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Effect of Concrete Strength on Axial Load Response of Circular Columns

Abstract

The behaviour of 10 spirally reinforced concrete columns and 5 plain concrete
columns subjected to a concentric compressive load is investigated. The reinforced concrete
columns were designed using the CSA A23.3-94 Standard. The experimental specimens
were made of concretes with compressive strengths ranging from 35 MPa to 125 MPa. Two
types of steel spiral reinforcement, Grade 400 and Grade 500, were used to investigate the

ability of a higher yield strength steel to confine the concrete core.

The response of the reinforced specimens is compared to predictions using a stress-
strain model for confined concrete. The determination of the predicted response is based on
the computation of a load-strain response using the effective confining stresses in the
concrete core. The effects of the concrete compressive strength and the steel spiral tensile
strength on the load-strain response are investigated. The peak loads of the spirally
reinforced circular concrete columns are compared to the peak loads predicted by our current

codes of practice.

The response of the plain concrete columns with a wide range of specified
compressive strengths are investigated. The peak loads of the plain concrete columns are

predicted using various concrete stress-block factors provided by different codes.



Les effets de la résistance en compression du béton sur le comportement axial des
’ poteaux circulaires

Résumé

Ce rapport présente une étude expérimentale sur le comportement en compression de
10 poteaux circulaires en béton armé et 5 poteaux non armés. Les poteaux en béton armé
ont été congus selon la norm CSA A.23.3-94. Les spécimens expérimentaux ont été
construits avec du béton d'une résistance spécifiée en compression variant de 35 MPa a 125
MPa. Deux types d'armature, nuance 400 et nuance 500. ont été utilisés pour étudier les
effets de ["utilisation d"acier d armature d haute résistance pour confiner le noyau central du

béton.

Le comportement des spécimens armés est comparé a un modéie contrainte-
déformation de béton confiné. La prédiction du comportement est basée sur la contrainte
effective du noyau central du béton. Les effets de la résistance en compression du béton et
la résistance en tension de I'armature sur le comportement contrainte-déformation sont
analysés. Les charges ultimes des poteaux armés sont comparées aux charges ultimes

indiquées dans nos codes de pratique courante.

Le comportement des poteaux non armés selon différentes résistances spécifiées en
compression est aussi etudié. Les charges ultimes des poteaux non armés sont prédites a

|"aide des modéle de distribution de contraintes normal utilisés dans divers normes.
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Chapter 1

Introduction

1.1 Overview

In recent years High-Strength Concrete (HSC) has increasingly gained acceptance in
the construction industry. This acceptance has occurred so quickly that it has been difficult
for codes of practice to keep pace with the changes. Research in this field is therefore

required to update and to validate our present codes of practice.

HSC offer significant benefits such as an increase in compressive strength, and an
increase in durability. An increase in compressive strength will lead to a reduction in
member size and an economy of materials. while an increase in durability will lead to a
lower life-cycle cost. However, HSC does not behave in the same manner as normal-
strength concrete.  As the concrete’s compressive strength increases. so does its brittleness.
The ductility of high-strength concrete is only a fraction of that of normal-strength concrete.
Low ductility in concrete is detrimental to its performance in areas of high seismic activity.
Therefore. HSC members should be designed differently than normal-strength concrete

members.

Concrete columns require lateral steel reinforcement to improve ductility.  As the
concrete compressive strength is increased in a column. the regular Grade 400 steel
reinforcement may not be strong enough to adequately confine a column' s concrete core

without requiring extremely small spacings of confinement reinforcement.

This paper will study and check the validity of the current codes of practice used in
the design of high-strength circular columns and check whether the use of high-strength

confinement steel is a valid solution to increase the column’s ductility. The compressive



stress-strain response of the reinforced concrete columns will be modeled using procedures

developed in the literature.

1.2 Code Requirements for Confinement of Circular Columns

1.2.1 CSA A23.3-94 and ACI 318-89

The basic design equation for a circular column’s reinforcement is given by:

(Clause 10.9.4. in the CSA Standard (CSA, 1994) and Clause 10.9.3 in the ACI Code (ACI. 1989))

—0as 2e_y )| L
p‘-0.45[ : Ime (D

where, (as given in CSA A23.3-94)
A = area of core of spiraily reinforced compression member measured to outside

diameter of spiral,

Ag = gross area of section,

fe = specified compressive strength of concrete,

fyh = specified yield strength of transverse reinforcement,

Ps = ratio of volume of spiral reinforcement to total volume of core (out-to-out of

spirals), of a spirally reinforced compression member.

In regions with high seismic activity an additional design equation must be satisfied.

CSA Clause 21.4.4.2 (ACI Clause 21.4.4.1) requires that the volumetric ratio. ps_not be less

than the following equation:



p, =012~ (1.2)

This additional requirement is to ensure that large columns have sufficient
confinement and ductility. Equation 1.1 is not conservative enough for large columns due to
the reduced Ag/A.ratio.  As the column’s diameter is increased. the Ay/A, ratio becomes
smaller. Equation 1.2 is therefore applicable for large columns in which the Ag/A, ratio is

less than 1.27.

Equation .1 is not an empirical equation. It was derived analytically, based on
certain assumptions made by ACI Committee 105 in 1933. it has been used in the ACI Code
ever since. This equation is based on an approach that equates the loss associated with the
spalling of the concrete cover. to the strength enhancement provided by the reinforcement
spiral.  The following assumptions were used. First. the strength of shell concrete was
taken as 0.75 f , nine-tenths that of the core concrete which was assumed to be 0.85 f ..
Secondly, the compressive strength of the confined concrete was assumed to increase by 15

percent. (ACI.1933). This gives the foilowing expression,

20, funde = LISX0.T5f (A = A,) (1.3)

Solving for the required volumetric ratio. ps. Eq.1.3 becomes Eq.1.1.

The specifications for spirals are given in Clause 7.6.4 (CSA. 1994). This clause
states that the spiral reinforcement be at least 6 mm in diameter. that the pitch be less than
one-sixth the core diameter and that the clear spacing between successive turns of a spiral

not exceed 75 mm nor be less than 25 mm.



1.2.2 The New Zealand Standard: NZS 3101

[n the New Zealand Standard (NZS, 1995) the basic equation for the design of a
circular concrete column’s spiral reinforcement is to be taken as the larger of Eq.1.4 or

Eq.1.5. (Clause 8.4.7.1) as given by:

- A, f. N’
SU-em) A S N g g0ss L4
2.4 A, f. 61 A4, (1.4)

P,

where. Ag/A, shall not be taken less than 1.2 and pym shall not be taken greater than 0.4.

A ST )
P =155d £, d, (1.5)

In Eq.1.4 and Eq.1.5. £y, must not be taken larger than 800 MPa.

In seismic regions (potential plastic hinge regions). the ratio of spiral reinforcement

is to be taken as the larger of Eq.1.6 or Eq.1.7. (Clause 8.5.4.3) given by:

(13-pm)y A, f° N
4

- 0.0084
A f, 81 4, (1.6)

where. Ag/A. shall not be taken less than 1.2 and pym shall not be taken greater than 0.4

_A S
~=TNod 7, d, (L7



where.

Ac = area of concrete core of section measured to outside of peripheral spiral or
hoop.

Ag = gross area of section,

Agq = total area of longitudinal reinforcement.

dp = longitudinal bar diameter,

d; = diameter of concrete core of circular column measured to outside

spiral or circular hoop,

fe = specified compressive strength of concrete,
fy = lower characteristic yield strength of non-prestressed reinforcement,
fyh = lower characteristic yield strength of spiral. hoop, stirrup-tie or

supplementary cross-tie reinforcement.

m = f/( 0.85 f o).

N* = design axial load at ultimate limit state.

Py = ratio of non-prestressed longitudinal column reinforcement = Ay/A,.

) = strength reduction factor.

Ps = ratio of volume of spiral or hoop reinforcement to total volume of concrete

core (out-to-out of spirals or hoops).



1.3 Code Equations for Ultimate Strength of Concrete Columns

1.3.1 Canadian Standard: CSA A23.3-94

Clause 10.10.4 of the Canadian Standard Association Standard A23.3 (CSA, 1994)

requires that the factored axial load resistance of a reinforced concrete column be limited to

Prmax, where:
Prmax =0.85 Py, for spirally reinforced columns (1.8)
Pmax = 0.80 Py for tied columns (1.9)

The pure factored axial load capacity, P, is given by:
Po=ard fi( Ay = Ay~ = A )+ .S, A, +8,F A~ [ d, (1.10)
Where the stress block factor, o, is:

a, =0.85-0.0015f, 20.67 (L.11)

The terms in these expressions are defined as:

Ag = gross area of section,

Ap = area of prestressing tendon,

Aq = total area of longitudinal steel,

Aq = area of structural steel shape, pipe, or tubing in a composite section.

fe = specified concrete strength of concrete.

for = stress in prestressing tendons when concrete reaches limiting compressive
strain,



fy = specified yield strength of reinforcement,

Fy = specified yield strength of structural steel section,

P = factored axial load resistance at zero eccentricity,

a = ratio of average stress in rectangular compression block to specified concrete
strength,

da = resistant factor for structural steel, taken as 0.9,

dc = resistant factor for concrete, taken as 0.6,

0 = resistant factor for reinforcement bars, taken as 0.85.

1.3.2 American Concrete Institute Code: ACI 318-89

Clause 10.3.5 of the American Concrete Institute Code (ACI. 1989) requires that the

factored axial load resistance of a reinforced concrete column be limited to Pp(may). where:

P = 0‘85¢|_0'85f¢: (4, - 4, )+ £, 4, for spiral columns (1.12)

Py = 0.80¢[0.85fc' (Ag — Ay )+ f},A,,] for tied columns (1.13)

The terms in these expressions are defined in the ACI code as:

Ag = gross area of section,

Ag = total area of longitudinal reinforcement,

fe = specified compressive strength of concrete.

fy = specified yield strength of non-prestressed reinforcement,
¢ = strength reduction factor, taken as 0.75.



