.0 1.5 2.0 25 3.0 35
Strain (%)

Figure 7.67: Square columns (8A and 11A) tested by Li (1994).
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Figure 7.68: Square columns (7A and 10A) tested by Li (1994).
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Figure 7.70: Square columns (1HC1 and 3HC1) tested by Li (1994).
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Figure 7.71: Square columns (1 and 3) tested by Nishiyama et al. (1993).
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Figure 7.72: Square columns (4 and 5) tested by Nishiyama et al. (1993).
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Figure 7.73: Square columns (7 and 8) tested by Nishiyama et al. (1993).
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Figure 7.74: Square columns (9 and 10) tested by Nishiyama et al. (1993).
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Figure 7.75: Square columns (11 and 12) tested by Nishiyama et al. (1993).
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Figure 7.76: Square columns (13 and 14) tested by Nishiyama et al. (1993).
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Figure 7.77: Square columns (HHO8LA and HH10LA) tested by N'agashima et al, (1 9925.

343



y

[4,]

o
1

Experimental
----- Analytical

-

[\

L4y}
L]

8

-3
[4)]
¥

Col. HH13LA

Stress (MPa)
8

25

00 05 10 15 20 25 30 35 40 45 50
Strain (%)

180 r

125 - Experimentnl

Stress (MPa)
o

o L 1 1 L ] 1 i 1 1 (]

00 G5 10 15 20 25 30 35 40 45 50
Strain (%)

Figure 7.78: Square columns (HH13LA and HH15LA) tested by Nagashima et al. (1992).
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Figure 7.79: Square columns (HH20LA and HLO6LA) tested by Nagashima et al. (1992).
345



150 r — ——  Experimental Col. HLOBLA

125

8

Stress (MPa)
ot

50
25
o '} L 'l L] '] 1 L 1 1 —
0.0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0 45 5.0
Strain (%)
180 r —  Experimental
PRI » = = = = Analytical
125

8

Stress (MPa)
g d

0 ] 1 1 L L 1 1 L 1 (]

00 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
Strain (%)

Figure 7.80: Square columns (HLOSLA and HH13LD) tested by Nagashima et al. (1992). .
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Figure 7.81: Square columns (HH13LB and LLO5LA) tested by Nagashima et al. (1992).
347



Col. LLOBLD

g

——— Experimental
..... Analytical

iy

n

[4)]
T

[

8

I T,
-
----_---
- a
- o g

Stress (MPa)
o

50 L
25 ¢
0 [ 1 1 1 . [] [l 1 1 1 (]
0.0 05 1.0 1.5 20 - 25 3.0 3.5 4.0 4.5 50
Strain (%)
0T Col. LHOBLA
125 Experimental Fe
----- Analytical :
100 F

Stress (MPa)

0 [ 1 L L 1 1 1 1 1

00 ©05 10 15 20 25 30 35 40 45 50
Strain (%)

Figure 7.82: Square columns (LLOSLD and LHOSLA) tested by Nagashima et al. (1992).
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Figure 7.83: Square columns (LH13LA and LH15LA) tested by Nagashima et al. (1992).
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Chapter 8
A Displacement Based Design Approach

for Column Confinement

8.1 General

Reinforced concrete columns subjected to strong earthquakes may experience a large
number of inelastic deformation cycles. Strength and stability of structures supported by
such columns depend on deformability of these columns within the inelastic range.
Column deformability can be improved significantly through confinement of the core
concrete. Therefore, column confinement plays a major role on behavior of reinforced

concrete structures during strong earthquakes.

Performance of structures during past earthquakes have demonstrated that the
confinement requirements of ACI Building Code (1989), for normal strength concrete,
provide satisfactory designs in many applications. However, the same requirements have
been shown to produce unsafe column designs in certain cases, while aiso producing
over conservative designs in other cases resulting in congestion of :einforcement, leading
to constructibility problems (Saatciogiu 1989, Saatcioglu 1991). On the other hand, the
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state-of-knowledge on concrete confinement has improved substantially since the
pioneering research of Richart et al. in 1928, which formed the basis for the current
building code requirements. During the last two decades, a large volume of
experimental data have been generated (Saatrioglu 1991), and a number of analytical
models have been developed, describing stress-strain characteristics of confined normal
strength concrete (Sheikh and Uzumeri 1982, Mander et al. 1988, Saatciogiu and Razvi
1992). The new information, which could eliminate most of the shortcomings of the
current design provisions, has not yet found its way into the ACI Building Code. An
improved design approach, for normal strength concrete, is presented in this chapter,

reflecting recent developments in the area of column confinement.

8.2 Design Parameters

Performance of reinforced concrete columns during recent earthquakes and laboratory
tests under simulated seismic loading have clearly demonstrated that a strong
relationship exists between lateral drift and column confinement. The drift level imposed
on a column during an earthquake varies substantially depending on the characteristics
of ground excitation and the framing system. Columns of braced frames are expected to
experience little interstory drift, remaining essentially elastic during seismic response.
Inelastic deformability of these columns may not require substantial improvements
through confinement. Columns of unbraced frames experience significant lateral drift
when subjected strong ground excitations. The confinement requirements for thes:
columns must be sufficiently stringent to ensure adequate inelastic deformability.
Therefore, lateral drift is a design parameter that plays an important role on the required
level of confinement.

