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Displacement-Based Design of Reinforced Concrete

Columns for Confinement

by Murat Saatcioglu and Salim R. Razvi

A displacement-based design procedure was developed for con-
finement of earthquake-resistant concrete columns. The procedure
is based on experimentally observed and analytically computed
relationships among the parameters of confinement. The amount,
grade, spacing, and arrangement of transver se reinforcement; con-
crete strength and cover thickness; and the level of axial compres-
sion and drift ratio were considered as parameters of confinement.
Satic inelastic (pushover) analyses were conducted to generate a
large volume of data, with due considerations given to concrete
confinement, reinforcement strain hardening and buckling,
anchorage dlip, axial compression, and secondary deformations
due to P-D effect. Both normal-strength and high-strength concrete
columns with circular and square cross sections were included.
Improved design expressions were developed for column con-
finement utilizing both the current design criterion, which is
based on column axial deformability, and the recommended
design criterion, which is based on lateral deformability as
expressed by column drift ratio.

Keywords: column; ductility; confined concrete; displacement-based
design; high-strength concrete; transverse reinforcement.

INTRODUCTION

Reinforced concrete columns built in seismicaly active
regions are expected to undergo a large number of inelastic
deformation cycles while maintaining overall strength and
stability of the structure. This can be ensured by proper
confinement of the core concrete. The conf| nement require-
ments of the ACI 318-99 Buildi ng Code! provide satisfactory
designs in most appllcatlons The same requirements,
however, may also result in unsatisfactory designs, leading
to either unsafe or overconservative columns, which often
lead to the congestlon of reinforcement and related con-
struction problems. 24 The code requirements were derived
for normal-strength concrete columns and are not applicable
to columns cast from high-strength concrete.

The state of knowledge on concrete confinement has
improved substantially since the pioneering work of Richart,
Brandtzaeg, and Brown>® in 1928, WhICh formed the basis
for the ACI 318 design requirements.® During the last three
decades, a large volume of experimental data has been gen-
erated, and a number of improved analytical models have
been developed that describe the stress-strain behavior of
confined concrete. A better understanding of design param-
eters has al so been acquired, including those that are currently
overlooked by the design practice. Test data have become
available on high-strength concrete columns, making it pos-
sible to develop design provisions for such columns that are
not currently included inthe ACI 318 building code.! Itisthe
objective of this paper to present improved design expressions
for normal- and high-strength concrete column confinement
on the basis of the current state of knowledge.
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CURRENT DESIGN APPROACH

The design criterion adopted in ACI 318-99' for column
confinement is based on the premise that confined columns
should maintain their concentric capacities after the spalling
of cover concrete. Thisisachieved by providing sufficient con-
finement to the core concrete to attain strength and ductility
enhancements. The required volumetric ratio of transverse
reinforcement was derived based on the strength gain in core
concrete, which wasassumed to be (f g —f &) = 4.1f,, wheref,
represents uniform passive confinement pressure.6 Equating
the concentric capacity of cover concrete to the strength gain
in core, the required volumetric ratio of transverse reinforce-
ment that satisfiesthe ACI 318 performance criterion may be
obtained as follows

Strength in cover concrete = strength gain in core concrete

0.85f4Ag —Ag) = 4.1, (Ac — AY (1)

The lateral pressure f, for a spirally reinforced circular
column at yield is

sp yh (2)

f, =
¢ sh,

Substituting f, into Eq. (1) and dividing both sides by
(2.05 fyhAc)

f
0.415 °¢g@ 18 R ©)
yhEA sh.,  sh.A.
f
ﬂp—%_ _0415% 10 4
sh, phzs fon 9
AAgA
sh.A.

Equation (4) was adopted by ACI 318! after dropping the
last term and increasing 0.415 to 0.45. The code expression
is shown in Eq. (5) for spiraly reinforced circular columns
where hoop tension results in near-uniform lateral pressure,
which is consistent with the degree of strength enhancement
considered.
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Fig. 1—Comparisons of experimental data with ACI 318
requirements.
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With the aforementioned simplification, the strength en-
hancement in core becomes (f §. — f &) » 3.8, The lateral
pressure f, for a spirally reinforced circular column can be
written in terms of the arearatio of transverse reinforcement
r ¢ in each cross-sectional direction

2A 1
fz = _bSng = I’cfyh = érsfyh (6)
c

The strength enhancement based on ACI 318 is compared
with experimental values obtained by Sheikh and Toklucu’
and Mander, Priestley, and Park8in Fig. 1(a). The compari-
son indicatesthat Eq. (5) does not provide agood correlation
with experimental data, producing over-conservative quantities
of transverse reinforcement for spirally reinforced circular
columns. This is attributed to the constant multiplier 3.8
used in relating strength gain to confinement pressure,
athough test results reported in the literature indicate a variable
multiplier that isafunction of lateral pressure fe.g’lo