1.3.3 New Zealand Standard: NZS 3101
Clause 8.5.1.3 of the New Zealand Standard (NZS. 1995) requires that the design

axial load in compression at ultimate limit state, N*, shall not exceed, 0.856N, The

nominal compressive strength of a concrete column is given by:

N, =a ﬁf(Ag -A,,)+¢, S Ay (1.14)
Where the stress block factor aj. is:

a; =085 for f. <355 MPa (1.13a)

@ =0.85-0.004f, ~55)20.75 for f . > 55 MPa (1.15b)

The terms in these expressions are defined by the NZS 3101 as:

Ay = gross area of section.

Ag = total area of longitudinal reinforcement,

fe = specified compressive strength of concrete.

fy = specified vield strength of non-prestressed reinforcement.
No = critical load given by Eq.l.14.

N* = design axial load at ultimate limit state,

o) = factor defined by Eq.1.135.

by = strength reduction factor.

The NZS has an additional requirement for design in seismic regions. The design axial load

in compression at ultimate limit state. N* . shall not exceed. 0.7bN,.



1.3.4 Comparison of the Three Codes

Both the CSA Standard and ACI Code follow the same approach in finding the
ultimate strength of a column, except for the value of the stress block factor. a;. The ACI
Code assumes that stress block factor,ct|_is constant for the full range of concrete strengths.
while the CSA Standard assumes that a| will decrease linearly as the concrete’s compressive
strength is increased. The New Zealand Standard’s philosophy is somewhere between that
of the CSA Standard and that of the ACI Code. The NZS assumes that a; is constant at 0.85
up to 55 MPa and then decreases linearly with concrete compressive strengths above 55
MPa. Figure 1.1 compares the variation of the stress block factor. a; for the ACI Code, CSA

Standard and NZS Standard as a function of specified concrete strength.

0.90

ACL

0.85 L . L L] L] L - . L] L] L] L] L] L]

0.80

vy

0.75

0.70

0.65
20 40 60 80 100 120
Specified Concrete Strength (MPa)

Figure 1.1:Comparison of a, factors of various codes



1.4 Previous Research on Confinement of High-Strength Concrete

The strength enhancement of confined concrete has been known and studied for
many years. Considére (1903) was the first to introduce spiral reinforcement as
confinement in concrete in 1899. [t was not until 1928, that the effect of the confined
concrete was fully investigated in the famous University of Illinois experiments by Richart.
Brandtzaeg and Brown (1928). In 1928 Richart, ¢t al. reported on tests on the effects of
confined normal-strength concrete using a lateral fluid pressure with varying intensities.
From these tests. Richart et af. developed the following equations for the influence of

confinement on the confined strength. f.. and the associated peak strain e.:

fu=1. k), (116)
IR A
éu—f-mt“k: f_J (1.17)
where
Fec = maximum concrete stress due to confinement.
fe = specified concrete strength.
fi = lateral confining stress.
Ki = confinement factor, taken as 4.1
ka = confinement factor. taken as 5k,
Ecc = maximum strain at at f . under confinement.
Eco = strain at f ..

[n subsequent experiments. Richart et al. (1929) discovered that the increase in the
concrete's compressive strength due to closely spaced steel spirals was approximately the
same as the increase in compressive strength due to lateral fluid pressure. The concrete

confinement stress produced by the spirals, fj, is calculated on the assumption that the steel

10



spiral has yielded and hence equating the tensile yield strength force (2 A fyn) with the

compressive confining pressure on the core (f] d. s) gives the following expression:

24,1, (1.18)
e ds

where,

Ajp = cross-sectional area of the spiral reinforcement,

d. = outside diameter of the spiral reinforcement,

fyn = tensile yield stress the spiral reinforcement,

s = centre-to-centre spacing of the spiral.

In 1978, lyengar et al. (1978) improved Richart’s equation by adding a correction
factor (1-s/d;) and by increasing k; from 4.1 t0 4.6. Confinement becomes less effective as
the spiral's pitch is increased. In Eq.1.19, Iyengar er al. took this into account. The
confinement in Eq.1.19 is reduced as the reinforcement’s pitch approached the column

diameter, resulting in a confined concrete strength given as:

Jee=fo+346f(1-5/d,) (1.19)

The first research performed on the confinement of high-strength concrete was by
Ahmad and Shah (1982). Concrete with strengths as high as 69 MPa were tested. It was
found that as the concrete’s compressive strength was increased, the effectiveness of the

lateral confinement decreased.
Martinez, Nilson, and Slate (1984) tested 94 short confined columns (diameters of 4,

5, and 6 inches) with concrete strength varying from 21 to 69 MPa. They found that the

concrete’s compressive strength and strain at maximum stress all increased with an increase

11



in confinement stress, regardless the concrete strength. The modulus of elasticity of
confined concrete was found to be approximately the same as that of unconfined concrete.
The authors also postulated that the use of very high strength spirals may be somewhat
unconservative because the assumption that the spiral steel yields, may not be true. The

expressions developed by Martinez, Nilson and Slate for confined concrete are given as:

fo=f +40f (l _ %‘) for normal-weight concrete (1.20)
, T ,
fo="f +l.8f,(l—%.) for light-weight concrete (1.21)

Pessiki and Pieroni, (1997) studied the axial load behaviour of large (22 inch
diameter) spirally reinforced high-strength concrete columns. The columns were made of
concrete with strengths varying from 34.5 MPa to 69 MPa. They discovered that ACI
Code's Clause 10.3.5.1 can be used to accurately predict a column’s strength from 34.5 MPa
to 52.7 MPa. Above this strength, it was found that Clause 10.3.5.1 over-predicts the
column’s strength. It was found that an increase in the size and pitch of a spiral, while
maintaining a constant volume of spiral reinforcement led to a decrease in the specimen’s

ductility, confirming the validity of effective confinement. The ductility of the columns

was found to decreased as the specified concrete strength, f ., increased.

Zahn, Park, and Priestley (1987) investigated the use of a higher grade steel for
transverse confining spiral reinforcement in columns with a diameter of 400 mm. Six
normal-strength (20.5 MPa to 27.3 MPa) reinforced concrete columns, with either Grade
380 steel or Grade 275 steel, were subjected to uniform monotonic compression load. It was
found that the volumetric ratio of the confining reinforcement can be decreased with
increasing steel yield strength without resulting in a reduction in compressive strength of the
confined concrete, and that the ductility of the confined concrete. aithough reduced.
remained high. [t was also observed that the ultimate longitudinal compressive strain, that is
when first fracture of a steel spiral occurs, is decreased as a higher grade of steel spiral is

used.

12



Mander, Priestley and Park (1988) observed the stress-strain behaviour of confined
concrete. Twelve full-size specimens, 500 mm in diameter and 1500 mm in height, were
tested. Both Grade 275 and Grade 380 spirals were used. Normal-Strength concrete having
a specified compressive strength of 28 MPa was used. [t was observed that the fracture

strain of the high-strength steel is about 40% lower than that of the medium-strength steel.

1.5 Previous Research on the Stress-Strain Response of Confined Concrete

Mander, Priestley and Park (1988) developed a unified stress-strain approach that is
valid for both circular and rectangular columns.  The stress-strain model is based on the

research of Popvics (1973). The concrete compressive stress, f., can be expressed as:

Sexr
= 7
Je r-l+x" (1.22)
where:
fec = compressive strength of confined concrete,
r = E/(E¢ - Egec),
E. = 5000 (f .)0-5 MPa is the tangent of the elasticity of the concrete.
Esee = fee/ Ecc.
fe = compressive strength of unconfined concrete,
X = Ec/ €cc.

The confinement stresses in the concrete are not constant between the ties or spirals.
Mander et al. (1988) assumed that there was arching action between the contfining ties or
spirals. The arching action was assumed to be parabolic with an initial slope of 45" (See

Fig.1.2). From this assumption, k., the confinement effectiveness coefficient was developed

13



to represent an average confinement stress acting on the concrete core. The following
equations give the confinement effectiveness coefficients for circular hoops. circular spirals,

and rectangular hoops respectively:

o)
- — .
( 2d (for circular hoops) (1.23)
o=/
l-p,
-
(= 2d, (for circular spirals) (1.24)
[ 4
l-p,
s
D PR P
6b.d. 2h, 2d, (for rectangular hoops) (1.23)
t-p,)
where.
be = concrete core dimension to centre line of perimeter hoop in x-direction.
d = concrete core dimension to centre line of perimeter hoop in y-direction.
dq = diameter of spiral,
s = clear spacing between the ties.
Tw? o= sum of the squares of all the clear spacing between adjacent
longitudinal steel bars in rectanguiar section.
Pe = longitudinal reinforcement ratio in the core section.

The eftective confinement pressure. fj. is given as:

fie=ke fi (1.26)



where:

fi = lateral confining pressure applied on the concrete core from transverse
reinforcement,

fle = effective lateral confining stress applied on the concrete core.

ke = confinement effectiveness coefficient.

=

neffectively confined concrete

Effectively confined concrete core

Figure 1.2: Arching Action in Confined Concrete

The general confinement model used by Mander. Priestley and Park (1988) was one

that was developed by William and Warnke (1975) and is given by:

. . - - . ‘- ./I
= —1.2 79 e 9 S
[ =/ —1.254+2.254 {1+ — -/;“ (1.28)

Cusson and Paultre (1995) proposed a stress-strain model for the response of high-
strength concrete square columns. The maximum strength of the confined concrete. f.. was

given as:



-/;'L' = j;'" + 4. lf;t' ( [ .29)

where.
feo = maximum strength of unconfined concrete in a member. taken as 0.85 f .,
fi = nominal lateral pressure applied on the concrete core.

The nominal lateral pressure on tied rectangular columns was taken as:

_ _f,,“, A\/u + A\Jn-

S s ¢, +c, (1.30)

where.

