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Influence of Concrete Strength and Transverse
Reinforcement Yield Strength on Behavior of High-

Strength Concrete Columns

by Patrick Paultre, Frédéric Légeron, and Daniel Mongeau

Eight large-scale high-strength concrete (HSC) square columns
were constructed and tested under simulated earthquake loading.
The concrete strength varied from 80 to 120 MPa. The columns
were subjected to constant axial loads corresponding to 40 and
52% of the columns’ axial load capacity and to a cyclic horizontal
load-inducing reversed bending moment. It is shown that, at con-
stant volumetric ratio of confinement reinforcement and constant
level of axial compression, concrete strength significantly influ-
ences the flexural behavior of HSC columns. It is also shown that,
in some cases, high-yield-strength reinforcement may be used to
effectively confine HSC while reducing the volumetric ratio of lat-
eral transverse reinforcement. This highlights the need for a reli-
able index to account for high-yield-strength transverse
reinforcement. The test results from this research program and oth-
ers indicate that the confinement reinforcement requirements of the
ACI and New Zealand Codes are not directly applicable to col-
umns confined with high-yield-strength steel.

Keywords: confined concrete; ductility; high-strength concrete; high-
strength steel; tied column.

INTRODUCTION

High-strength concrete (HSC) offers many advantages
such as enhanced mechanical performance and durability, in
addition to member size reduction. Because of its more brittle
behavior in compression than normal-strength concrete
(NSC), HSC has been slow to gain acceptance in seismically
active regions. Some concrete design codes even limit the
maximum strength that can be used for seismic designs. For
example, the New Zealand Code! limits concrete compres-
sive strength to 100 MPa for ordinary concrete structures,
compared with 70 MPa for ductile structures; the correspond-
ing limits are 80 and 50 MPa in Canada.? ACI Code 3183

does not limit concrete compressive strength; however, its .

confinement requirements were originally derived from ex-
perimental results from NSC and are not adapted to HSC col-
umns.*6 Nonetheless, it has been shown® that HSC
columns reinforced according to current code requirements
behave in a ductile manner if the axial load is less than 20%
of the columns’ axial load capacity, measured as A, f,’, where
A, is the gross concrete cross section and f,” is the concrete
strength. When concrete strength increases, the amount of
confinement reinforcement has to be increased to reach a con-
stant level of ductility for columns subjected to the same level
of axial load. For columns subjected to a high level of axial
load, large amounts of confinement reinforcement may be
necessary to achieve the ductility required in seismically ac-
tive areas. This high amount of lateral steel results in conges-
tion of reinforcing cages and concreting problems. Increasing
the yield strength of transverse reinforcement steel has been
suggested to lower the amount of transverse reinforcement.
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Yet increasing the yield strength of confinement steel does
not necessarily result in increased ductility when lateral steel
content is kept constant.* Other experimental investigations
have concluded that high-yield-strength steel (HYSS) may be
partially effective.” It should be noted that the New Zealand
Code! allows the use of HYSS to a maximum of 800 MPa.
The test program reported in this paper is part of a compre-
hensive research program on the behavior of HSC confined
columns. The aim of this research program is to explain the
mechanism of confinement through a simplified but rational
approach.m'11 In the first part of this work, high-strength
self-compacting concrete, fiber-reinforced high-strength
concrete (FRHSC), and HSC columns were tested under
concentric cornprassion.lz'14 A confinement model, based
on equilibrium and strain compatibility and accounting for
the true transverse reinforcement stress at peak strength, has
been developed and calibrated to available test data on large-
scale columns.!%!! To complete this work, tests on HSC col-
umns subjected to combined constant axial load and reversed
cyclic flexure simulating earthquake loading were per-
formed on 21 large-scale FRHSC and HSC columns. In one
of the test series,” the effect of two parameters (the level of
axial compression and the volumetric ratio of confinement
reinforcement) were studied. This test series concentrates on
the effects of two additional but important parameters: con-
crete strength and the yield strength of the confinement steel.

RESEARCH SIGNIFICANCE

This paper presents new test data on the behavior of HSC
columns under simulated earthquake loading. Eight HSC
column specimens were subjected to combined constant ax-
ial load and reversed cyclic flexure. The target concrete
strength was 80, 100, and 120 MPa. The influence of con-
crete strength and the transverse reinforcement steel ratio
and yield strength are investigated. The objective of this
work is to evaluate the ability of HYSS to confine HSC col-
umns so as to lower the amount of transverse reinforcement of
very congested reinforcing cages. For this purpose, a confine-
ment index must be defined because the volumetric ratio of
transverse reinforcement is not sufficient to compare columns
confined with transverse steel having different yield strengths.
ACI-ASCE Committee 4417 recommended the ratio p, Y%
referred to hereafter as the confinement index 7., where p; is
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Fig. 2—Photograph of experimental setup and testing frame.

the volumetric ratio of confinement steel, fy;, is the yield
strength of the confinement steel, and f is concrete strength.
This index is evaluated in this paper together with the effec-
tive confinement index /, proposed by Cusson and Paultre. 1
The effectiveness of the confinement reinforcement require-
ments of the ACI and New Zealand Codes are also discussed.

EXPERIMENTAL PROGRAM

Test specimens

The specimens tested in this research program consisted
of six 305 x 305 x 2150 mm columns connected to a mas-
sive I-shaped stub and cast vertically. These specimens have
the same geometry as the other two specimens reported else-
where.? The test setup is shown in Fig. 1 and 2. A varying
transverse load was applied to the tip of the specimens at
2.00 m from the base of the column with a force/displace-
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Fig. 3—Reinforcing cage and instrumentation details.

ment-controlled hydraulic actuator. The specimens could be
thought of as a 4.00 m high column in a typical building with
the point of contraflexure located at midheight of the col-
umn. Figure 3 shows the reinforcement details and the tie
configuration of the specimens. The test results of two simi-
lar column specimens that are part of another test series’ are
also presented for comparison.