The role of concrete becomes more dominant on column performance when the level of
axial compression is high. Experiments have shown that the rate of strength decay under

reversed cyclic loading increases rapidly with increasing axial compression (Saatcioglu
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and Ozcebe 1989, Saatcioglu 1991, Sheikh and Khoury 1993, Park et al. 1982,
Muguruma et al. 1990). Furthermore, high axial compression combined with high lateral
drif; results in secondary stresses which produce additional deformations due to P-4
effect. The P-A effect caﬁ be very significant, and may potentially lead to stability
problems. '

Lateral drift and axial compression may be classified as design parameters resulting fromn
the actions imposed on structures during a seismic activity, and may be classified as
offensive parameters. Parameters related to confinement reinforcement, on the other
hand, may be viewed as defensive parameters, protecting columns against the actions
arising from earthquakes. The primary defensive parameters include the amount, grade,
spacing and arrangement of lateral confinement reinforcement. The proper combination
of these parameters can improve column performance through increased confinement
pressure and improved efficiency of this pressure. Confinement pressure can be
increased by using high volumetric ratio and/or grade of confinement reinforcement. The
efficiency of pressure can be improved by increasing its uniformity. This can be
achieved by using an efficient reinforcement arrangement. Closely spaced circular hoops
and spirals provide uniform lateral pressure resulting from uniform hoop tension, which
can be considered as the most efficient confinement pressure. Rectilinear reinforcement
can also provide near uniform pressure when used in the form of closely spaced
longitudinal bars, where each bar is laterally supported by the corner of a closed hoop
or the hook of a cross tie. Four bar arrangement, sometimes used in square and
rectangular sections provide the least efficient reinforcement arrangement, resulting in
high pressure peaks near the corners and low lateral pressure between the corners. Inall
cases, the lateral pressure is generated by tension in transverse reinforcement, which can
not be developed unless the tie ends are well anchored into the confined core. Theref&re,
the tie ends, whether in the form of closed hoops or cross ties, should have bends well

anchored into the confined core.
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Strength and deformability of concrete are known to be inversely proportional.
Therefore, higher streng,fh cencretes require higher lateral pressures (Razvi and
Saatcioglu 1994). Hence, concrete strength should be considered in establishing the
confinement steel requirements. Furthermore, column concrete consists of two different
parts, with two distinctly different mechanical properties; unconfined concrete in the
cover and confined concrete in the core. As the percentage of confined concrete in a
section increases, the beneficial eFfect of confinement on overall column‘-Behavior also
increases. A column with large cové} area can not maintain most of its original strength
beyond the spalling of cover, no matter how well the core concrete is confined.
Therefore, in earthquake resistant columns it is advisable to use small cover. The ratio

_ of gross-to-core area is another parameter that needs to be considered in design.

8.3 Current Design Approach

The design approach for coluri;h confinement used in CSA Standard A23.3-84 (1984)
and ACI Code 318-89 (1989) is based on an arbitrary performance criterion.
Accordingly, columns are expected to maintain their concentric capacities at high strain
levels when the useful limit of transverse reinforcemcnt is attained beyond the spalling
of cover. This performance is achieved if strength and ductility of core concrete are
improved sufficiently to account for the loss of strength associated with cover spalling.
The amount of transverse reinforcement required to offset the effects of cover spalling
can be derived as given in Eq. 8.1. This equation is derived based on the assumption that
the increase in concrete strength due to confinement can be expressed as 4.1 times the
uniform lateral pressure generated by confinement reinforcement. This is indicated in Eq.
8.2.

‘1 A4 44_A
p, = [a415££[-‘--1]+ F = (8.1)

SalA4 d sA,

[
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f'::c = 0.85}"0"’4.1_{; (8.2)

The ACI Code has adopted Eq. 8.1 after dropping the second term, and replacing
coefficient 0.415 by 0.45. The Code expression is shown in Eq. 8.3.

A I
p, = 045 | =&-1 Z< 8.3
[Ac ]fﬂ ®)

Eq. 8.3 gives the volumetric ratio of confinement reinforcement required in a circular
column. It is a function of the ratio of the gross cross-sectional area to confined core area
(A/A,). Hence, it results in high volumetric ratios for columns with thick concrete
covers. Columns with large cross-sectional areas may have A/A, ratios approaching
unity while the volumetric ratio requirement given in Eq. 8.3 approaching zero. This may
result in unsafe levels of volumetric ratio. Therefore, the ACI Code (1989) provides a
lower bound for the volumetric ratio by setting a limit on the A /A, ratio not to be less
than 1.25. This translates intc Eq. 8.4,

py = 0.12°—= (8.4)