Agpx = total cross-sectional area of the transverse reinforcement perpendicular to the
X-axis.

Aghy = total cross-sectional area of the transverse reinforcement perpendicular to the
y-axis.

Cx = side dimension of concrete core parallel to x-axis.

Cy = side dimension of concrete core parailel to y-axis.

thee = stress in the transverse reinforcement at the maximum strength of confined
concrete.

s = centre-to centre tie spacing.

The confinement of tied concrete columns is assumed not to be uniform throughout
the column. Like Mander er al.(1988). Cusson and Paultre (1995) assumed an arching action
to act in the form of a parabola with an initial tangent slope of 43°. A confinement
effectiveness coefficient was therefore used to take the arching action into account. The
effective confinement coefficient. k.. represents the ratio of the smallest effectively contined
concrete area. midway between the ties. to the nominal concrete core. A.. Cusson used k..

derived by Mander and given in Eq.1.25.
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The effective confinement pressure, k.. for rectangular columns is therefore given

by:

f[,“ \lu' A»h_v)
cote, ) (1.31)

Ji =k S =k
Cusson and Paultre (1995) proposed a stress-strain response based on the work by
Mander er al. (1988). This stress-strain response is broken into two parts. the ascending
branch and the descending branch. The ascending branch is modeled using the relationship
derived by Popovic (1973) (See Eq.1.22). Equation 1.22. requires g, the longitudinal
compression strain corresponding to f... Using experimental data. Cusson and Paultre

developed an expression for g... which is given as:
)
e =& +02] = .
L o /‘ , ( ‘ .-’2)

The descending branch was based on a stress-strain relation developed by Fatitis and Shah

(1985) is given as:

f.= . esolle. e, ] (133
where.
ki = coefficient affecting slope of the descending branch of the stress-strain curve.
b= In0.5
! 1.33a)
(81 500 gu. Y‘ (
k> = coefficient affecting curvature of the descending branch of the stress-strain

curve.
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14
k, =o.ss+16(ff=/fm) (1.33b)

ECsoc = axial strain in condined concrete when stress drops to 0.5f..
- f II ([.33(:)
Eso- =0.004 + 0.13( % )

Cusson and Paultre (1995) also developed an iterative procedure to compute the
stress in the lateral ties for rectangular columns, fyc.. The iterative procedure can compute

the confining stress by using the following expression:

& =0.5¢ -1 1- jjf—’ (1.34)
where.
fec = maximum compressive strength of the confined concrete member.
fle = effective confinement pressure in the concrete core.
thee = stress in transverse reinforcement at maximum strength of confined concrete.
Ecc = axial strain in the concrete corresponding to f..
€hee = strain in transverse reinforcement steel correponding to fhec.

The steps in this iterative procedure are as follows:

l. Compute the effective confinement pressure. fj.. with stress fyc. = i, in the
transverse reinforcement.

Estimate the peak strength of the confined concrete. f.. and the corresponding strain.

[

ecc.
Estimate the gp. in the transverse reinforcement with Eq.1.34.

4. Find the resulting stress f,c. in the transverse steel using the stress-strain relationship
of the steel confinement reinforcement.

[UF]
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5. Re-evaluate the effective confinement pressure, fj., with the new value of fy, only if
fhc(: < fyh~
6. Repeat step 2 to 5 until the value fj. converges.

1.6 Objectives of this Experimental Research

The objective of this research program is to investigate a number of issues related to
confinement of high-strength concrete columns. An experimental program was planned to

investigate the following parameters:

1) The reduction of concrete ductility as the concrete compressive strength is
increased:
2) The effectiveness of a higher grade steel in confining the concrete core: and

3) To determine accuracy of current stress-strain confined concrete models.

A comparison between predictions using current codes of practice and the
experimental resuits will also be performed. The purpose is to evaluate the different
approaches and determine which design philosophy is more appropriate for the design of

high-strength concrete columns.



Chapter 2

Experimental Program

2.1 Design and Details of Column Specimens

Fifteen concrete circular columns were constructed and tested in the Jamieson
Structures Laboratory in the Department of Civil Engineering and Applied Mechanics at
McGill University. Each of these specimens were tested under a compressive concentric

load using a 11 400 kN MTS universal testing machine.

All fifteen columns are identical in size, 1600 mm in height and 305 mm (12 inches)
in diameter with a 15 mm cover. The fifteen columns were cast in five series of three. each
series with a different concrete strength. The nominal concrete strengths were 30 MPa. 40
MPa. 60 MPa, 100 MPa. and 120 MPa. thus encompassing a wide spectrum of concrete

strengths. Figure 2.1 shows the dimensions of the test specimens.

Each of the five test series consisted of three columns. The first column in each
series was reinforced with Grade 400. hot-rolled. deformed steel spiral reinforcement.  The
second column in each series was reinforced with Grade 500 cold-rolled deformed steel
spiral reinforcement. And thirdly, a plain column was constructed with no longitudinal or
transverse steel. The diameters of the Grade 400 and Grade 500 spiral reinforcing bars were
[1.3 mm and 9.5 mm. respectively. The amount longitudinal steel was kept constant in the
twelve reinforced concrete columns. Six No. 20 (d, = 19.5 mm , A; = 300 mm?2) bars were
used in each column. The longitudinal reinforcement ratio of each reinforced column. p,.
was 2.46%. thus satisfying the minimum requirement of at least one percent of longitudinal

reinforcement.

The spirals in each reinforced concrete column were anchored by bending the free
ends of the spirals. at the top and bottom of the column. into the column core. The free end
anchorage length were at least 15d;, as shown in Fig. 2.1. This end anchorage detail was

provided so that the spirals would remain functional after spalling of the concrete cover.
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Figure: 2.1 Dimensions of a Typical Test Column
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The specimens in this experimental program were named in the following manner, C#-#.
The letter C is used to identify the specimens as columns, the first number following the
letter C identifies the nominal concrete compressive strength while the second number
identifies the grade of spiral reinforcement. For instance C40-400 would identify the column
as having a target concrete strength of 40 MPa and a Grade 400 steel spiral reinforcement.

Table 2.1 lists the properties of the individual specimens.

Table 2.1: Test specimen details

Specimen Longitudinal Reinforcement Spiral Reinforcement Concrete
Amount fy Py dy s Ps fin £,
(MPa) (%) (mm) | (mm) | (%) | (MPa) (MPa)
C30-0 - - - - - - - 35.5
C30-400 | 6 No.20 407 246 |3 ] 100 1.40 440 355
C30-500 | 6 No. 20 407 2.46 9.5 100 1.00 560 35.5
C40-0 - - - - -- - - 395
C40-400 | 6 No. 20 407 2.46 1.3 100 1.40 440 39.5
C40-500 | 6 No. 20 407 2.46 9.5 100 1.00 560 39.5
C60-0 - - - - - - - 9.6
C60-400 | 6 No. 20 407 246 11.3 75 1.86 440 59.6
C60-500 | 6 No. 20 407 2.46 9.5 80 1.24 560 39.6
C100-0 -~ -- - - - - - 1199
C100-400 | 6 No. 20 407 246 11.3 43 3.1 440 1199
C100-500 | 6 No. 20 407 2.46 9.5 50 1.99 560 119.9
C120-0 - - - - - - - 1254
C120-400 | 6 No. 20 407 2.46 11.3 35 4.00 440 125.4
C120-500 | 6 No. 20 407 2.46 9.5 40 2.48 560 1254

The spiral reinforcement was designed to meet the seismic design requirements of
the 1994 CSA A23.3 Standard (CSA. 1994) and the 1995 ACI 318 Code (ACI. 1989)
requirements, which are similar. Clause 10.9.4 of the 1994 CSA Standard requires that all
spirally reinforced concrete columns contain a minimum ratio of volume of spiral

reinforcement equal to:

[ Ag f.
L =043 22| L
p (-4‘ ]fl (2[)

1~
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where.
A, = the gross area of concrete,

Ac

the area of the core of the column measured to the outside diameter of the

spiral.

Clause 21.4.4.2 cf the CSA Standard requires that p ; be not less than that given by:

p.=0.12d
v (2.2)
where,
fbon = the specified yield strength of spiral reinforcement.

Equation 2.2 governs because the ratio Ay/A. in Eq. 2.1 is less than 1.27.  Although
the CSA Standard requires that the spacing not exceed one-sixth of the core diameter. nor 75
mm, a practical maximum spacing of 100 mm was chosen in the C30 and C40 reinforced

specimens even though Eq. 2.1 and Eq. 2.2 ailowed for a larger spacing.

All fifteen specimens were cast vertically in sonotube. wax-coated cardboard tubes.
Each series was cast separately with the concrete placed in three layers and thoroughly
vibrated. The specimens were moist-cured in the forms for one week. After this sealed
curing. the forms were stripped and cured at an ambient temperature of about 20° C and an

average relative humidity of about 70%.

o
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2.2 Material Properties

2.2.1 Longitudinal Reinforcement

The longitudinal reinforcing steel consisted of hot-rolled Grade 400 deformed bars
satisfying CSA Standard G30.18-M (CSA, 1992). All longitudinal reinforcing steel was
No.20 bars (A;=300 mm2, d,=19.5 mm) and a weldable grade as required by CSA A23.3 for
columns in ductile moment-resisting frames. The average values of the mechanical
properties for the longitudinal bars were determined by testing three specimens at random
and are summarized in Table 2.2. Figure 2.2 shows a typical stress-strain response of the

longitudinal reinforcing steel bars.

Table 2.2: Average mechanical properties for No. 20 reinforcement bars

A f\ Ly fu
(mnr') {MPa) (mavmm) (MPa)

300 402 [ 0.00201] 656

700

600

¢

500 I,
50 mm
gauge length L
A

!