Test variables

The test series reported on here were designed to investi-
gate two main parameters influencing the behavior of col-
umns: 1) the concrete compressive strength; and 2) the
transverse reinforcement amount and its yield strength. The
second variable was investigated for two levels of axial load
measured as the ratio of the constant applied compression P
and the column gross concrete axial load capacity A,f; . The
compressive force was applied to the tip of the column spec-
imens and kept constant at 2900, 3600, 4200, and 5150 kN.
Considering that the targeted concrete strengths were 80,
100, and 120 MPa, these axial loads correspond to target ax-
ial load levels of 40 and 52%. The high axial load levels were
selected primarily to ensure that failure would occur by con-
crete crushing above the balanced point. This condition
places high ductility demands on columns usually located
in the lower stories, where they are highly loaded axially,
and is of paramount importance in ductile seismic design. It
is also expected that stress in confining steel would increase
as the axial load level increases to the point at which HYSS
becomes more effective.

To investigate the influence of the yield strength and
amount of confinement steel, the tie configuration was kept
constant, but the tie spacing varied from 55 to 60 to 80 to 130
mm. Five columns were confined with 11.3 mm diameter
Grade 400 steel. For these column specimens, a 130 mm tie
spacing correséponds to a normal shear design controlled by
the ACI Code” /2 requirement. The 60 mm tie spacing was
selected to obtain ductile behavior, even at high axial load
levels, and represents about 95% of the confinement steel re-
quired by the ACI Code for this steel grade. Three columns
were confined with 9.5 mm diameter grade 800 steel. For
these columns, a spacing of 80 mm is required to obtain
the same confinement index as with similar ties made with
11.3 mm diameter Grade 400 steel at 60 mm spacing. A
spacing of 55 mm with 9.5 mm diameter Grade 800 confine-
ment steel gives an effective confinement index as proposed
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Table 1—Concrete characteristics

Table 2—Steel characteristics

Specimen fS\MPa | &' |E,MPa| €50, |f MPa

Specimen fya MPa Esh Eu fsu» MPa

CBOR60N40 78.7 0.0030 | 35,800 | 0.0044 6.96
C100B60N40 98.2 0.0033 | 35,600 | 0.0043 8.33
C120B60N40 109.2 0.0035 | 38,200 — 8.73
C100B130N40 104.3 0.0033 | 37,600 | 0.0041 9.04

C100BHS55N40 109.5 0.0033 | 39,600 — 9.34
C100BH80N40 104.2 0.0033 | 39,300 —_ 8.87
C100BH55N52 104.5 0.0034 | 38,100 — 7.29
C100B60N52 109.4 0.0033 | 39,200 — 8.13

by Cusson and Paultre!? and Paultre and Légeron!? similar

to a column specimen reinforced with 11.3 mm diameter
Grade 400 confinement steel spaced at 60 mm.

Each specimen is identified by a string of characters be-
ginning with the concrete strength (C80, C100, C120) fol-
lowed by the steel configuration and grade (B for the Grade
400 diamond-shape tie configuration as defined by Cusson
and Paultre'? and BH for a similar configuration with Grade
800 confinement steel), the tie spacing in millimeters (55, 60,
80, or 130), and the letter N followed by the target axial load
level in percent of A fC (40 or 52). Hence, C1I00BH55N40 re-
fers to the column specimen made of 100 MPa concrete with
tie configuration B and Grade 800 confinement steel, spaced
at 55 mm, and subjected to 40% of A f/.

Material properties

The specified 80, 100, and 120 MPa concretes were mixed
in-house. The concrete formulation was based on water-ce-
ment ratios (w/c) of 0.24 for 120 MPa, 0.25 for 100 MPa, and
0.35 for 80 MPa. For the 80 and 100 MPa concrete, the same
Type 10SF Canadian Lafarge cement was used. The cement
was premixed with silica fume (7.5 + 0.5% of the total
weight of cement and silica fume). Type 30 Canadian Saint
Lawrence cement was used for the 120 MPa concrete. In this
case, the silica fume was added during mixing. The concrete
formulauons were similar to those used by Cusson and
Paultre.'? Casting of the specimens followed the same pro-
cedure reported by Légeron and Paultre.” All the control cyl-
inders and prisms were cured under the same conditions as
the column specimen to estimate the column concrete char-
acteristics as accurately as possible.

Table 1 summarizes the measured material properties. The
concrete compressive strength f, was determined from stan-
dard compressive tests on at least three 150 x 300 mm cylin-
ders. Complete stress-strain curves were obtained from at
least three 100 x 200 mm cylinders tested under displace-
ment control at a very slow strain rate in a very stiff testing
machine. The postpeak strain at 50% of maximum stress
€.50, Was evaluated from the complete stress-strain curves ob-
tained on 100 x 200 mm cylinders. Even with the slow strain
rate used and the small cylinder size, it was not possible to
measure the complete stress-strain curve on most of the
higher strength concrete. :

Four dszerent types of remforcmg bars weee used: 10M
(100 mm?), 15M (200 mm?), and 20M (300 mm?) Grade 400
bars, and 9.5 mm diameter Grade 800 bars. Complete stress-
strain curves were obtained from test coupons on each of the
steel batches used. The average of at least three steel coupons
for each batch of steel are shown in Table 2, where f, is the
yield strength; £, is the commencement of strain hardening;
and g, is the ultimate strain corresponding to the ultimate
stress, f;,. All the steels exhibited a well-defined yield pla-
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C80B60N40 438 | 00123 | 0136 689
CIOOB6ON40 | 418" | 0.0127 | 0138 675
CI20B60N40 | 438" | 0.0123 | 0.136 689
No. 10M | C100BI30N40 | 418" | 00127 | 0.138 | 675

and 9.5d | C100BHS55N40 | gast — 0.062 | 960
C100BHSON40 | gast - 0.062 | 960
C100BHSSN52 | 7441 — 0.067 | 874

CI00B60N52 | 492 = 0104 | 715

CB0OB60ON40 499 0.0038 0.094 734
C100B60N40 467 0.0109 0.100 722
C120B60N40 499 0.0038 0.094 734
C100B130N40 467 0.0109 0.100 722