The above requirements are based on test data obtained from concrete cylinders
subjected to uniform hydrostatic pressure or passive confinement pressure provided by
circular spirals. Hence, they are applicable to closely spaced spirally reinforced circular
columns. Eqs. 8.3 and 8.4 form the volumetric steel requirements of ACI318 (1989) for
circular spirals. The confinement steel requirements for square and rectangular columns,
in the same building code, are based on an arbitrary extension of the above requirements,
while recognizing that rectilinear reinforcement is not as effective as circular
reinforcement. The code‘-expression for the required area of rectilinear confinement -
reinforcement is obtained from Eq. 8.3, based on the premise that rectilinear
reinforcement is 3/4 as effective as circular spirals. This implies that 1/3 more steel is

needed in rectangular columns to attain deformabilities usuatly expected of spirally
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reinforced circular columns. The increased steel requirement, when expressed in terms
of the area of lateral reinforcement, translates into Eq. 8.5. The lower limit of
confinement reinforcement for rectangular sections is established to produce 50% more

rectilinear reinforcement than that establish for spiral steel. This leads to Eq. 8.6.

A, =03 [shc&] [i‘-—]—l
Ay

S
f

A, = 0.09h = (8.6)
»

(8.5)

Eqs. 8.5 and 8.6 give the area of confinement steel required in each cross-sectional
direction by ACI318 (1989) for square and rectangular columns. The current ACI318
(1989) design approach does not explicitly address the relationship between lateral drift
and corresponding confinement requirement. Instead, the code approach is based on axial
deformability of columns under concentric loading, with implications that columns that
have axial deformabilities are likely to have lateral deformabilities under seismic
l'oading. Furthermore, axial load level is not a parameter in the current ACI318 (1989)
approach. It becomes clear from the foregoing discussion that neither of the two major
design parameters related to the actions arising from seismic effects, ﬁreviously referred

to as offensive parameters, is explicitly considered in the cuerent code provisions.

The defensive parameters of confinement relevant to transverse reinforcement are
addressed in the code for spirally reinforced circular columns, although they are not
linked to the expected levels of lateral drift and axial compression. The design
expressions have been derived with due considerations given to the magnitude and
efficiency of confinement pressure. However, the code requirements for square and
rectangular columns do not include the arrangement of reinforcement and resulting

efﬁciency:‘of confinement pressure as a parameter. Consequently, the difference in
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behavior between a column with four corner bars tied with perimeter hoops, and a
column with well distributed longitudinal reinforcement laterally supported by
oVerlapping hoops and/or cross ties, is not recognized in the code. Furthermore, hoop
spacing is not included as a separate parameter other than the maximum spacing limit
specified. The trade off between spacing, reinforcement arrangement and volumetric
ratio is not considered, limiting flexibility in design, while promoting congestion of
reinforcement. These shortcomings of the current ACI318 (1989) design approach are

eliminated in the proposed approach, presented in the following section.

8.4 Proposed Design Procedure

The proposed design approach is based on the computation of lateral drift capacity of a
column with specific confinement characteristics and imposed axial compression. The
amount, grade, spacing, and arrangement of confinement reinforcement are determined

for expected levels of lateral drift and axial compression.

The drift capacity is established from inelastic deformations of columns. Tests of
reinforced concrete columns under simulated seismic loading indicate that lateral
deflection of a column consists of components due to flexure, shear, and anchorage slip.
Fig. 8.1 shows experimentally recorded displacement components in a typical test
column (Saatcioglu and Ozcebe 1989). While the components due to flexure and
anchorage slip may be equally significant, shear deformation in a typical column is
negligibly small, forming approximately less than 10% of total displacement. Therefore,
the effects of inelastic shear deformations on lateral drift capacity of flexure dominant
columns can be ignored for simplicity. Treatment of shear dominant columns, as in the
case of short columns, and design against shear forces, are beyond the scope of the
procedure described in this chapter. This leaves components due to flexure and

anchorage slip to be computed for establishing the lateral drift capacity.
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8.4.1 Computation of Displacements due to Flexure

Inelastic displacement of a reinforced concrete column due to flexure can be established
by following standard procedures outlined in text books (Park and Paulay 1975, Paulay
and Priestley 1992). However, consideration of proper material properties, especially for
confined concrete, and proper treatment of progression of plastic hinging are of ﬁtmost

importance for reliability of results.

The first step in computing flexural displacements involves plane section analysis of the
critical section. This requires the consideration of stress-strain characteristics for
unconfined cover concrete, confined core concrete, and reinforcing steel with strain
hardening. The confined concrete model proposed in Chapter 7 has been selected for the
analysis. This model incorporates all the relevant parameters of confinement, and has
been verified extensively against circular, square, and rectangular columns with different
reinforcement arrangements, tested under concentric, eccentric, and reversed cyclic
loadings. Confined concrete strength, f.., is expressed in the model in terms of

unconfined concrete strength, f'.,, and equivalent uniform confinement pressure, f..

fcc = f;o+k1fk (8'7)
k =6.7(f,)"" (8.8)
fo =k (8.9)
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The average lateral pressure, f, is computed by dividing the summation of yield forces
in transverse reinforcement by the core area perpendicular to these forces. While the
average pressure is representative of the actual uniform lateral pressure that develops in
spirally reinforced circular columns, it is not representative of non-uniform pressure
generated in square and rectangular columns. The confinement pressure resulting from
closely spaced longitudinal and transverse reinforcement approaches uniform average
pressure, while that resulting from four corner bars and perimeter hoops show significant
variation in pressure between the corners. The average pressure needs to be reduced in
the latter case before it can be used as equivalent uniform pressure. This is done through
coefficient k,. This coefficient reflects the reinforcement arrangement and the resulting
efficiency in lateral pressure, and is equal to 1.0 for spirally reinforced circular columns
and less than or equal to 1.0 for square and rectangular columns. Coefficient k; is used

in the design procedure to introduce efficiency of reinforcement arrangement as a design

parameter.