200 I

400

300 -

Stress MPa

100 !

t] 0.05 0.1 0.15 0.2
Strain mm/mm

Figure 2.2: Typical stress-strain relationship for No.20 bars



2.2.2 Spiral Reinforcing Steel

Two types of spiral reinforcing steel were used, a Grade 400 hot-rolled deformed
reinforcing bars and a Grade 500 cold-rolled deformed reinforcing bars. The bars were bent
and coiled into spirals. The hot-rolled bars conform to the requirements of CSA Standard
G30.18-M (CSA, 1992) and the cold-rolled reinforcement conforms to the requirements of
CSA Standard G30.14-83 R1991 (CSA, 1991). The hot-rolled Grade 400 spirals were made
from No.10 reinforcing bars (Ay=100 mm2, dy,=11.3 mm). The cold-rolled Grade 500 spirals
were made from #3 reinforcing bars (A;=70.8 mm2. d,=9.5 mm). The average values of the
mechanical properties of the spiral reinforcement were determined by testing three random
samples and are summarized in Table 2.3. Figure 2.3 shows typical stress-strain
relationships for the two types of spiral reinforcement. It is noted that the cold-rolled Grade
500 reinforcement has a considerably smaller ductility than the hot-rolled Grade 400
reinforcement. Unlike the longitudinal reinforcement. the Grade 400 steel used for the spirals

has no distinct vield plateau.

Table 2.3: Average mechanical properties of the steel spiral

Grade A fn oy f,
(mm?) (MPa) (mmvmm) (MPa)

400 100 410 0.0021 656

500 71 510 0.0025 697

9
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Figure 2.3: Steel spiral stress-strain responses
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2.2.3 Concrete Properties

Five different strength concretes were used in this experimental program. Two
series were produced at McGill University’s Jamieson Structures Laboratory, the C30 and
C60 series. The design mixes were obtained from a local ready-mix plant. The very high-
strength concrete, the C100 and C120 series, were produced at the Civil Engineering
Laboratories at the University of Sherbrooke. Finally. the concrete for the fifth series. the
C40 series, was supplied by a local ready-mix plant. Table 2.4 describes the five concrete
mixes used for this experimental program. Silica fume was used in the high-strength
concrete series, C60, C100 and C120. A concrete slump of at least 200 mm was provided
to ensure that the concrete could be placed through the congested reinforcing cages. The
coarse aggregate consisted of limestone with a maximum aggregate size of 20 mm for the
C30 and C40 concrete. and a maximum aggregate size of 10 mm for the C60. C100 and
C120 concrete. All specimens were cured as described in Section 2.1. Figure 2.4 shows the

representative concrete stress strain responses in compression.

Table 2.4: Concrete mix designs

Specitied Concrete Strength 30 40 60 100 120
Cement kgmty | 355 3189 470 540 500t
Silica Fume (kg/rm') -- -- (3525 | 40.5° 55
Fine Aggregate thg/nr) 790 837 741 720 840
Coarse Aggregate (kg/mr) 1040 1119 1063 1100 1050
Water (L) 178 125 135 14 100
Water-Cement Ratio 0.5 0.39 0.29 025 0.19
Water Reducer (mL/m) 1110 1057 1471 .- --
Air-Entraining Agent (mL/m’) 180 129 480 -- --
Superplasticizer {Linr) -- -- I 208 i)
Retardent (mL/m’) -- -- 600 750 --

(1) Type 10 cement

() Type 30 cement

(3) Type LOSF cement

(4) Type 50 cement

(3) Quantity already included in Type 10SF cement



A series of standard cylinders and flexural beams were prepared from each of the
five concrete batches and tested to determine the concrete properties. These specimens had
identical curing to the column specimens, as described in Section 2.1. The compressive
strength and split-cylinder tests were each determined from three 150 mm diameter by 300
mm cylinders from each batch. From the compression tests the following properties were
obtained: the concrete compressive strength t ¢, the peak strain €, and the modulus of
elasticity, E.. The secant modulus of elasticity was calculated as the slope of the secant of
the stress-strain curve at 0.4 f ¢, on the ascending part of the curve. The split-cylinder test
was used to obtain the splitting tensile stress, fs,. The modulus of rupture, f,, was determined
by subjecting the flexural beams to a three point loading tesi. The flexural beams had
nominal dimensions of 150 x 150 x 600 mm. Table 2.5 gives the average values of the

material properties obtained from three samples, along with the standard deviation of these

properties.
140
{ €120 Series
120 ; * C100 Senes
100 | :
E c
$ 80
]
° 60 - C60 Senes
a
40
20 ] C30 Senes
0 :
0 0.001 0.002 0.003 0.004

Strain (mm/mm)

Figure 2.4: Concrete stress-strain responses
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Table 2.5: Concrete Properties

Series f'c &co f‘r fsp
(MPa) |(mm/mm)| (MPa) (MPa)

30 353 | 0.00302 3T 137
(std. Deviation) | (2.46) | (0.00145) | (0.02) 0.21)

T30 03 0.00232 162 3.04
(std. Deviation) | (0.68) | (0.000011)| (0.28) (0.15)

C60 30.5 0.00262 333 341
(std. Devigtioy | (1.07) | (0.0018) | (0.30) (0.03)

C100 T30 | 0.00320 10.36 YA K]
(std. Deviationy | (2.03) | (0.00002) | (0.19) (0.08)

C120 1254 | 0.00339 937 73
(std. Deviatiomy | (1.94) | (0.00123) | (0.74) (0.23)

For each concrete type, two shrinkage specimens were cast along with the cylinder
and flexural beam specimens. Each standard shrinkage specimen was 50 mm x 50 mm with
a 280 mm gauge length. Readings were taken periodically between two metal studs
embedded in the shrinkage specimens. Figure 2.5 shows the average shrinkage versus time

responses of the shrinkage specimens for the concrete from each series.
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2.3  Test Setup

All specimens were tested under the 11400 kN capacity MTS universal testing
machine in the Department of Civil Engineering Structures Laboratory at McGill University.
The specimens were placed vertically on top of a three inch thick steel plate. A one inch steel
bearing plate was placed on the top of the specimen. Special attention was taken to ensure
that the specimens were aligned vertically to eliminate loading eccentricities. A thin layer
of grout was placed both on the bottom and top of the each specimen to ensure a proper

bearing surface.

Steel collars were place at the top and bottom of each specimen. The collars were
fabricated from one half-inch thick, twelve inch diameter steel pipe. See Fig. 2.6 for collar
details. These collars were used to provide additional confinement at the top and bottom of
the specimens. At each end of the specimen. a |0 mm gap was provided between the steel
collar and the end steel bearing plate. This ensured that the steel collar would not bear

against the steel plate.

Figure 2.6: Specimen confinement collar

Special precautions were taken for the plain concrete specimens. [t was anticipated
that the plain specimens would fail abruptly and have little structural integrity. As a safety
precaution for the plain concrete tests, the steel collars were fitted with steel plates to attach

a steel wire connecting the top of the column specimen to the head of the testing machine.



2.4 Instrumentation

The response of each specimen was monitored continuously throughout the test by a
computerized data acquisition system.  The data acquisition system measured the load
from the load cell, displacements from the Linear Voltage Differential Transducers
(LVDT's) and strains from the electrical resistance strain gauges at frequent intervals of

applied load.

There were two LVDT configurations, one configuration for the six ultra high-

strength specimens and another configuration for the other specimens.

The lower strength specimens have eight vertical LVDT’s as shown in Fig. 2.7.
Three LVDT have gauge lengths of 1400 mm while the other five LVDT’s have gauge
lengths of 280 mm. The three full-length LVDT’s were attached to the steel collars at the
bottom of each specimen to determine the average strains over the height of the column
specimens. The LVDT’s with the shorter gauge lengths were attached to threaded rods
embedded in the concrete specimen in order to determine the strains in different segments

over the column height.

Four vertical LVDT’s were used for the six ultra high-strength concrete specimens
(series C100 and C120) as shown in Fig. 2.8. All four LVDT’s had a gauge length of 1400
mm. The shorter gauge length LVDT's were not used on these very high-strength concrete

columns because there was concern that the holes for the threaded rods may affect the

strength.

Strains were measured by the use of electrical resistance strain gauges. Two
electrical resistance strain gauges, having a gauge length of 2 mm, were glued to the lateral
confining spiral steel at the column mid-height, 180 degrees apart, as shown in Fig. 2.9.
These electric resistance strain gauges were used to monitor the strain of the spiral steel of

the spiral reinforcement.
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Figure 2.7: LVDT configuration for C30, C40, and C60 series
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2.5 Test Procedure

All fifteen specimens were tested in the same manner. The MTS machine was used
to apply load at a slow rate to avoid dynamic affects. A loading rate of 0.003 mm/sec was
used throughout the test. The loading was applied until the failure of the plain concrete
columns, whereas the reinforced concrete columns were loaded beyond the deflection
corresponding to their maximum load. The reinforced columns were loaded until the
specimen was only able to carry 50% of it peak load. The duration of each test was
approximately three hours for the reinforced specimens and one hour for the plain

specimens.



Chapter 3

Experimental Results

3.1 Introduction

[n this chapter the behaviour of the fifteen column specimens is presented. The
results of this experimental program are presented in six sections. one section for the five
plain concrete specimens, and a separate section for each of the five reinforced concrete
column series. In addition, comparisons will be made between the three column specimens
in each series. For the lower strength series, C30, C40, and C60 figures are included
showing the distributions of longitudinal strain over the full height of the column. On each
figure, the gray shaded segments indicate the load-strain response in that particular segment
of the column.  The energy absorption capacity of the reinforced columns is also

compared.

The energy absorption capacity of the reinforced column specimens will be measured
by comparing the area under the load-strain curve and by comparing the specimen’s
longitudinal strain at the point where the load carrying capacity of the specimen falls to 50%
of the peak load on the descending branch of the load-strain response. The area will be
computed by numerical integration from zero strain until the strain at 50% of peak load on
the descending branch. The area under the load-strain response curve provides a measure of

the toughness of each column.