No. I15M
C100BH55N40 499 0.0038 0.094 734
CI100BH80N40 499 0.0038 0.094 734
C100BH55N52 533 0.0150 0.125 728
C100B60NS52 533 0.0150 | 0.125 728
C80B60N40 446 0.0064 | 0.106 719
C100B60N40 451 0.0065 0.109 716
C120B60N40 446 0.0064 0.106 719
No. 20M C100B130N40 451 0.0065 0.109 716

C100BH55N40 446 00064 | 0.106 719
C100BH8ON40 446 00064 0.106 719
C100BHS55N52 446 00064 0.106 719
C100B60N52 446 00064 0.106 719

“No. 10M Grade 400 MPa steel.
19,54 Grade 800 MPa steel, 0.2% yield strength with no yield plateau.

teau from the beginning of yielding to the commencement of
strain-hardening, except from high-yield-strength steels that
presented a rounded stress-strain curve.

Reinforcing cages

Details of reinforcing cages are shown in Fig. 3. For each
specimen, the longitudinal reinforcement consisted of four
No. 15 and four No. 20 Grade 400 deformed bars, providing
a 2.15% longitudinal steel volumetric ratio. No. 10 Grade
400 deformed bars as well as high-yield-strength 9.5 mm di-
ameter plain bars were used as lateral reinforcement. These
high-strength plain bars were used because no deformed bars
with sufficiently high yield strength were available. To pre-
vent crushing of the concrete, extra ties were placed at the
top of the columns where the axial load was applied; else-
where, ties were equally spaced. Anchorage length of ties
was 110 mm for the No. 10 bars and 100 mm for the 9.5 mm
diameter bars to meet the seismic requirements of the ACI
Code. No tie anchorage failure was observed during the
test. The stub was designed to prevent excessive cracking
and provide sufficient anchorage for the column’s longitu-
dinal bars.

Instrumentation

For each specimen, 16 electrical strain gages were placed
on the longitudinal bars above and in the stub (Fig. 3). Four
sets of ties just above the stub were also instrumented with
16 electrical strain gages. Two sets of four linear variable
displacement transducers (LVDTs) were placed in the plas-
tic hinge region on two lateral faces of the columns parallel
to the plane of loading. The LVDTs were supported by steel
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Fig. 4—Uncorrected lateral load versus tip displacement for
Specimens C80B6ON40, CI00B6ON40, and C120B60N40.

rods passing through the core and extending from one side of
the column to the other. These LVDTs were attached to the
longitudinal bars before concreting. Four LVDTs with a
range of 5 mm were used to measure average concrete strain
over a gage length of 60 mm. Four other LVDTs with a range
of 25 mm were placed over these four LVDTs to measure
over a longer gage length of 120 mm (Fig. 3). The Dywidag
bars used to apply the axial load were instrumented and cal-
ibrated to measure the applied load. The applied horizontal
load was measured by the load cell on the actuator, which
was also equipped with an LVDT to control the actuator
while in displacement control mode. The horizontal tip dis-
placement was measured by an LVDT with a range of 300
mm. This LVDT was mounted to a braced bracket fixed to
the strong slab to have a displacement measure independent
of testing frame movement. Due to the frame’s high stiff-
ness, the difference between the actuator LVDT and the in-
dependent LVDT did not exceed a few millimeters. All the
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experimental data were stored at predetermined steps and re-
corded at special occurrences such as cracking, yielding, and
zero crossing. Acquisition was performed by increments of
force Auring the force-controlled phase and displacement
triggers during the displacement-controlled phase.

Experimental frame and testing procedure

The testing frame was specially designed for this research
program (Fig. 1 and 2). The axial compression in the column
was induced by six high-strength 36 mm diameter post-ten-
sioning bars tensioned by two 1000 kN and four 1500 kN hy-
draulic jacks. The horizontal load was applied by a 500 kN
tension/compression actuator with displacement and force
control capabilities, supported by four braced steel columns,
The axial load was first applied at the target value. The hor-
izontal force was applied under force control to a maximum
value corresponding to 75% of the predicted analytical yield
load. The second cycle started under displacement control
and reached the yield load defined as the point at which the
longitudinal bar first yielded in tension, which also marked
the yield displacement. Thereafter, each cycle was under dis-
placement control with a maximum displacement equal to
1.5, 2, 3, ... times the experienced yield displacement up to
failure. Except for the first cycle, whose sole purpose was to
crack the member to simulate service conditions and obtain
elastic characteristics, all subsequent cycles were repeated
twice, During the test, the axial load was maintained con-
stant by readjusting the tension in the post-tensioning bars
after each half cycle. The test ended when at least one of the
following three events occurred: 1) the column was not able
to sustain axial load, characterized by a 10% loss of axial
load during a quarter of a cycle; 2) flexural resistance
dropped more than 50% of the maximum experienced capac-
ity; or 3) a longitudinal bar ruptured, inducing a large drop in
flexural capacity.

TEST RESULTS
General behavior

The experimentally measured lateral load-tip deflection
responses are presented in Fig. 4 and 5. The lateral load is re-
ported as measured and not corrected for the P-A effect,
which is indicated by the dotted line. A strength gain occurs
when the response curve, in absolute terms, lies above the
oblique P-A dotted line. A strength loss is obtained when the
response curve is under the P-A line. Occurrences of special
events such as spalling of cover concrete, yielding of ties,
and yielding and buckling of longitudinal bars are indicated
in the figures.

Table 3 summarizes the experimental results obtained for
each specimen, It includes the concrete compressive strength
Jf¢ for each specimen, the volumetric ratio p, of confinement
steel to concrete core delineated by the centerline of the pe-
rimeter ties, and the average yield strength of ties Jyn- The ra-
tio P/Agf; of the applied axial load P over the concrete gross
section capacity A,f, ranged from 0.35 to 0.51. These values
are compared with the ratio P/Pj of the applied axial load
over the nominal concentric compression capacity, Py =
0.85f/(Ag — Agy) + Agfy, and ranged from 0.38 to 0.55. For
each column, the main indexes quantifying the specimen be-
havior are summarized in Table 3. The meaning of the index-
es will be discussed in following paragraphs.