Moment-curvature relationships for square columns are computed and compared with ‘-
those recorded experimentally. The comparisons shown in Figures 8.2 through 8.8

indicate good agreement between analytical and experimenta! sectional response.

Once the sectional moment-curvature relationship is determined for a given axial load
level, the variation of curvature along column height can be established as illustrated in
Fig. 8.9. The curvature diagram assumes different shapes depending on the stage of
loading. As the moment capacity of the critical section is exceeded, the column
resistance gradually drops, while the curvatures near the critical section continue
increasing. This results in gradual formation of a plastic hinge which propagates towards
the elastic region until it is fully developed. Fig. 2.9 illustrates the progression of plastic
hinge in a column. The curvature diagram can then be used to compute inelastic rotation
and resulting displacement as the area, and moment of the area under the curvature

diagram, respectively. Fig. 8.10 illustrates comparisons of analytically obtained moment-
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flexural rotation relationships with envelopes of hysteretic relationships recorded during
cyclic load tests. The comparisons shown in Figs. 8.2 through 8.8 and 8.10 indicate that
flexural force-deformation relationships for columns can be established fairly accurately

using the procedure described above, with the material models adopted.

8.4.2 Computation of Displacements due to Anchorage Slip

Deformations due to anchorage slip are caused by slippage and/or extension of
longitudinal reinforcement within the adjoining member. Hence they are not included
in the flexural analysis discussed earlier. These deformations can be as significant, and
sometimes even more significant than those caused by flexure, increasing lateral drift
and associated P-A effects. Omission of these deformations may lead to erroneous
results, especially when significant yielding of longitudinal tension reinforcement is

expected.

The extension of reinforcement in the adjoining member can not be prevented if the
critical column section is located at the ends. It accounts for a major portion of total
member end rotation due to anchorage slip. Hysteresis loops due to reinforcement
extension is similar to those obtained for flexure, showing stable loops dissipating
seismic induced energy. The other component of anchorage slip, caused by the slippage
of reinforcement, however, results in significant pinching of the loops, and should be
prevented to the extent possible through proper anchorage. The combination of extension

and slippage of reinforcement is referred to as anchorage slip.

The anchorage slip deformation may form a significant portion of total lateral drift
demand, especially in columns with relatively small axial compression. In this case, the
remaining lateral drift due to flexure may not be high enough to justify stringent
confinement requirements. On the other hand, if the drift component due to anchorage
slip is excessive, it may lead to high P-A moments and a faster rate of strength
degradation in the lateral load capacity. Furthermore, deformations due to anchorage slip
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are related to the strain condition at the critical column section, which is intiuenced by
concrete confinement. Therefore, there is a close relationship between the confinement
requirements, which are meant to improve behavior of column concrete in compression,
and anchorage slip, that occurs outside the confined end regions. Consequently,
anchorage slip must be an integral part of a displacement based design procedilre for
column confinement.

The analytical model recently proposed by Alsiwat and Saatcioglu (1992) has been
adopted here to compute deformations resulting from anchorage slip. The model
incorporates yield penetration and associated inelasticity in anchored reinforcement, as
well as possibility of slip within this region. It can be used relatively easily, making it
especially suitable for design. Inelastic deformations due to extension and slip are treated
separately in this model. Extension of anchored reinforcement is computed by
integrating the strains in reinforcement. Fig. 8.11 illustrates the assumed strain
_ distribution along the straight lead length of a re-bar. The length of each region, shown
in the figure, can be established from equilibrium of forces. This leads to Eq. 8.10.

- Afsdb
4u

L

(8.10)

Where, L represents the length of each region, L, L, or L,, and Af, is the
corresponding incremental steel stress between the beginning and end of each region.
Diameter of reinforcement is denoted by d,. The bar force is partially developed within
each region depending on bond stress, u, between the concrete and steel. Frictional bond
stress, u,, and elastic bond stress, u,, are used for inelastic and elastic regions,

respectively. The inelastic region consists of strain hardening and yield plateau.

A local bond-slip model is used to establish the bar slip. Bar slip occurs only if the bar
is strained to the cut-off point. In this case, the bond stress within the available elastic

length is computed from Eq. 8.10, and the resulting value is used to obtain the
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corresponding bar slip from the bond-slip model. The details of the procedure, as well
as hooked bars, and bars subjected to pull and push, are discussed elsewhere (Alsiwat
and Saatcioglu 1992). Extensive verification of the model is also presented in the same

reference. Figs. 8.12 and 8.13 includes some of the comparisons on pull out tests.