3.2 Response of Plain Concrete Specimens

Five plain column specimens were tested. having nominal compressive strengths of
30. 40, 60. 100, and 120 MPa. Figures 3.1 through Fig. 3.5 show the load-strain responses
for each of the five plain column specimens. Note that only the first three column specimens

have plots of the longitudinal strain distribution over the height of the column. The two ultra



high-strength plain concrete column specimens did not include local strain measurements for
the reasons mentioned in Section 2.4.2. Table 3.1 compares the peak load and
corresponding strain for each of the five plain concrete specimens. Figure 3.6 compares the

load-strain response of all five plain column specimens.

Specimens C30-0 and C40-0 both failed in a manner similar to the failure of a
standard concrete test cylinder in a compression test. These two plain columns failed in a
relatively gradua! manner rather than in an abrupt brittle failure. Therefore. both specimens
still had some degree of structural integrity after reaching their peak loads. Specimen C40-0
reached its peak load at a strain of 0.00207, while Specimen C30-0 reached its peak load at a
strain of 0.0032. The strain at the peak load of Specimen C40-0 was over 30% smaller than

that of Specimen C30-0.

Table 3.1: Summary of Results for the Plain Concrete Specimens

Specimen Peak Strain

Load at peak

(kN) (movmm)
C30-0 2368 0.00320
C40-0 2861 0.00207
C60-0 3278 0.00254
C100-0 5414 0.00327
C120-0 6859 0.00309
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Figure 3.6: Plain specimens load-strain responses

Specimen C60-0 showed no ductility when compared to Specimen C30-0 or C40-0.
It did not have a descending branch on the compressive load-strain response. The failure
was somewhat explosive. A 5 kg fragment of the concrete specimen exploded at failure and
traveled over two metres. Due to the explosive nature of this specimen’s failure, there was
no structural integrity after the peak load was reached. The failed specimen fractured into
two equal parts. Specimen C60-0 failed with an average longitudinal strain of 0.00254.
measured along the full height. As with Specimen C40-0. the strain was lower than the
average concrete crushing strain obtained from the standard cylinder tests. Figure 3.3 shows

that the strains in all five segments were close to uniform.

The high-strength plain concrete specimens. C100-0 and C120-0 were extremely
brittle with load-strain curves exhibiting a linear response with no post-peak resistance.
Although no ductility was observed. both specimens exhibited warning signs that suggested
that their failure was imminent. A longitudinal splitting crack over the full height of each
column developed. The crack width was about | mm. Both specimens failed in violent

explosions. Figure 3.7 shows a photograph of Specimen C100-0 after failure. Specimen



C100-0 still had some structural integrity even though over half of its cross-sectional area
had been lost. The failure of Specimen C120-0 was more extreme than that of Specimen
C100-0. Two vertical cracks about 50 mm apart formed over the entire height of the
specimen. After Specimen C120-0's explosive failure, only the concrete between the
vertical cracks remained. This failure released so much energy that the steel circular collar
was deformed into an ellipsoid shaped collar.  The strains at failure for Specimens C100-0
and C120-0 are similar, 0.00327 versus 0.00309, respectively. Figure 3.8 shows a
photograph of Specimen C120-0 after failure.



Figure 3.7: Specimen C100-0 at failure



Figure 3.8: Specimen C120-0 at failure
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3.3 Summary of Results for the Reinforced Column Specimens

Table 3.2 shows test results of the reinforced specimens obtained from the

experimental procedure discussed in Section 2.3. The following information is given:

Asg = area under the load-strain curve integrated from € = 0 until £ = ¢3¢

Pmax = peak load carried by the specimen,

Ecc = axial strain of confined concrete corresponding to the peak load.

ECcsoc = axial strain in confined concrete corresponding to the point where the load.

dropped to 0.5P, on the descending branch,

Ps = ratio of transverse reinforcement in column cross-section.

Table 3.2: Summary of responses for the reinforced specimens

Specimen Py Poax € Ecsoc Ag
(%) N | (mm/mm) | (mm/mm) | (kN)
C30-400 1.40 2789 | 0.004864 | 0.0175 40.69
C30-500 1.00 2771 0.002379 | 0.0810 19.3
C40-400 1.40 3893 | 0.003233 | 0.0145 4143
C40-500 1.00 3984 | 0.004329 | 0.0083 2468
C60-400 1.86 3982 | 0.003795 | 0.0155 46.13
C60-500 1.24 4024 | 0.004021 | 0.0083 24.45
C100-400 3.1 6222 0.00576 | 0.0201 84.13
C100-500 1.99 6598 | 0.004978 | 0.0081 219
C120-400 4.00 7303 | 0.009054 | 0.0303 102.99
C120-500 2.48 7611 0.007557 | 0.0132 44.13
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3.4 Response of C30 series

The C30 series was instrumented with 8 LVDT's and 2 strain gauges as shown in

Fig. 2.7 and Fig 2.9. The results are summarized in Table 3.2.

3.4.1 Response of Specimen C30-400

Specimen C30-400 behaved in a ductile manner. The strain at failure of Specimen
C30-400 was about eight times that of the plain concrete specimen. Cracking began at the
center of the specimen, but had little affect on the specimen’s response until the load reached
2603 kN at an average strain of 0.00295. At this point the concrete cover spalled off.
Although the load did not drop at this point, a noticeable change in the slope was apparent on
the load-strain curve (see Fig.3.9). The specimen’s load carrying capacity continued to
increase until a peak load of 2787 kN was reached at an average strain of 0.00501. thus
exhibiting significant post-spalling behaviour. This 187 kN increase in load carrying
capacity after spalling can be attributed to the confining effect of the spiral reinforcement.
After the peak. the load carrying capacity of the specimen dropped at an approximately
constant rate until the buckling of the vertical bars ended the test. The steel spiral did not

rupture and thus remained fully effective throughout the test.

The stress in the steel spiral never reached the ultimate stress because the strain in the
steel spiral remained considerably below that of the rupture strain. The two strain gauges on
the spiral reinforcement were 180" apart and at about the same elevation. However. these
gauges showed significantly different strains (see Fig.3.10). One strain gauge indicated that
the spiral had yielded. while the other strain gauge indicated that the spiral did not yield.

The strains in the spiral decreased after the peak load. This is attributed to a relaxation effect
due to the longitudinal bar buckling. As soon as the longitudinal bars began to buckle. the

strain in the spiral decreased.
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The strains at different sections in Specimen C30-400 are shown in Fig 3.11. From
. these plots it is easy to see where the failure occurred. The strain response measured by
LVDT 5 was far greater than the strains of all the other LVDT's. A decrease in strain in the

neighboring LVDT’s was also recorded after the peak load was reached.
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3.4.2 Response of Specimen C30-500

Specimen C30-500 also behaved in a ductile manner. The first cracks appeared
slightly below the top steel confining collar. However, these initial cracks soon spread
downward and continued increasing in size and number until spalling occurred throughout
the specimen. Specimen C30-500 continued to carry additional load until a peak load of
2771 kN was reached at an average strain of 0.0024. No clearly defined post-peak behavior
was noticed. Spalling occurred progressively until the peak load was reached. Figure 3.12
shows the load-strain response for Specimen C30-500. After reaching the peak load, the
load dropped slightly and then remained relatively constant, indicating that the spiral steel
had not yet yielded. When a longitudinal strain of 0.0063 was reached, the load carrying
capacity of the specimen began to decay at an accelerated rate, indicating that the spiral had
yielded. This decay in the specimen’s load carrying capacity continued until the spiral
ruptured. The first rupture occurred at an average longitudinal strain of 0.008. A second
rupture quickly followed at an average strain of 0.0081. Both spiral steel ruptures occurred
near each other at approximately the same column height. Both fatlures occurred near the

vertical bars, due to additional stress on the steel spiral caused by the buckling vertical bars.

The failure in this test occurred at the top of the specimen, away from strain gauges
at mid-height. The spiral reached only half-yield at mid-height. Therefore. there was a
large variation in the spiral’s stress. Figure 3.13 shows the strain gauge readings for
Specimen C30-500. Where the steel spiral ruptured, an ultimate stress of 697 MPa was
reached, whereas only a stress of about 280 MPa (about half-yield) was measured by the
strain gauges at the specimen’s mid-height.  Once the specimen began to fail due to

concrete crushing, the strain in the steel spiral decreased.

Figure 3.14 shows the strains at the different sections of Specimen C30-500. Once
again the post-peak strain is highly localized. The strains are uniform until the peak load is
reached, but once the peak load is reached, only the strains in the two top segments continue

to increase, while the strains in the bottom three segments remain constant.
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3.4.3 Comparison of C30 Series

Both reinforced specimens behaved similarly up to a longitudinal strain of 0.008.
Figure 3.15 shows a plot of both specimens, and Fig. 3.16 shows a photograph of both
specimens following the test. Specimen C30-400 was twice as ductile as Specimen C40-
500. The areas under the load-strain curves for Specimens C30-400 and C30-500 are 40.69
kN and 19.30 kN, respectively. This large difference in column ductility is attributed to the

fact that the Grade 500 steel was much less ductile than the Grade 400 steel (see Fig 2.3).

The peak load from both specimens was approximately the same. However. the C30
specimens did behave differently prior to the peak load. Specimen C30-400 has a well-
defined point at which spalling began. while Specimen C30-500 only showed a slight change
in slope where spalling began. After the spalling of the concrete cover. both specimens
gained load due to the confinement provided by the spiral, but the increase in load in

Specimen C30-400 was more significant.
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Figure 3.16: Photo of C30-400 and C30-500 at failure



3.5 Response of C40 series

The C40 series was instrumented with 8 LVDT’s and 2 strain gauges as shown in

Fig. 2.7 and Fig. 2.9. The results are summarized in Table 3.2.