All specimens experienced failure by concrete crushing;
some longitudinal bars buckled slightly. C100B130N40 had
two large diagonal cracks in the damaged zone and exhibited
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Fig. 5—Uncorrected lateral load versus tip displacement for Specimens C100B130N40, C100B60N40,
CI100B60N52, C100BHE0N40, C100BH55N40, and C100BH55N52.

very brittle behavior. Specimen C100BH80N40 experienced
also a very brittle failure but without any visible diagonal
cracking.

Figure 6 shows the appearance of the specimens at the end
of the test. All the columns were heavily damaged just above
the base stub. The length of the damaged region extended
about two to three times the column depth. The extent of the
damage zone measured is consistent with observations made
by others on NSC and HSC columns.!® In all the speci-
mens, however, sections just above the stub were not dam-
aged, although they were subjected to the maximum moment
(Fig. 7). The same phenomenon were observed on similar
specimens by other researchers.”8%:16 Tanaka, Park, and
McNamee'” and later Sheikh and Rhoury16 attributed such
behavior primarily to confinement provided by the base stub
to the sections in its immediate vicinity. Such confinement
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increases actual moment capacity of the sections just above
the stub. This length of undamaged concrete corresponds ap-
proximately to the spacing between the column-stub inter-
face and the first hoop and had an average value of about 40
mm for all eight specimens. Therefore, the resisting moment
M, reported in Table 3 is calculated 40 mm above the col-
umn-stub interface.

The cover concrete spalled off before yielding of longitu-
dinal bars. A loud noise occurred when the cover concrete
spalled off suddenly, as the capacity of the column dropped
sharply. In the case of C100B130N40, with a 37% axial load
level, the flexural capacity dropped by about 20%. For the
other specimens, loss of flexural capacity was slightly small-
er, though similar. Specimens did not exhibit any warning
sign, such as vertical cracking, prior to spalling. The splitting
plane between cover and core concrete was found to be quite
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Fig. 6—Photographs of damaged regions and plastic hinge zones for all specimens.

Table 3—Summary of results

Specimen s MPa Ps Jfyn MP2 P;.f;uh/ﬂ-' Pr‘ig/fc' PIPy | My, kKNm Hay Hou Ey Iy Dgy
CB80BGON40 787 | 0.0426 | 438 0237 | 040 0.41 329.7 10.1 324 66.9 352 | 348.1
| CI00B60N40 | 982 | 00426 | 418 0.181 0.39 0.42 377.4 53 76 338 225 | 1142
‘ C120B60N40 | 109.2 | 0.0426 | 438 0.171 0.41 0.45 388.3 4.7 52 26.2 159 75.0
C100B130N40 | 1043 | 0.0196 | 118 0079 | 037 0.40 172.6 1.6 29 4.2 3.3 5.6
C100BHS5N40 | 109.5 | 00330 | 825 0248 | 035 0.38 379.5 5.4 8.0 21.0 153 515
CI00BH8ON40 | 1042 | 00227 | 825 0179 | 037 0.40 379.9 26 4.6 4.2 37 6.7
CI00BH55N52 | 1045 | 0.0330 | 744 0235 | 053 0.57 386.1 2.8 — 10.6 4.5 223.1
CI00B60N52 | 1094 | 00426 | 492 0.192 | 051 0.55 410.5 3.6 5.7 20.7 10.0 53.0

smooth due to cracks passing through and fracturing the ag-
gregates. No tie failed during the test. Average strains in the
confinement steel ranged from 0.001 to 0.006 m/m in all the
specimens. These measured strains accounts for both shear
strains and confinement strains and are reported elsewhere.®

Ductility and energy dissipation

Seismic response indicators are generally quantified by
curvature and structural ductility and by energy-dissipation
capacity. Structural ductility can be somewhat directly relat-
ed to the seismic force reduction factor used in most codes to

placement A, reaches a point at which the remaining column
strength has dropped to 80% of the maximum experienced
load. The idealized postelastic branch joins the point (A,
H,,.,) to the point (A,,H>), where H, is calculated by equating
the areas under the idealized diagram and the experimental en-
velope curve, thus ensuring equal energy criteria. The section-
al behavior in terms of moment-curvature diagrams is
idealized with a similar procedure (Fig. 8(b)). The ductility pa-
rameters are calculated from the idealized diagrams. The ulti-
mate displacement ductility is defined as

calculate the seismic base shear.'? Energy-dissipation capac- A
ity is a better parameter to use in the design of short-period o, = =2 (1)
structures and structures subjected to long-duration earth- Byr
quakes. All three indicators are evaluated in this paper to
compare the column behavior on rational bases. and the ultimate curvature ductility as

Ductility parameters are defined from an idealized
diagram1 20 because the response of a reinforced concrete o :
column is far from bilinear. Hence, the load-displacement be- Koy = =& (2)
havior is idealized as a bilinear diagram, constituted of an elas- O

tic branch and an inclined inelastic branch (Fig. 8(a)). The
elastic branch crosses the experimental curve at 75% of max-
imum horizontal load and reaches the maximum horizontal
load to define the idealized yield displacement A,;. Failure of
the column is defined conventionally when the postpeak dis-
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The displacement ductility jL5, and curvature ductility Ly,
for each column are given in Table 3. It is evident that these
ductility parameters can have different values, depending on
the definition of the yield point and ultimate point in the ide-
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alized diagram. The maximum interstory drift ratio 8, is a
more direct parameter to define, as it is based on the mea-
sured displacement at failure

8§, == (3)

where the column height 7 = 2000 mm. This parameter takes
into account both the inelastic and elastic béhavior. It is gen-
erally assumed that a drift ratio of about 4% represents a very
good level of ducti]ity.7 The interstory drift ratio is reported
on the top horizontal axes in Fig. 4 and 5.
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The energy dissipation is defined for cycle i by the hatched
area in Fig. 9 or mathematically by

= §:qu 4)

The total energy dissipated during the test until 80% con-
ventional failure is reached is

Epyss = 2 E, (5)

i=1
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(average of both directions)

A, Tip displacement A

S~ area E;
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Ai=1/2 (B +biy)
Himaz = 1/2 (Hipy+ Hiey)
Ki=1/2 (K +ii)

Fig. 9—Energy dissipation.

where » is the number of cycles to failure. For comparison pur-
poses, it is convenient to normalize the dissipated energy as

Ey = ﬁEE: (6)
1

max <yl

where Ey is the normalized dissipated energy and H' is the
applied horizontal load H added to the equivalent horizontal
load due to the P-A effect. Only cycles occurring before con-
ventional failure are taken into account in determining Ey,
which is reported in Table 3 for each specimen.