Bar slip and/or extension of reinforcement, 8,, results in member end rotations at column

ends. This rotation, 8,,, and corresponding deflection, A,,, can be computed as shown

below:
d
e = 5 8.
as d"c ( ll)
A, = O H (8.12)

Where, d and ¢ represent the effective section depth and neutral axis location,

respectively. Column height at which deflection (4,,) is computed, is denoted by H.

Analytical rotations obtained by Eq. 8.11 are compared with those recorded
experimentally in Fig. 8.14. The comparisons indicate that the procedure described
above and the analytical mode! adopted can be used to obtain force-anchorage slip

deformation relationships fairly accurately.

8.4.3 Maximum Usable Column Displacement and Drift Capacity

Superposition of displacement components due to flexure and anchorage slip gives total
lateral displacement. Figs. 8.15 through 8.18 depict comparisons of analytically obtained
total column displacements with those recorded experimentally. The comparisons,
including ascending and descending branches of force-displacement relationships, show

good correlations within a wide range of axial compression values.
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Drift capacity is obtained when a column reaches its maximum usable lateral load
capacity, beyond which it can be declared to have failed. During response to strong
earthquakes confined columns of multistorey multi-bay frame systems do not fail
immediately after the attainment of their peak loads. Instead, they continue carrying a
significant portion of their peak load while deforming and dissipating seismic induced
energy beyond the peak. It is generally believed that a well designed reinforced concrete
element can tolerate some strength decay without jeopardizing strength and stability of
the structure. In seismic design, where critical members are designed and detailed for
inelasticity, it would be unduly conservative to take the displacement corresponding to
peak load as the limiting displacement for design purposes. In this design approach, the
displacement corresponding to 20% strength decay beyond the peak has been adopted
as the maximum usable displacement beyond which the column can be considered to
have failed. The maximum usable displacement and the corresponding lateral force
capacity are obtained from force-dispiacement relationship under monotonic loading,. It
is assumed that the monotonic force-displacement curve is representative of the envelope
of the force-displacement hysteretic relationship under reversed cyclic loading. Hence
the definition of maximum displacement adopted here is consistent with that used earlier
by Saatcioglu (1991) for columns under reversed cyclic loading. The maximum usable
latera! displacement is divided by unsupported column height to obtain lateral drifi

capacity.

8.4.4 Design Aids

The drift capacity of a column with specific confinement characteristics and axial
compression can be established by following the procedure described in previous
sections. The drift capacity is then compared with the expected drift level (drift demand)
for the ground motion expected in a given area of seismicity and soil conditions, and for
the framing system used. Procedures used to calculate drift demand are not discussed in
this chapter, and can be found elsewhere (Qi and Moehle 1991). If the drift capacity is
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different than the expected drift level, the iterative design process starts, and the
procedure is repeated with a revised confinement reinforcement until a reasonable
agreement is attained between the expected drift level and the provided drift capacity.
Although the steps outlined above are straight forward to follow, the numerical
procedure involved can be prohibitively excessive for design applications, unless a
computer software is available. Therefore, a design table was generated for columns with
different geometric and material properties, illustrating relationships between axial
compression and drift capacity for columns with different confinement reinforcement.

These relationships are also shown in Figure 8.19 for selected columns.

Table 8.1 provides a complete set of design data for four levels of confinement efficiency
(arrangement and spacing of reinforcement as reflected by k,) and three levels of A /A,
ratio. This table can be used to obtain reinforcement ratio p, required for a given axial
load, expected drift level, and reinforcement arrangement. The reinforcement ratio p_ is
defined as the total area of transverse reinforcement in one direction (A, divided by the
centre-to-centre spacing between the ties, s, and the core dimension, b, perpendicular to
the reinforcement. This is expressed in Eq. 8.13. The core dimension b, is measured

between the centre lines of perimeter hoops.

ZAS!'

sh

c

P = (8.13)

The test data used in developing the confinement model, for normal strength concrete,
had p, < 2% (or p, < 4%). Therefore, this value may be taken s the upper limit of
reinforcement ratio for the proposed design procedure. Coefficient k,, reflecting the

efficiency of confinement reinforcement, is given below.

ky =015 [&] {P—‘ < 1.0 (8.14)

§ 5,
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For the most efficient reinforcement arrangement, i.¢., closely spaced spirally reinforced
circular columns k, = 1.0.. For square and rectangular columns k, < 1.0, and may be
approaching 1.0 only when closely spaced overlapping hoops and cross ties with closely
spaced longitudinal reinforcement are used, producing near uniform confinement
pressure, Eq. 8.14 implies that the same k, can be attained either by reducing the spacing
of transverse reinforcement along column height, s, or by reducing the spacing of cross
ties or hoop legs supporting longitudinal reinforcement in cross-sectional plane, s, The:

spacing quantities for rectilinear columns can be determined conveniently if Eq. 8.14

is re-written in the following form:

(b“ b, = 44 (k) 5
Bl B (%) (8.15)

I

While Eq. 8.15 indicates that a trade off between s and s, is possible to arrive at the same

confinement efficiency (k,), this trade off is limited by the maximum spacing limits

specified in the next section.