3.5.1 Response of Specimen C40-400

The load-strain response for Specimen C40-400 is shown in Fig. 3.17.  Cracking in
the concrete cover began when the load reached 3750 kN. This initial cracking began near
the top steel confining collar and quickly spread downward throughout column. The
spalling of the concrete cover began when a load of 3808 kN at an average longitudinal
strain of 0.0029 was reached. This point is not as well defined as that of Specimen C30-400.
with only a slight change of slope being identified in Specimen C40-400. The slope of the
load-strain response changed from a linear response to parabolic response. This increase in
the specimen’s load carrying capacity was due to the confining effects of the spiral steel. A
peak load of 3893 kN at an average longitudinal strain of 0.00323 was reached. After the
peak load was reached. the load carrying capacity of the column dropped at an
approximately linear rate until the specimen failed. The failure of Specimen C40-400 was
caused by the buckling of its vertical reinforcement bars. The spiral did not rupture in this

test.

Since the steel spiral did not rupture in this test. the ultimate stress of the spiral was
not reached anywhere in the specimen. The two strain gauges on the specimen showed only
a slight strain in the steel spiral at mid-height. Although. the stress in the steel spiral at
mid-height was less than half of its yield stress, it is likely that a higher stresses in the spiral

reinforcement were present where crushing in the concrete occurred.

Figure 3.19 shows the longitudinal strain of the five segments of the column

specimen. The strains in all five segments were approximately equal until crushing. Once



again, most of deflection after the initial crushing occurred in the segment of the specimen

. that the crushing of the concrete occurred.
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3.5.2 Response of Specimen C40-500

The load-strain response for Specimen C40-500 is shown in Fig. 3.20. Unlike the
previous specimen, Specimen C40-500 did not begin cracking near the top steel confining
collar. Cracking began about one-third up the height of the column specimen. The
cracking then quickly spread upwards until most of the specimen exhibited cracking. The
spalling of the concrete cover began at a load of 3784 kN and an average longitudinal strain
0f 0.00324. Like Specimen C40-400, spalling is shown in Fig. 3.20 by a slight deviation in
the slope of the load-strain response. The slope changed from a linear response to parabolic
response. The confining effects of the spiral allowed this specimen’s load carrying capacity
to increase to a peak load of 3974 kN with an average longitudinal strain of 0.00451. From
this point on, the load carrying capacity of this specimen dropped at a steep linear rate until
the specimen failed. The specimen failed due to a rupture of the steel spiral resuiting in the

loss of confinement.

Since the spiral reinforcement ruptured in Specimen C40-500. the peak steel stress
was approximately the ultimate stress of the steel (697 MPa). The strain gauges at mid-
height gave difterent results. The first strain gauge yielded. while the second strain gauge
reached about three-quarter of yield stress of the steel spiral. Therefore. the stress in the
spiral had a significant strain variation. Figure 3.21 shows the load versus spiral strain

response for Specimen C40-500.

Figure 3.22 shows the distribution of longitudinal strains over the five segments in
Specimen C40-500.  The strains in all five segments were similar until the crushing of the
concrete. During the crushing of the concrete. the strain in segment two became many times
greater than the strain in the other segments. The strain in the other four segments remained

approximately constant.
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3.5.3 Comparison of C40 Series

The peak loads of both reinforced C40 specimens differed by less than 2%.
However, their strains at their peak loads were significantly different. Specimen C40-400s
peak load occurred at a strain of 0.00323, while Specimen C40-500"s peak load occurred at a
strain of 0.00433. The rate of load decay after the peak load was also different.  Afier its
peak load was reached, Specimen C40-500’s load dropped very steeply. while Specimen
C40-400’s load decayed in a more gradual manner. Figure 3.23 shows us the responses of

the C40 specimens and Fig. 3.24 compares the C40 series after testing.

The energy absorbed or toughness of the specimens was significant for both
specimens. The area under the load-strain curve being 41.43 kN for Specimen C40-400 and
24.68 kN for Specimen C40-500. The average longitudinal strain at the specimen’s failure

was 0.0145 for Specimen C40-400 and 0.0083 for Specimen C40-500.
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Figure 3.23: Load-strain response for C40 series
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Figure 3.24: Photo of C40-400 and C40-500 at failure



3.6 Response of C60 series

The C60 series was instrumented with 8 LVDT's and 2 strain gauges as shown in

Fig. 2.7 and Fig 2.9. The results are summarized in Table 3.2.

3.6.1 Response of Specimen C60-400

The load-strain response of Specimen C60-400 is shown in Fig. 3.25. Ata load of
2250 kN, horizontal cracks developed at the mid-height of the specimen. much earlier than
anticipated. However, these cracks did not seem to have any significant influence on the
overall stiffness of the specimen. Specimen C60-400 reached a peak load of 3982 kN with
an average longitudinal strain of 0.0038. Unlike the previous specimens, Specimen C60-
400 did not exhibit a noticeable first peak or change in slope even after reaching an average
longitudinal strain of approximately 0.00335. the typical concrete compressive strain limit.
After the peak load was reached. the load carrying capacity of the specimen dropped.
stabilizing at 3050 kN. Specimen C60-400 was able to sustain this load until the spiral
ruptured at an average longitudinal strain of 0.0132. This initial spiral rupture caused the
load carrying capacity of this specimen to drop by over 400 kN. The bond between the
concrete and spiral was lost. causing the loss of confining stresses near the region of the
rupture. After this initial rupture the vertical reinforcing bars began to buckle. The load
continued to decay until the second rupture occurred. The second rupture in the spiral
occurred at an average longitudinal strain of 0.0155. This caused the load to fall below half

of the peak load and the test was stopped.

Figure 3.26 shows the load versus spiral strain response for specimen C60-400.
Only one curve is shown on the graph because one strain gauge was damaged during casting
and did not function. The second strain gauge was located near the region of initial cracking.
Since the steel spiral ruptured it is evident that the spiral developed stresses greater than 653

MPa (ultimate stress). which indicates that a significant confinement effect was developed.
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All the concrete crushing and spiral rupturing occurred near in the mid-height of the
specimen. Very little concrete crushing and no spiral ruptures were observed elsewhere.
Figure 3.27 shows the strains in the five segments of the column. From these plots it is

evident that the crushing was localized in two segments of the column.

3.6.2 Response of Specimen C60-500

The load-strain response of Specimen C60-500 is shown in Fig 3.28. Vertical
cracking began near the top steel collar at a load of 3900 kN. A peak load of 4024 kN was
reached at an average longitudinal strain of 0.00402. Like Specimen C60-400. it is difficult
to notice any significant changes in stiffness due to the spalling. Spalling occurred
progressively and only over the top third of the column. Once the peak load was reached.
the load dropped rapidly. but stabilized at a constant decreasing rate until the spiral ruptured
at an average longitudinal strain of 0.0676. causing the load carrying capacity of the
specimen to decrease by 400 kN.  After this first rupture. the load went back to its original
load decay rate until a second rupture in the spiral occurred. A second rupture in the spiral
occurred at an average longitudinal strain of 0.0786. causing the load carrying capacity of
the specimen to fall by an additional 500 kN. Slight buckling of the vertical reinforcing bars

was also observed after failure.

Both strain gauges on the spiral were relatively far from the location concrete. The
spiral at the mid-height of the column reached only about one-quarter of its yield strain.
However. stresses in the spiral were very much larger than the yielding stress at some
locations since the spiral ruptured. Therefore. a wide variation in the spiral stress occurred

in this specimen.

The load-strain responses for the five segments of Specimen C60-500 are shown in

Fig 3.30. All of the crushing occurred over two segments.
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3.6.3 Comparison of C60 Series

Figure 3.31 compares the response of both reinforced column specimens in the C60
series. Both C60 specimens have nearly identical load-strain responses, until the rupture of
Specimen C60-500’s spiral reinforcement. Their peak loads and their associated average
strains at peak loads are also approximately equal. The failures of both specimens were
very localized because the spalling of the concrete cover did not spread over the height of the

specimen.

Specimen C60-400 displayed a greater toughness than Specimen C60-300. The area
under the load-strain curve is 46.13 kN and 24.45 kN respectively, while the strain at 0.5f,.
on the descending branch is 0.0155 and 0.00823, for Specimens C60-400 and C60-500.
respectively. Figure 3.32 shows a photograph of Specimens C60-400 and C60-500

following the test.
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Figure 3.32: Photo of C60-400 and C60-500 at failure
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3.7 Response of C100 series

The C100 series was instrumented with 4 LVDT's and 2 strain gauges as shown in

Fig. 2.8 and Fig. 2.9. The results are summarized in Table 3.2.

3.7.1 Response of Specimen C1060-400

The load-strain response of Specimen C100-400 is shown in Fig 3.33. Specimen
C100-400 began to crack at its mid-height at a load of 5200 kN. The cracks quickly spread
throughout the specimen as the loading increased. The load carrying capacity of Specimen
C100-400 continued to increase linearly until a load of 5489 kN and at an average
longitudinal strain of 0.00366 was reached. At this load the concrete cover spalled
throughout the height of the column. The spalling of the concrete cover caused a slight drop
in load. However. due to the confinement, the load carrying capacity of the specimen was
able to increase after the concrete cover had spalled. Specimen C100-400 continued
carrying additional load until the steel spiral yielded. with a peak load of 6222 kN and at an
average strain of 0.00576. From this point on, the load decreased until it stabilized at a load
of 4000 kN. The load stabilization was caused by the strain-hardening of the spiral steel.
Specimen C100-400 continued to hold this load until the first rupture of the spiral
reinforcement occurred at an average longitudinal strain of 0.0179. After this failure. the
spiral began to rupture in several other locations. Buckling of the vertical reinforcing bars

also contributed to the rupture of the spiral.