Energy dissipation and inelastic deformation capabilities
may also be assessed by work and damage indexes. The
work index Iy proposed by Gosain, Brown, and J irsa?! is re-
ported in Table 3 and is defined as

n
HA,
= L 74
T Tt @)

max
=2 |

Table 3 also gives the damage index Dgy proposed by
Ehsani and Wright,?? which combines the cyclic dissipated
energy and the elastic energy

n
DR ﬁ)(ﬁ]z 8
Dpy = T ZE,- 5, (8)

max y!l. il yI
where K; and A; are defined in Fig. 9.

ANALYSIS OF RESULTS

Two parameters are investigated in this research program:
the effect of the concrete strength and the effect of the lateral
steel content and yield strength. The effect of concrete
strength can be assessed in Fig. 4, while the effect of the lat-
eral steel content and yield strength can be assessed in Fig.
5. In Fig. 4, the responses of Specimens C80B60N40,
C100B60N40, and C120B60N40 are arranged in three rows
by ascending concrete strength from top to bottom. In Fig. 5,
the response of Specimens C100B130N40, C100BHE0N40,
C100B60N40, C100BHS55N40, C100B60N52, and
C100BH55N52 are arranged in three rows and two columns.
The left column in this figure presents the cyclic force-dis-
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placement responses of specimens reinforced with lateral
reinforcement made of normal-yield-strength steel, while
the right column corresponds to specimens reinforced with
HYSS. Specimens tested under 40% axial load level are dis-
played in the first two rows. The two specimens tested under
52% axial load level are provided in the last row.

Effect of concrete compressive strength

The influence of the concrete compressive strength can be
observed in the response curves for Specimens C80B60N40,
C100B60N40, and C120B60N40 presented in Fig. 4. The
geometry and amount of the confinement steel is identical
for all three columns, which were made with concrete with
compressive strength of 78.7, 98.2, and 109.2 MPa (80, 100,
and 120 MPa target compressive strength), respectively. The
three columns were tested under 40, 39, and 41% axial load
level (target axial load level of 40%), respectively. It can be
clearly seen from this figure that, when concrete strength in-
creases, the capacity to sustain large inelastic displacement
decreases sharply. The ductility parameters and energy-dis-
sipation capacity for the three specimens are reported in
Table 3 in which the specimens are grouped in ascending
order of concrete strength. The displacement ductility drops
from 10.1 to 5.2 and 4.7 when the concrete strength increases
from 78.7 to 98.2 and 109.2 MPa. The same influence is ob-
served in the other indicators: the curvature ductility; the
normalized dissipated energy Ej; the work index Iy; and the
damage index Dgy-

For design purposes, a simple index is useful to evaluate
the influence of concrete strength. The factor pgfy,/f!
(called herein confinement index 7,,) has been recommended
by ACI-ASCE Committee 441 to evaluate confinement ef-
ficiency. This index is given in Table 3 for Columns
C80B60N40, C100B60N40, and C120B60N40. Although
the relation between p, fy;,/f; and the displacement ductility
is not linear, this index correlates reasonably with ductility
and energy indexes: the specimen with the highest value of
psfynlfe behaves in the most ductile manner. It is therefore
appropriate to use this index to compare the displacement ca-
pacity of columns made of concrete of different strengths but
tested at the same level of axial load and with the same lateral
steel content and yield strength. As will be shown in following
paragraphs, this index is not appropriate when comparing
columns under different axial load levels or reinforced with
steel with different yield strengths.

Effect of lateral steel content and yield strength

The influence of the amount of lateral reinforcement has
been assessed in a previous paper.” In this research program,
the possibility of replacing normal yield-strength steel by
HYSS is evaluated. As mentioned previously, HSC columns
subjected to high axial loads may require a very high amount
of lateral reinforcement. This congests the reinforcing cage,
resulting in concreting problems. It is believed that the same
level of ductility can be achieved with a lower amount of
confinement steel when HYSS is used; however, earlier in-
vestigation showed that the use of HYSS may not be effi-
cient for every column configuration.*>

Part of this research program was designed to assess the ef-
ficiency of the confinement index p,fy;/f¢ in predicting the
displacement capacity of confined HSC columns. Three sets
of columns are used to evaluate the influence of the confine-
ment index. The results are presented in Table 4 grouped by
set and in ascending order of pf,,/f; . The first set groups to-




Table 4—Influence of pfy,/f;"index

Specimen Psfsnlfl | Maw | Pouw | O« | Env | Dew | 1w
CI00B130N40 | 0.079 2.9 1.6 1.5 42 33 5.6