The confinement model that forms the basis for the design procedure is applicable to
square and rectangular sections with different confinement pressures in two orthogonal
directions. While this generality is maintained in the design procedure, the following
simplifying assumption is introduced in developing the design table. The assumption
involves the use of equal confinement reinforcement ratio in each cross-sectional
direction for square and rectangular columns, as in the case of current ACI318
requirements (ACI Code 1989). This assumption reflects the current practice and is not

expected to hinder the design process.

It is to be noted that reinforcement arrangements used in rectangular sections may lead
to different k, values in two cross-sectional directions. Therefore, when k, computed for
one cross-sectional direction (k,),, using (b,), and (sy), is not equal to k, computed in the
other direction (K,),, using (b.),and (s),, then k, can be calculated from the following
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equation,

. k), &, ) k), &)

(8.16)
? (bc )l+ (bc )z

Table 8.1 was generated using a 600 mm square column section, with a total story height
of 3.0 m. The columns were reinforced with 2% longitudinal reinforcement, equally
distributed along the perimeter of the section. Straight bars were assumed in the
anchorage region with 28 mm bar diameter. Concrete cylinder strength was 40 MPa and
longitudinal and transverse steel grades were 400 MPa. The strain hardening in
reinforcement was considered starting at 1% strain, and following a parabolic variation
up to 10% strain at 560 MPa. The use of this design table for other columns requires
assessment of the significance of these parameters oOn lateral drift. Therefore, an
extensive parametric study was conducted. The parameters considered in this study
include column height-to-width ratio, cross-sectional size and shape, aspect ratio of
cross-section, distribution and percentage of longitudinal reinforcement, concrete
strength, and bar size. The results are presented in Figures 8.20 through 8.25 and indicate
that while these parameters have some effects on drift capacities, the effects are small,
and in most cases negligible. Therefore, Table 8.1 can be used for all concrete columns
that meet the spacing and reinforcement ratio limitations specified in this paper, and also
conform to the requirements of ACI318 Building Code (1989), other than those fbi—

confinement.

Table 8.1 incorporates the effects of material strengths through p £/f ratio. It was found
in the parametric study that the reduction in drift capacity associated with an increase in
concrete strength can be offset by an increase in confinement reinforcement ratio p,,
proportional to the increase in concrete strength. A review of experimental data on high-
strength concrete columns has also shown that the lateral confinement pressure for high-

strength concrete columns should be increased proportional to the increase in concrete
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strength to attain deformabilities expected in lower strength concrete columns (Razvi and
Saatcioglu 1994). Therefore, the p f/f'. ratio has been adopted in Table 8.1. However,
it is recommended that the current ACI318 (1989) limit of 400 MPa be used for lateral

confinement reinforcement (f},) for columns with normal-strength concrete.

8.4.5 Maximum Spacing Limitation

Most building codes provide maximum spacing limitations for transverse reinforcement
as governed by confinement, shear, and stability of longitudinal reinforcement.
Researchers have shown that transverse reinforcement with a spacing equal to 1.25 times
the cross-sectional dimension, h, do not produce the beneficial effects of confinement
(Ahmed and Shah 1982). Razvi and Saatcioglu (1989) indicated that transverse
reinforcement with a spacing of b/2 show beneficial effects of confinement, degree of
which depends on other parameters. On the other hand, the maximum spacing of

transverse reinforcement, as governed by shear, is specified as /2 in the building code
(ACI318 1989).

An important aspect of design for confinement is the consideration of longitudinal bar
stability under compression, especially within the inelastic range. Recent research on
stability of longitudinal reinforcement indicates that a spacing of 6 times the longitudinal
bar diameter or 150 mm (6 in) can be used as a limit for bar buckling (Paulay and
Priestley 1992). This suggests that the current absolute limit of 100 mm (4 in) (ACI318
1989) can be relaxed, especially if a design procedure like the one proposed in this paper
is employed, allowing the trade off between the spacings in the vertical and horizontal
planes, s and s, respectively. The smaller of the following limits can then be used as the
maximum spacing of transverse confinement reinforcement, Sy,

- One-half of the minimum core dimension (b /2).

- Six times the longitudinal bar diameter.

- 150 mm (6 in).
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The effect of the spacing of laterally supported longitudinal reinforcement, s, is included
in the design procedure, and no further spacing limit is necessary for s, other than that
indirectly imposed by the requirements set on the minimum number of longitudinal bars
ACI318 (1989).

The design procedure is also applicable to columns reinforced with circular spirals

confirming to the above spacing limitations and with a minimum of six longitudinal bars.