Figure 3.34 shows the load versus spiral strain response. One strain gauge was not
functional. The functional strain gauge clearly shows that the strains in the spiral exceeded
the yield strain.  Stresses in the spiral steel were quite uniform because the concrete cover

had spalled uniformly throughout the specimen.
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3.7.2 Response of Specimen C100-500

Figure 3.35 shows the load-strain response for Specimen C100-500. Specimen
C100-500 began to crack at a load of 5900 kN. [In a manner similar to Specimen C100-400.
these initial cracks spread throughout the test specimen. Upon reaching a compressive load
of 6007 kN at an average longitudinal strain of 0.00374, the concrete cover began to spall.
Spalling occurred throughout the specimen. The confinement from the steel spiral increased
the load carrying capacity of this test specimen until a peak load of 6598 kN at an average
longitudinal strain of 0.00498. After reaching the yield stress of the steel spiral. the load
dropped until stabilizing at about 5200 kN. At an average longitudinal strain of 0.0783 the
spiral ruptured. No longitudinal bar buckling was observed. Many more ruptures occurred

in the spiral. All the ruptures were in the same segment. one above the other. as shown on
Fig 3.37.

Figure 3.36 shows the load versus spiral strain response for Specimen C100-500.
One strain gauge was not functional. The functional strain gauge shows the significant
straining of the spiral. The stress in Specimen C100-500's spiral clearly reached the ultimate

stress since the spiral ruptured throughout the specimen.
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3.7.3 Comparison of C100 Series

Figure 3.38 compares the load-strain response of specimens C100-400 and C100-
500. Both specimens exhibited similar responses until the initial rupture of the spiral
reinforcement in Specimen C100-500. The peak loads differed by about 6%, but their strains

at peak load were similar. The rate of load decay for both specimens is also similar.

The only significant difference between both specimens is in their toughness.
Specimen C100-400 failed at an average longitudinal strain of 0.0206, while C100-500 failed
at an average longitudinal strain of 0.0081. a ratio of about two to one. The ratio of areas
under the load-strain curves also had a ratio of about two to one: Specimen C100-400 having

a toughness of 84.13 kN, while Specimen C100-500 had a toughness of 42.19 kN.
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Figure 3.38: Load-strain response for C100 series
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Figure 3.39: Photo of C100-400 and C100-500 at failure
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3.8 Response of C120 series

The C120 series was instrumented with 4 LVDT's as shown in Fig. 2.8. Two strain
gauges were included in each reinforced specimen, however they did not function. The

results are summarized in Table 3.2.

3.8.1 Response of Specimen C120-400

Figure 3.40 shows the load-strain response for Specimen C120-400. The cracking of
the concrete cover began near the top steel confining collar at a load of 5600 kN. This
cracking continued until the concrete cover spalled at a load of 6427 kN with at an average
longitudinal strain of 0.00551. A well-defined initial peak load was evident when the
spalling of the concrete cover occurred. The spalling was extensive. occurring over the
height of the specimen. After the spalling of the concrete cover. the load carrying capacity
of Specimen C120-400 began to increase again, reaching a peak load of 7303 kN at an
average longitudinal strain of 0.00905. This 876 kN increase in load carrying capacity was
entirely attributed to the confinement provided by the steel spiral. Once the specimen’s
longitudinal strain reached 0.00939, the load carrying capacity of this specimen fell rapidly
by over 1000 kN. After this sudden drop. the load stabilized and maintained a constant
decay until the spiral ruptured. The first spiral ruptured at an average longitudinal strain of
0.00255. This initial rupture in the steel spiral was quickly followed by several other spiral
ruptures throughout the specimen. Therefore. it can be concluded that the stress in the spiral
must have been quite uniform. No strain gauge readings from the spiral were available

because both strain gauges were not functional.
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3.8.2 Response of Specimen C120-500

Figure 3.41 shows the load-strain response for Specimen C120-500. Cracks in the
concrete cover began to appear when a load of 7350 kN was reached. These initial cracks
quickly spread throughout the specimen. When a load of 7387 kN was reached, at an
average strain of 0.00554, the concrete cover spalled. This point is well defined on the load-
strain response curve. The spalling of the cover caused a sudden drop in load. but due to the
confining etfects of the spiral. the specimen was able to increase its load carrying capacity to
7611 kN at an average longitudinal strain of 0.00756. After the peak load was reached, the
load dropped 2000 kN. After this drop the load carrying capacity stabilized at 5800 kN.
This load was maintained until the spiral ruptured. At a longitudinal strain of 0.0123. the
spiral ruptured. No strain gauge readings from the spiral steel were available because both

strain gauges were not functional.

0 0.005 001 0.015 0.02 0.025
Strain (mm/mm)

Figure 3.41: Average load-strain response for C120-500



3.8.3 Comparison of C120 Series

Figure 3.42 compares the load-strain responses of Specimens C120-400 and C120-
500. The specimens behaved very similarly. Both specimens have well defined points
where the spalling of the concrete cover occurred. Specimen C120-400 began spalling at a
point of about 1000 kN before Specimen C120-500. However, both specimens attained
approximately the same peak load (7303 kN compared with 7611 kN). The behaviour of the
specimens following the yielding of the steel spirals was dramatic for both specimens.
Specimen C120-500 reached its peak load at a lower longitudinal strain than Specimen
C120-400. The strains at the peak loads for Specimens C120-400 and C120-500 were
0.00905 and 0.0756, respectively. See Fig. 3.43 for photographs of C120-400 and C120-500

at failure.

The toughness of both reinforced C120 specimens followed the same trend as the
previous series, with Specimen C120-400 exhibiting more than twice the longitudinal strain
at failure than for Specimen C120-500. The strains at failure were 0.00303 and 0.0132, for
C120-400 and C120-500, respectively. The C120 series exhibited the largest toughness of
all the series. The toughness of Specimen C120-400 is 102.99 kN compared with a 44.13
kN toughness for Specimen C120-500.
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Figure 3.42: Load-strain response for C120 series
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Figure 3.43: Photo of C120-400 and C120-500 at failure
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Chapter 4

Analysis of Results

In this chapter, experimental results are compared to a prediction model based on the
research of Cusson and Paultre (1995) and Mander. Priestley and Park (1988).

4.1 Prediction Model

The prediction model used in this experimental program requires few key variables.
The important variables being the specified concrete compressive strength, f_, the yield stress
of the transverse reinforcing steel, f,,, the centre-to-centre spacing of the reinforcement, s.

and the geometric properties of the specimen.

The unconfined concrete compressive strength, f . enables the determination of the

secant modulus, E, and the value of the unconfined strain. €, from the following equations:

&:3320,/ f. +6900 MPu “.1
ECU = f;: L
E.n-l (4.2)

Where n. is a curve-fitting factor, given by the following equation:
YA
n—0.8+T7 (4.2a)
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4.1.1 Confinement Effects

The model used for the prediction of confined concrete response is based on the
mode! proposed by Richart, Brandtzaaeg, Brown (1928). The following equation

summarizes the Richart e a/. model.

Juu = foo * 1S (4.3)
where,
feo = maximum compressive strength of a plain concrete member.
f.. = compressive strength of confined concrete,
fi = lateral confining pressure applied on the concrete core from transverse

reinforcement.

The unconfined concrete strength of a reinforced column is given as:

fw = alfc: (4'4)

where.

o, stress block factor is given as in the 1994 CSA A23.3 Standard:

a, =085-0.0015f, (4.4a)

The transverse confinement steel is assumed to have yielded at the peak load. therefore the

confining stress in the concrete core, f. is given as:

24 \'pflll‘

Ji = “ds 4.9)

The concrete confininyg stress. f is multiplied by a confinement effectiveness coetfficient. k..
The confinement effectiveness coefficient was developed by Mander. et al. (1988). It

assumes that arching actions exist between the spirals and therefore the average confinement

87



stress is less than that predicted by statics. The effective lateral confinement stress is

therefore given as:

S =k 1 (4.6)

where.

k., the effective confinement coefficient is given as:

-5
k, = d, 4.n
l-p,
where,
d, = diameter of spiral,
s = clear spacing between the spiral.
Py = volumetric ratio of longitudinal reinforcement in the column cross-section.
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4.1.2 Predicted Stress-Strain Curve

The prediction model is divided into two parts, the ascending and the descending
branches as shown on Figure 4.1. The ascending branch (OA) of the specimen’s stress-strain

response is based on the work of Popovics (1973) and is given as:

(4.8)

where. k. is a coefficient affecting the slope of the descending branch of the stress-strain

curve, and is given as:

E, e 4.9)

where, €., the axial strain corresponding to maximum compressive strength of the confined

concrete (based on the work of Cusson and Paultre (1995)) is given as:

e
. = Jie.
£, -8“,+0.2{ ] (4.10)

(N8 M
S

The descending branch of the stress-strain response of a circular confined concrete column is
based on the research of Fatitis and Shah (1985). They proposed the following stress-strain

refation:

fo = fro-espllylec e ) (.10
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where k;, the coefficient affecting the slope of the descending branch of the stress-strain

response, is given as:

ke = In0.5
l (5('50(' € )k; (4 12)
where €.«c, the axial strain corresponding to 0.5f is given as:
f 1
Ecsoc = 0.004+0.[5( % ) (4.13)

and k.. the coefficient affecting the curvature of the descending branch of the stress-strain

response is given as:

ks =0.58+l6(f%"Ju (4.14)
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Figure 4.1: Predicted Stress-Strain Model
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4.1.3 Predicted Load-Strain Response

The comparison between the predicted stress-strain response using the described
model and the experimental results is difficult because of the presence of the longitudinal

steel. To simplify the comparison, the prediction will be based on a load-strain response.

To convert the stress-strain prediction into a load-strain prediction, the concrete’s
compressive stress must be muitiplied by the effectively stressed area. However, the
concrete’s effectively stressed area does not remain constant throughout the experiment.
Initially, the entire concrete column cross-section (A, — A,) can be assumed to be stressed, but
once a critical compressive strain in the concrete is reached, the concrete cover will spalil.
After this spalling, the concrete cover becomes ineffective, and hence only the concrete core.

A, is effectively stressed.

To model this problem, it was assumed that the concrete cover will spall when, €,
the maximum compressive strain of unconfined concrete using Eq. 4.2 is reached. The
concrete stress prior to this critical strain is assumed to be the unconfined stress on the full
concrete cross-section (A,-A,). The concrete’s stress following this critical strain, g, is

assumed to be the fully confined concrete stress on the concrete core, A..