CI00BH80N40 | 0.179 | 46 | 26 | 24 | 42 3 | BT
C100B60N40 | 0.181 7.6 22 5.1 | 338 | 225 | 1142
CI00CHS55N40| 0248 | 80 | 54 | 48 | 210 | 153 | 57.5
CI00BH55N52 | 0.235 = 28 | 23 | 106 | 45 |223.1
C100B60N52 | 0.192 | 5.7 3.6 34 | 207 | 10.0 | 53.0
C120B60N40 | 0.171 52 | 47 50 | 262 | 159 | 75.0
C100BHBON40 | 0.179 | 46 | 2.6 | 24 | 4.2 X7 | &7
C80B60N40 0237 | 324 | 10.1 | 89 | 669 | 352 | 348.1
C100BHS55N40 | 0.248 | 80 | 54 | 48 | 210 | 153 | 575

gether four columns: CI00B130N40, C100BH80N40,
C100B60N40, and C100BH55N40. The four columns were
subjected to the same axial load level and had confinement in-
dex values ranging from 0.079 to 0.248. C100B130N40 has
the lowest value of pyfy,/f; (0.079). This specimen exhibits
the least ductile behavmr (Fig. 5), while displaying the poorest
behavioral parameters (Table 4). Comparing the behavior of
the four specimens shows that column ductility increases with
the index p,f, hlfc ; however, a careful examination of the re-
sults presented in Table 4 indicates that the correlation be-
tween pgfyp/fe is far from perfect. For example,
CIOOBHSOI{MO and C100B60N40 have approximately the
same Ps};h/fc but did not behave similarly (Fig. 4 and 5).
Whereas C100B60N40 exhibits a stable ductile behavior up to
a ductility of approximately 5, CI00BH80N40 behaves in a
rather fragile manner with an ultimate displacement capacity
of about half that reached by C100B60N40. This is confirmed
by the behavioral parameters (Table 4). Moreover, specimen
C100BH55N40 has a pgf,,/fr value that is about 40% higher
than that of C100BGONA0. In this case, however, the two col-
umns behave in a very similar manner (Fig. 5) and have com-
parable behavioral parameters (Table 4). Finally, with
specimens C100B130N40, C100BHS80N40, and
C100B60N40, increasing the index pyf,p/f; by about the
same value from C100B130N40 to CI00BH80N40 or
C100B60N40 results in different behavior in the case of
C100BH80N40 and C100B60N40, as previously noted.

The second set of specimens presented in Table 4 com-
pares test results obtained for specimens CI00BH55N52 and
C100B60N52. These two specimens were tested under the
same target axial load level of 52%. They behave in a very
similar manner as can be seen in Fig. 5, which is further
demonstrated by the values of the behavioral parameters
(Table 4), even though the p,f,;/f¢ values for the two col-
umns are very different. This Corroborates the observations
made in the previous paragraph, as Specimen
C100BH55N52 and C100B60N52 are identical to Columns
C100BH55N40 and C100B60N40 but are tested at a target
axial load level of 52%. Comparable results are obtained for
these two sets of columns tested at different axial load levels
while the pf,,/f{ values are quite different.

The third set of columns includes Specimens
C120B60N40, CI100BHB80N40, C80B60N40, and
C100BH55N40, all tested at the same target axial load level
of 40%. It was shown in the section on the effect of concrete
strength that the index pfy;,/f; is well-suited for comparing
the ductility of columns with different concrete strengths.
But when comparing the two pairs of specimens
(C120B60N40, C100BH80N40 and C80B60N40,
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C100BH55N40) having about same p,f,,/f; values, the
same trend is not evident (Fig. 5). Indeed, 'lzlable 4 shows that
Specimen C120B60N40, having a confinement index slight-
ly less than Specimen C100BH80N40, has about twice its
ductility parameters. The difference is even larger for energy
dissipation parameters. The same conclusions can be drawn
for Specimens C80B60N40 and C100BH55N40.

The confinement index p fyh/fc takes into account the
volumetric ratio of transverse reinforcement p;, the trans-
verse steel yield strength f,;, and the concrete compressive
strength £, It is expected that this index would give clear in-
dications to designers about the relative influence that each
of these parameters would have on the ductility of columns.
For example, the index indicates that the amount of confin-
ing steel could be reduced by 50% if the yield strength were
doubled. This is the case of Specimen C100B60N40, which
has twice as much lateral steel as Specimen C100BH80N40,
but with half of its lateral steel yield strength. Contrary to
what should be expected for two specimens with the same
confinement index, these two columns behave very differ-
ently. Measured displacement ductility of C100B60N40 is
about twice that of Specimen C100BH80N40; behavioral
parameters indicate the same trend. Hence, it is concluded
that the confinement index p,f,,/f; cannot capture the effect
of high-yield-strength confinement steel.

Experimental results demonstrate that a trade-off is possible
between the amount and the yield strength of the confinement
steel. For example, Specimen C100BH55N40 has 30% less
confinement steel than C100B60N40, yet they have compara-
ble behavior. This is achieved by using HYSS in
C100BH55N40. In this case, the yield strength is doubled with
a concomitant 30% reduction in the volumetric ratio of trans-
verse steel. The same tendency is observed in C100B60N52
and C100BH55N52 with an axial load level of 52%. Because
the use of HYSS may be beneficial in certain conditions, it is
important to be able to quantify the range of its usefulness.

On columns subjected to concentric compression only, it
was experimentally observed that confinement steel does not
yield at maximum concrete stress for every column. Hence, it
is considered that yield strength is only effective up to a certain
limit. This is reflected in the New Zealand Code, which limits
the yield strength to 800 MPa. But even this limit would not
help with the columns presented here, because the yield
strength used is slightly higher than 800 MPa. Cusson and
Paultre!? demonstrated that HYSS is more effective for well-
confined columns than columns with poor confinement. There-
fore, the effective yield strength should be related to the geo-
metrical distribution and amount of confinement steel
provided. This is achieved by the effectlve confinement index
introduced by Cusson and Paultre, ! which is based on a ratio-
nal approach to the confinement phenomenon. Based on this
work, the effective confinement index is introduced as

e

Ie"'f/
c

©

where fy, is the effective confinement pressure or the passive
pressure applied by the ties to the concrete core when con-
fined concrete reaches its maximum stress. It can be found
from horizontal equilibrium

A
fie = K2y (10)