85 Application of Design Procedure to High-Strength

Concrete Columns

The design procedure presented in this chapter was developed for confinement of
normal-strength concrete columns. The procedure is based on the computation of lateral
drift capacity of columns, which has two potentially significant components, flexure and
anchorage slip. The procedure used for computation of the flexural component is equally
applicable to high-strength concrete columns, since the confined concrete model used
is applicable to both normal-strength and high-strength concrete columns. However, the
applicability of the procedure used for anchorage slip deformations to high-strength
concrete columns requires verification against test data. At this time, however, there is
little experimental data available to verify and/or modify the elements of the anchorage
slip model developed by Alsiwat and Saatcioglu (1992) for high-strength concrete
columns. While the design procedure itself is independent of concrete strength, the
design aid developed in this chapter can not be used for high-strength concrete columns,

prior to verification against experimental data.
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Table 8.1 Lateral Drift Capacities for Reinforced Concrete Columns

p. = Ay (b 3) k = 015yBJ0OS) P = 085 F. (A -A) + A,

Lateral Drift Capacity (%)

P/P, 0.20 0.40 : 0.60 0.80

p. fulf.  AG/A. 12 1.4 1.6 1.2 14 16 1.2 14 16 12 1.4 16
(%) k,

Unconfined concrete 16 16 1.6 1.0 1.0 1.0 07 07 07 03 03 03

0.25 30 26 22 13 12 12 10 1.0 1.0 05 04 04
4.0 0.50 33 29 24 14 13 12 1.1 1.1 1.1 06 05 04
0.75 35 32 26 15 14 13 11 11 1.1 08 0.6 05
1.00 36 34 29 17 14 13 1.2 11 1.1 1.0 07 06
Circular 26 21 16 14 13 1.2 1.1 11 1.0 1.0 1.0
0.25 46 41 30 1.8 14 13 1.1 1.1 11 08 06 05
8.0 0.50 54 49 39 23 18 14 13 12 1.1 12 08 0.6
0.75 61 55 46 28 22 17 16 13 12 13 L1 08
1.00 52 32 26 20 18 15 13 15 13 10
Circular 45 32 26 19 15 1.8 14 12 14 12 12
0.25 55 40 25 1.8 13 14 12 11 1.1 07 06
12.0 0.50 54 33 25 18 18 14 12 14 1.1 08
0.75 41 32 23 23 18 14 1.7 14 1.1
1.00 49 39 29 27 22 16 20 16 13
Circular 45 38 28 18 25 1.8 14 19 14 12
0.25 64 49 31 22 15 17 12 11 12 09 06
0.50 43 33 23 24 18 13 17 13 10
16.0 0.75 54 43 3.1 31 24 17 22 18 13
1.00 50 37 38 30 23 26 23 16
Circular 55 49 36 22 31 22 15 24 17 13
Notes:

1. Reinforcement ratio p, is to be provided in each cross-sectional direction.
2. The blanks in the table indicate rupturing of longitudinal tension reinforcement prior to 20%
strength decay due to concrete crushing.
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Figure 8.1: Components of displacement in a typical test column (Saatcioglu and Ozcebe 1989).
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Figure 82 Comparison of analytical and experimental moment- curvature envelopes for column
AS-18 tested under reversed cyclic loading (Sheikh and Khoury 1993).
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Chapter 9

Summary and Conclusions

9.1 Summary

A combined analytical and experimental investigation was conducted to study the
confinement of concrete in columns. A comprehensive literature survey was first
conducted to re-evaluate the existing data on column confinement. A similar

comprehensive survey was conducted on available analytical models on column

confinement.

The experimental investigation included tests of 46 full size high-strength concrete
columns tested under monotonically increasing concentric compression. A preliminary
test program was also conducted to investigate the characteristics of high-strength
concrete mixes. The. test data provided invaluable information on strength and

deformability of high-strength concrete columns.

The experimental data was combined with available test data on confinement of normal-
strength and high-strength concrete columns to develop an analyticai model for stress-

strain relationship of confined concrete. The model was verified against a large volume
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of experimental data, including normal-strength and high-strength concretes confined by
normal-strength and high-strength reinforcement of different volumetric ratio,
arrangement and spacing. The model was also verified against test data obtained under

eccentric and reversed cyclic loadings, as well as under slow and fast strain rates.

The analytical mode! was used to develop a displacement based design procedure for
column confinement. The procedure provides required confinement steel for columns

with different deformation demands. A design aid was developed for use in practice.

9.2 Conclusions

The following conclusions can be drawn based on the experimental and analytical

research reported in this thesis:

1. Parameters of column deformability can be viewed in three groups:
a) Those related to applied loading; axial load level, shear stress, rate of loading,
direction of lateral load, eccentricity of load, and loading history.
b) Those related to confinement reinforcement; volumetric ratio, spacing, yield
strength and arrangement of confinement reinforcement, and section geometry.

¢) Those related to concrete type; concrete strength and unit weight of aggregate.

2. Strength and deformability of concrete columns improve significantly if the core
concrete is well confined, regardless of concrete strength. However, high-strength
concrete columns require significantly higher volumetric ratio of confinement steel

to attain deformabilities usually expected from normal-strength concrete columns,

3. High lateral pressure required to confine high-strength concrete, relative to normal-
strength concrete, can be provided either by increasing the volumetric ratio of
confinement steel and/or using high-strength lateral steel. High strength steel, with
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1000 MPa yield strength, was found to be effective in confining high-strength
concrete. Therefore, the required volumetric ratio can be reduced when high-

strength steel is utilized with efficient arrangement of confinement reinforcement.

Although higher grade confinement reinforcement increases lateral pressure and
hence improves behaviour, the volumetric ratio plays a more dominant role on
concrete deformability. Hence, the increase in the grade of transverse reinforcement

can not totally make up for a proportional reduction in volumetric ratio.