The contribution of the longitudinal steel is also included in this model. The amount
of load carried by the longitudinal bars is based on the strain in the longitudinal steel. To
obtain the load carried by the longitudinal steel bars, the longitudinal strain of the steel is
assumed to be equal to the longitudinal strain of the concrete. The steel’s contribution
increases linearly until the steel yields. Once the longitudinal steel has yielded. its load

carrying contribution is assumed to remain constant.

Figure 4.2 shows the load-strain prediction model used. Equation 4.15 is used to
predict the specimen’s response until the concrete cover spalls at €,,. Note that the
unconfined concrete strength is used, and the full concrete cross-sectional area is in effect.
Equation 4.16 is used to model the response between points A and B on Fig. 4.2. Note, that

between points A and B the confined concrete stress is used and only the area of the concrete



core, A, is assumed to carry load. Equation 4.17 is used to model the response of the

descending branch, points B to C on Fig. 4.2.

0-A: Eq.4.15
f - . - - - L]

A-B: Eq.4.16

B-C: Eq.4.17

Concrete Axial Load, P,

v

Concrete Axial Strain, g,
Figure 4.2: Load-Strain Prediction Model

£,
k=<
P(f‘. )=.fcu —i‘—_k (AR ‘-4‘ )+ ."‘_/.‘ (4.15)
£,
k—l+( =
81.‘!:
K Ee l
Ple, )= fo| ——2—— (4, )+ A, /. (4.16)

&,
k-1+| —
6{.’&' J

Ple.)= fu oxp by (eeen )V fito ) A, 1, 4.17)



4.2 Comparison with Experimental Results

The predicted load-strain responses versus the experimental results are presented on
Fig. 4.3 through Fig. 4.7. The peak loads predicted are similar to the experimentally
measured results. The predicted ductility closely mirrors the measured ductility of the
experimental specimens and the descending branch of the load-strain curve is also similar.
A noticeable difference that was exhibited in nine out of ten specimens, was that the

predicted stiffness was slightly stiffer than that measured experimentally.

Table 4.1:Predicted Results versus Experimental Results

Predicted Experimental % Difference

Pm&‘ ECC Pmu ECC Pm:x ECC

(kN) (mnvmm) (kN) (mnv/mm) (%) (%)

C30-400 3000 0.0060 2789 0.0049 7.6 224
C30-500 2936 0.0053 2771 0.0024 6.0 120.8
C40-400 3640 0.0043 3893 0.0033 -6.5 303
C40-500 3576 0.0040 3984 0.0044 -10.2 -9.1
C60-400 4237 0.0056 3982 0.0038 6.4 474
C60-500 4088 0.0047 4024 0.0039 1.6 203
C100-400 6958 0.0064 6222 0.0058 1.8 10.3

C100-500 6640 0.0054 6598 0.0050 0.6 8.0
C120-400 7489 0.0073 7303 0.0091 25 -19.8
C120-500 7208 0.0063 7611 0.0076 -5.3 -17.1

Table 4.1 compares the experimental results of the ten confined concrete columns
with the predictions from the proposed model. The difference between the predicted peak
load and experimental peak load was an average of 5.9%. The proposed model under-
predicted the peak load in 8 out 10 specimens. The percentage difference varied from a low
of 0.6% for Specimen C100-500 to a high of 11.8% for Specimen C100-400. The proposed
model also has a smaller percentage difference in the predicted peak load for high-strength
members than the normal-strength concrete specimens. The proposed prediction model had
a more varied result for the strain prediction at the peak load. The percentage difterence
between the predicted model and experimental specimens varied from a low of 8 % to a high
of 120.8%. The average percentage difference being 30.6%. The difference is high because
of the difficulty in predicting post-peak behaviour. Specimen C30-500 has the largest
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percentage difference between the experimental results and the predicted model. Figure 4.3
shows why the difference was so large. Specimen C30-500 showed significant ductility.
After the peak load was reached, its load carrying capacity dropped slightly, but stayed
relatively constant. But, there was no second peak. After the concrete had spalled. the
additional load carrying capacity due to the confining forces were unable to make up the load
carrying capacity lost due to spalling. The prediction model assumed a second peak in the
stress-strain response, therefore there is a high percent difference in peak strain in specimens

that did not have a second peak.
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Figure 4.4: Predicted vs Experimental Results for C40 series

97



Load (kN)

Load (kN)

4500

C60-400

3500 +

3000 +

2500

+

2000 ¢

1500 A

t

1000 +

500 r

Expenmental |
----- Predicted |

- " "

0002 Q004 0 006 0008 cot ao12 0014 0016 o618
Strain

C60-500

4500

4000 1

+

3500 +

3000 +

2500

+

1500 +

1000 {

500 +

~——— Expenmental ,

0.002 0.004 0.006 0.008 a.01 g.ot2 0014 0.016 0.018
Strain

Figure 4.5: Predicted vs Experimental Results for C60 series
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Figure 4.6: Predicted vs Experimental Results for C100 series
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Figure 4.7: Predicted vs Experimental Results for C120 series
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4.3 Comparison of Experimental Results to that Predicted using Code Equations

Tabie 4.2 compares the experimental results to those predicted by the ACI Code,

CSA Standard and NZS Standard. The percentage difference varied significantly depending

on the code used. The average percent difference for the ACI, CSA. and NZS codes are
12.80%. 7.24% and 7.81%, respectively.

Table 4.2: Experimental Results versus Predictions from Code Equations

Experimentat | ACI'" CSA™ A ACI CSA NZS

Specimen Prax P, P, P, % % %
(kN) (kN) (kN) (kN) Difference | Difference | Difference

C30-400 2789 2883 2748 2883 3.37 -1.46 3.37
C30-500 2771 2883 2748 2883 4.04 -0.82 4.04
C40-400 3893 3337 3140 3337 -14.28 -19.35 -14.28
C40-500 3984 3337 3140 3337 -16.24 -21.20 -16.24
C60-400 3982 4343 3963 4265 9.06 -0.48 7.10
C60-500 4024 4343 3963 4265 792 -1.52 5.98
C100-400 6222 7995 6458 7141 28.50 3.80 14.77
C100-500 6598 7995 6458 7141 21.18 211 8.23
C120-400 7303 8328 6647 7435 14.04 -8.98 1.80
C120-500 7611 8328 6647 7435 9.42 -12.66 -2.32

YACI P,=0.85F A, .F A,

ACSA: Py=a,P A F Ay

INZS: Py=aif A F Ay

The CSA Standard gave the best predictions and was the most conservative code with

uy =0.85-0.0015F :but not less than 0.67

«y =0.85 : (for fciess or equal to 55 MPa)
«y = 0.85 - 0.004(F. - 55) but not less than 0.75: (for f. greater than 55 MPa)

nine out of ten predictions being less than the experimental results. The NZS Standard also

gave good predictions. but over-predicted the peak strength in 7 out of 10 specimens.

The

ACI approach was the least conservative approach and had the highest percent difference

between the predicted and experimental value.

Clearly the CSA and NZS Standard

approaches of reducing the stress block factor. a,. with increasing concrete strength is a

better approach.




4.4 Predicted Response for Plain Concrete Specimens
The plain concrete specimens were predicted using the specified concrete strength. t',

Predictions were made using the ACI Code, CSA Standard, and NZS Standard. The

following equation was used to predict the plain concrete column's peak compressive stress:

P=a,fiA, (4.18)

where,

ACl: o, =0.85

CSA: «,=0.85-0.0015f,

NZS: a,=0.85: (forf. <55 MPa)
o, = 0.85 - 0.004(f, -55): (for f. 2 35. but not less than 0.75)

Tabie 4.3 presents the predictions for the plain concrete specimens using the ACl Code. CSA
Standard and NZS Standard.

Table 4.3: Experimental Results versus Predictions for Plain Concrete Specimens

Exge;ﬂmemal - Predicted _ % Difference
Specimen Prnax Praxiach | Pravcsa) | Praunzs) ACl CSA NZS
(KN) (KN) (kN) (KN) () (*0) (%)
C50-0 2508 2205 2067 2205 -6.9 -12.7 -6.9
C40-0 2861 2453 2282 2453 -14.3 -20.2 -14.3
C60-0 3278 3701 3312 3614 129 1.0 10.5
C100-0 5414 7446 3871 6570 37.5 8.4 214
C120-0 6859 7788 6064 6871 5.3 -11.6 02

The NZS Standard gave the best peak strength prediction for the plain concrete
specimens. The average percent difference for the NZS Standard was 2.1% while average
percent difference for the CSA Standard and ACI Code were —7% and 8% respectively.
However, for very high-strength concrete the CSA Standard gave the best prediction. The
CSA Standard is conservative for normal strength concrete. while the ACI Code and NZS

Standard may not be conservative enough for high-strength concrete.
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Chapter 5

Conclusions and Recommendations

The following conclusions were drawn from the results of the experimental program

on the 15 column specimens

)

3)

4)

High-strength concrete can be made to perform adequately with proper confinement.
The confinement equations provided by our current codes provide sufficient lateral
steel for confinement.

The use of high-strength steel for confinement of concrete is an effective way of
reducing lateral steel reinforcement congestion in high-strength concrete columns.
The stress-strain model confined concrete proposed by Cusson and Paultre (1995)
closely mirrored the actual experimental stress-strain response. The prediction
model worked well for both high and normal-strength concrete.

The CSA Standard (CSA. 1994) design approach to designing high-strength
concrete columns is most accurate. The ACI Code (AC1. 1989) and NZS Standard
(NZS. 19935) design approaches may not be conservative for high-strength concrete

columns.

It is hoped that :he resuits obtained from this experimental program will help other

research efforts in better understanding the mechanisms of the axial stress-strain response of

confined concrete columns. It is hoped as well that the experimental data obtained will be of

use to future researchers working towards improving current models for the axial stress-

strain responses of confined concrete.
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