ACI Structural Journal/July-August 2001




12
5 wl. Axial load level: 0.4 A,f', CBOBBONAD, I Axial load level: 0.4 AL, CaDBAONAD
5
2 ot -
2
2 o CLO0BHSSNAD, . C100B60N40 - CLOOEGONAO )
E *(120B60N40 C120BBON40 CIO0BHSSN40
o 4 5
5 | clooBgoNg  CI00BHBON4O
22 C100B130N40 i « C100B130%40
] Et | Il 1 1 I ! | |
12
3 Axial load level: 0.52 A,f'; Axial load level: (.52 &,f";
BRI N
5
Z o !
5
Z sf -
B
)
§ A A g C100B6ONS2 «
L} L ]
g- 2| C100BB55NS2 B C100BR55N52
) I ] - | 1 1 I 1
0 0.2 D04 0.06 0.08 0.10 0 0.5 0.0 0.1 020 025
Effective confinement index, [, Confinement index, I,
Fig. 10—Influence of effective confinement index on displacement ductility.
where K, is the geometric coefﬁment of effectiveness of ties and
deﬁned hy Sheikh and Uzumeri?> and Mander, Priestley, and
Park,2* A s 18 the total confinement steel area in one direction, £
and f; is the stress in the steel at peak. It is seen that the effec- Ay = 0-093}1.:)?- (12)
yh

tive confinement pressure accounts for both the distribution of
confinement steel and its yield strength. Further discussion of
the index can be found in Cusson and Paultre'? and Paultre and
Légeron. Cusson and Paultre!? demonstrated that this meth-
od was very efficient in predicting the effectiveness of the yield
strength of lateral steel. The effective confinement index was
computed for all the specimens tested in this research program
and is reported in Fig. 10, which presents displacement ductil-
ity as a function of /, and I... A best-fit line for each axial load
level is also presented in this figure. There is very good corre-
lation between the effective confinement index and column
ductility at each axial load level. No clear relation between I,
and 1, is apparent from this figure. It can be concluded that the
effective confinement index can be used to compare the rela-
tive ductility of columns with different concrete strengths and
different yield strengths of confinement steel. The relation be-
tween /, and |1, is linear for an axial load level of 40% as with
a 52% axial load level. The results of this test program indicate
that an index that accounts for the effective confinement index
and the level of axial load is the key to understanding the be-
havior of NSC and HSC columns under cyclic and seismic
loads and to developing a general predictive behavioral model.

Requirements for ductility

In seismic zones, structural members designed to behave
in a ductile manner should be well-confined. Confinement
steel is recommended in codes of practice by design equa-
tions. The ACI Code? recommends that the total cross-sec-
tional area of rectangular hoop reinforcement shall not be
less than

A
A, = 03shJe —&-1) (11)
FinMen
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where A, is the cross-sectional dimension of the column core
measured center-to-center of confining reinforcement, and
Ay, is the cross-sectional area of column core measured out-
to-out of transverse reinforcement.

Based on the work of Watson, Zahn, and Park,? the New
Zealand Code' recommends an equation that accounts for the
axial load level. The minimum effective area of confinement
steel in one direction Ay, to reach ductile behavior, is ob-
tained from

f

13- —2—] n

[ Peossr ) Afl b
33 Acfthch’Ag

A, = -0.006sh” (13)

where 4" is the dimension of the concrete core measured out-
side the peripheral hoop and ¢ is the strength reduction factor
to be taken as 0.85 for a fully ductile frame building. It
should be emphasized that this equation was developed for
NSC conﬁncd with normal-strength lateral steel. Li, Park,
and Tanaka,” however, showed that Eq. (13) can be used for
HSC confined with normal-strength steel and HYSS, provided
that yield strength is limited to a reasonable value. This is ac-
counted for in the New Zealand Code by bounding the yield
strength of confining steel to 800 MPa.

Table 5 presents test data for large-scale columns from
various authors,*> including test results from the present
study. Also included are test data for specimens from this ex-
perimental program with normal-strength confinement
steel. In this table, the provided effective area of confine-
ment reinforcement A, is compared with the required re-
inforcement by the ACI and New Zealand Codes. As there
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Table 5—Comparison between provided effective area of confinement reinforcement and required

reinforcement by the ACl and New Zealand codes

Specimen fAMPa | s mm |[fwMPa| p,  |Agomm®| PAS | PIPy | ACT | wACI | NzS | %NzZS | Mau

U3z’ 93.0 43 1317 0.0378 227 0.60 0.62 150 151 440 52 1.0

us® 93.0 62 1317 0.0262 227 0.60 0.62 216 105 635 36 1.0
C100BH80N40T 104.0 80 825 0.0227 242 0.37 0.40 257 94 414 59 2.6
C100BH55N521 105.0 55 744 0.0330 242 0.53 0.57 197 123 485 50 2.8
D120-15-3C-25/8-0.2PF | 102.0 67 752 | 00255 | 514 019 | 020 | 335 | 64 146 146 40
C100BH55N40T 110.0 55 825 0.0330 242 0.35 0.38 186 130 286 85 54
ur® 98.0 62 1317 0.0262 227 0.30 031 228 100 287 9 5.8
D120-15-3C-15/8-0.2P% 102.0 41 752 0.0413 214 0.19 0.20 208 103 90 238 6.0
C100B130N401 104.3 130 418 0.0196 341 0.37 0.40 826 41 1233 28 1.6
C100B60N52t 109.4 60 418 | 0.0426 | 341 051 | 055 | 400 85 857 40 3.6
C120B60N401 109.2 60 438 0.0426 341 0.41 045 381 90 646 a3 4.7
C100B60N40T 98.2 60 418 0.0426 341 0.39 0.42 359 95 565 60 52
CR0B60ON40T 78.7 60 438 0.0426 341 0.40 0.41 274 - 124 397 86 10.1

“Specimen from Li, Park, and Tanaka.®
TSpecimen from present research program.
*Specimen from Azizinamini et al.

is no consensus on the level of ductility to be reached in seis-
mic design and because no single definition of ductility is
widely accepted, it was decided to sort the columns in order
of increasing ductility and not to separate them into ductile
and nonductile columns.