The descending slope of the stress-strain relationship of confined concrete is a

function of amount, strength, arrangement of confinement reinforcement, and

concrete strength.

Strain readings indicate that high-strength steel with £, = 1000 MPa yields at peak
load or shortly thereafter. This indicates that high-strength steel can be fully utilized
in confining the core concrete.

The results indicate a consistent decrease in deformability with increasing concrete
strength. However, strength gain due to confinement is approximately constant for
concretes with different unconfined strengths. Columns with different concrete
strengths but similar confinement characteristics indicate approximately the same
absolute gain in strength due to confinement. Therefore, if the same percentage of
strength enhancement is desired, higher strength concrete columns are required to

be confined more than those with lower strength concretes.
Unconfined concrete strength in column core varies approximately between 85%

and 100% of concrete strength determined by a standard cylinder test. The average
value of this variation appears to be higher for higher strength concretes.
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9.

10.

11.

Concentric capacity of plain or unconfined high-strength concrete columns can be
predicted reasonably well with the use of current building code approach developed
for normal-strength concrete, which assumes in-place strength of concrete to be

85% of cylinder strength.

High-strength concrete columns may be classified into three groups in terms of their
capacities under concentric loading. The first group consists of plain or lightly
reinforced unconfined columns, where early separation of cover concrete is not
likely to occur. These columns may be able to develop capacities based on the
current practice for normal-strength concrete. Columns confined with cldéely
spaced longitudinal and transverse reinforcement experience loss of strength due to
the early separation of cover. Depending on the thickness of the cover, concrete
strength, and the degree of confinement of the core, the unconfined strength P,,
based on gross cross-sectional area may or may not be attained. When core
confinement is not sufficient, the loss of strength associated with cover spalling can
not be compensated by the concrete confinement. These columns form the second
group. It may be more appropriate to compute concentric capacities of these
columns on the basis of the core area. The third group consists of columns with
sufficient confinement of the core to develop unconfined column capacities with
core alone. The unconfined strength P, based on'the current practice for normal-
strength concrete may still be applicable to these columns, provided that the
attainment of the ultimate load capacity beyond the spalling of the cover is an
acceptable limit state for design purposes. More research is needed to establish the
governing conditions for each category of columns, and the associated concentric

load capacities.

Circular spirals are more effective in confining concrete than rectilinear ties. High-
strength concrete columns confined with circular spirals showed improved strength

and ductility when compared with columns confined with the same volumetric ratio
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12.

13.

14.

15.

of rectilinear ties. However, it is possible to improve the behaviour of square
columns up to the same level of performance as circuiar columns, or even higher

level of performance, by improving the efficiency and/or the amount of confinement
reinforcement. '

The expressions given in ACI-318 (1989) and CSA A 23.3 (1984) overestimate the
modulus of elasticity for high-strength concrete. The expression suggested by
Carrasquillo et al. (1981) agrees well with the experimental data.

The review of available analytical models for normal and high-strength concrete
indicates that existing analytical models for confined concrete have limitations.
Models developed based on normal-strength concrete are not applicable to high- .
strength concrete. Available confinement models for high-strength concrete are
mostly modified versions of models developed for normal-strength concrete, which

are only applicable, in most cases, to test data based on which they were denived.

The analytical model proposed in this investigation for stress-strain relationship
of confined concrete can be used for normal-sirength and high-strength concretes
confined by normal-strength and high-strength reinforcement of different

volumetric ratios and arrangements, as evidenced by extensive verification

against test data. The model can be used for concentric and eccentric ioads.

Confinement steel requirements of ACI 318 (1989) Building Code for normal-
strength concrete are based on an arbitrary design concept. Therefore, the code
requirements tend to be conservative for columns subjected to low axial loads, and
unsafe for columns under high axial loads. Furthermore, the arrangement of
reinforcement in confining core concrete is not explicitly recognized There exist a
need for a more rational design approach incorporating all the relevant parameters
of confinement.
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16.

17.

No specific confinement steel requirements for high-strength concrete are available
in the ACI-318 (1989) building code. However, the extension of the current
normal-strength concrete requirements to high-strength concrete may lead to

conservative design under low axial load, and unsafe design under high axial load.

The displacement based design procedure developed in this investigation for

column confinement incorporates all the relevant parameters of confinement and
produces confinement steel requirements for different drift levels. Hence, it
represents a significant improvement over the current building code procedure.
While the procedure is applicable to both normal-strength and high-strength
concrete columns, the design table developed is only applicable to normal-strength
concrete, since the anchorage slip characteristics of high-strength concrete has not

yet been established.

9.3 Recommendations for Future Research

The following recommendations are made for future research;

1.

The effect of high-strength steel on confinement of high-strength concrete needs to
be investigated using different grades of high-strength steel.

More research is needed to investigate behaviour of high strength concrete columns

under high axial load and lateral load reversals.

The applicability of the procedure used for anchorage slip deformations to high-
strength concrete columns needs to be verified against test data. There is a need for
more experimental data to verify and/or modify the anchorage slip model developed
by Alsiwat and Saatcioglu (1992).
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