The required confinements differ widely depending on
whether Eq. (11) and (12) or Eq. (13) are used. The test re-
sults show no correlation between the level of compliance
with the ACI Code and the displacement ductility rcached
For example, Specimen U1 from Li, Park, and Tanaka® be-
haved quite well and reached a displacement ductility of
5.8, while Specimen U5, with the same ratio of provided
transverse reinforcement over required reinforcement by the
ACI Code, achieved a displacement ductility of 1.

The overall tendency is well-estimated by the New Zealand
Code expressions, as columns with the lower level of compli-
ance with NZS 3101 presented the lowest displacement duc-
tility, while columns with the best level of compliance with
NZS 3101 had the highest displacement ductility; however,
the correlation is not perfect. For example, Spccmen D120-
15-3C-25/8-0.2P, tested by Azizinamini et al., * with 146% of
steel required by NZS 3101, had lower displacement ductility
than Specimen C100BHS55N40, with transverse reinforce-
ment equal to 85% of that required by NZS 3101.

One would expect the same level of ductility with the same
level ,of compliance to Eq. (13), regardless of the yield
strength of the confinement steel. Hence, specimens with
normal-strength confinement steel are included in this dis-
cussion to assess this statement. If one compares Specimens
C100B60N52, C120B60N40, and C100B60N40 with U3,
U5, C100BH80N40, and C100BH55N52 (Table 5), with the
level of compliance to the New Zealand Code expression in
the same range, the displacement ductility reached is very
different: 1 to 2.8 for specimens with high-yield-strength
confinement steel and 3.6 to 5.2 for specimen confined with
normal-strength steel. Comparison between Specimens
C80B60N40 to C100BH55N40 and Ul with compliance to
the New Zealand Code expression in the same range shows
that the Jevels of ductility are also very different: 5.4 and 5.8
for columns confined with HYSS and 10.1 for the column
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confined with normal-strength steel. Hence, we conclude
that, even if the level of compliance to the New Zealand
Code expression seems to predict quite well the overall ten-
dency of the ductility of the columns confined with HYSS,
the level of ductility obtained is very much dependent on the
yield strength of the transverse reinforcement.

CONCLUSION

The present study provides data on the behavior of eight
HSC columns subjected to combined constant axial com-
pressive load and reversed cyclic flexure. It is shown that the
ductility of HSC columns is dependent on concrete strength.
It is also demonstrated that the amount of lateral steel can be
decreased provided that the yield strength of the lateral steel
is increased. Hence, a trade-off exists between yield strength
and amount of lateral steel; however, high yield strength may
not be effective in every case; when columns are poorly con-
fined, high yield strength is not totally effective and the full
yield strength should not be taken into account. Limiting the
yield strength of steel to an effective yield strength has not
proved effective on the columns tested. This, however, is a
simple approach that should be investigated further. The ef—
fective confinement index proposed by Cusson and Paultre!?
seems to be a solution to account for HYSS.

Specimens with less confining reinforcement than recom-
mended by the ACI Code behaved in a ductile manner when
the axial Joad was small, while specimens fulfilling the ACI
Code expressions for confinement reinforcement did not be-
have in a ductile manner when the axial load was high. It is
also noted that the ACI Code expressions for confinement
reinforcement is not applicable to HYSS. The New Zealand
Code was tested against eight columns confined with
HYSS, including three columns tested in this research pro-
gram. Some irregularities are observed in the relationship
between the level of compliance to the code and the ductility
produced. Moreover, the level of ductility reached by col-
umns with similar compliance to the New Zealand Code is
different if the column is confined by normal-strength or
HYSS. The expressions proposed in the New Zealand Code,
however, represent progress compared with the ACI Code
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expressions because they account for the axial load level on
transverse reinforcement demand, and they limit the yield
strength of confining steel to a reasonable value. This aspect,
however, needs further study. s long as no improved equa-
tions are proposed, the confinement requirements of the New
Zealand Code seem more appropriate. There is a possible
lack of ductility for columns confined with HYSS. The use
of the effective confinement index I, may be an alternative
approach in this case.

A safe and economical use of HSC in seismic zones still de-
pends on relating the available ductility to the confinement re-
inforcement. When the columns are subjected to high levels of
axial load, a high amount of lateral steel is necessary. A ratio
of more than 4% will be difficult to use in practice. HYSS is a
good way to decrease the amount of transverse reinforcement
required, as demonstrated by this research. Hence, design
equations should therefore account for such special steel.
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CONVERSION FACTORS
1MPa = 145 psi
lmm = 0.039 in,
1kN = 0.2248 kips
1kNm = 0.738 fi-kipf

NOTATION
A. = cross-sectional area of the concrete core measured center-lo-
center of outer tie
gross section of concrete
total cross-sectional area of transverse reinforcement
total cross-sectional area of longitudinal reinforcement
secant modulus of elasticity of plain concrete
maximum compressive strength of concrete measured from 150
x 300 mm cylinders
modulus of rupture of the concrete
ultimate strength of reinforcement steel
yield strength of longitudinal reinforcement steel
yield strength of transverse reinforcement steel
applied horizontal load
applied horizontal load H plus the equivalent horizontal load
due to P-A effect
i depth of concrete core measured out-to-out of peripheral hoop

wwonowonn

P = axial load carried by concrete

Py = nominal axial load of a column = 0.85(A, ~ Ay ), + Ay f,

s =  center-to-center spacing between sets of ties

A = tipdisplacement of column

A9 = maximum tip displacement of column

A,), =  ideal yield displacement of column

g/ = axial strain in plain concrete corresponding to f;

€y =  commencement of strain hardening in steel bars

g, = ultimate strain of reinforcement steel

€ = strain in reinforcement steel at yield strength

Ita, = ultimate displacement ductility

Mgy =  ultimate curvature ductility

pg = volumetric ratio of longitudinal reinforcement in column cross
section

p; = volumetric ratio of transverse reinforcement in concrete core
measured center-lo-center of ties

¢ = curvature ’

¢, = maximum curvature

by = ideal yield curvature
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