4

In large columns, the ratio of cross-sectiona areato confined
core area (Ag/A¢) may approach unity. In this case, Ed. (5)
results in very small values of volumetric ratio. Therefore, a
lower-bound expression is provided by setting alimit on the
Ag/A ratio. Thistranslates into Eq. (7)

f
re = o.12f£¢ 7
yh

The confinement steel requirements for square and
rectangular columns are based on an arbitrary extension
of the aforementioned requirements, while recognizing
that rectilinear reinforcement is not as effective as circular
reinforcement. The code expression for the required area of
rectilinear reinforcement is obtained from Eg. (5), based on
the premise that rectilinear reinforcement is 3/4 as effective
ascircular spirals. Thisimpliesthat 1/3 more steel is needed
in square and rectangular columns to attain deformabilities
usually expected from spirally reinforced circular columns.
Theincreased steel requirement, when expressed in terms of
the area of lateral reinforcement, translates into Eq. (8) with
the corresponding strength enhancement of (f§ — fg) »
2.8f,. Thelower limit established issimilar to that for circular
spirals, and isshown in Eq. (9)

fChy .6
A, = 0.3sh~%&8_10 (8)
sh nyheAC (%}
fe
A, = 0.09sh = 9)
fon

The previously mentioned requirements of the ACI 318
building code' are compared with the results of concentrically
tested columns, obtained by Sheikh and Uzumeri, 1! Scott,
Park, and Priestley,'? Razvi and Saatcioglu,'® and Abdulka-
dir,'* in terms of lateral pressure r ¢ fyn and the resulting
strength enhancement. The comparison, shown in Fig. 1(b),
indicates poor correlation. This may be explained mostly by
the differences in behavior resulting from different arrange-
ments of reinforcement, which is aparameter that is not con-
sidered in Eq. (8). Researchers in the past showed that
columns with the same amount and spacing of confinement
reinforcement showed significantly different strength and
deformability when confined bg/ different arrangements of
transverse reinforcement.1-121516 \while a square column
with four corner bars and tied with perimeter hoops shows
the worst behavior, columns confined with well-distributed
longitudinal reinforcement, laterally supported by crossties,
overlapping hoogs, or both, show significantly improved
performance. 11121516 |t is clear from the comparisons
shown in Fig. 1 that the code expressions do not provide
adequate representation of experimental observations for
the performance criterion for which they were developed.

PROPOSED DESIGN APPROACH

A design procedure is proposed in this paper based on the
confinement model developed by the authors. 16 |nitial ly, the
performance criterion used in the ACI codeis adopted, while
recognizing important interactions among the design param-
eters that are currently overlooked in ACI 318-99.1 More
specificaly, the tradeoff between the volumetric ratio and
reinforcement arrangement is considered. Tie spacing and

ACI Structural Journal/January-February 2002



(@

, -
1

[ ;z

i \ ‘\ Low Flexural
i "l Rigidity —~—
{: - - }n

i y

l‘\ 'lr High

\ Axial Rigidity
\ / ‘ \ t
& 9/ FAMN

=Lz = e

S
Bl A
¢

©

Equivalent

Average
Actual

le

| Sy

|
|

Pressure /
Distribution I /
s

b,
—> A fy
!t
2A:fﬁ
[<— =
b fi bes
rd
—_— Aafyl

Fig. 2—Development of confinement pressure: 16 (a) and (b) square sections with different
arrangements; (c) actual, average, and equivalent pressures; (d) pressure distribution
along column height; (€) rectangular section; and (f) circular section.

spacing of laterally supported longitudinal reinforcements
are explicitly addressed. Confinement of high-strength
concrete, with strength of up to approximately 130 MPa, is
included. It isshown that the volumetric ratio of confinement
reinforcement can be reduced for columns with efficient tie
arrangements. The treatment of square and rectangular
columns is particularly improved since the confinement
steel requirements are based on arealistic analytical model,
reflecting experimental observations rather than an arbitrary
extension of the concepts derived for circular columns. The
following expressions define strength enhancement in
confined concrete based on the analytical model adopted

f& =g +kikf, (10)
A A f
f = 8o (12)
(o3
k, = 6.7(k,f) (12)
Ky = 026 [2ePel (13)
S§ T,
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wheref,in Eq. (12) and (13) isin MPa. Thein-place strength
of concretef g, may betaken asequal to 0.85f(,as per ACI
318-99,' and dlso as supported by test data. Coefficient k; re-
flects the reationship between uniform lateral confinement
pressure and strength enhancement. This coefficient was
found to vary with lateral pressure in previous experi-
ments, >0 differi ng substantially from the constant value of
4.1 used in deriving the ACI 318 expressions. Coefficient k,
relates the average lateral pressure f, to equivalent uniform
pressure, and reflects the efficiency of confinement rein-
forcement. The efficiency improves with the uniformity of
confinement pressure and reachesitsfull valuewhenthelateral
pressure is uniform, as is approximately the case in circular
columns with closely spaced spirals for which k, = 1.0.

The passive confinement pressures generated by different
arrangements of rectilinear reinforcement are illustrated in
Fig. 2. As can be seen, the restraining action against lateral
expansion becomes high at locations of cross-reinforcement
where overlapping hoops, crossties, or both are tied to the
longitudinal reinforcement. Hence, both the tie spacing s as
well as the spacing of cross-reinforcement in the cross-
sectional plane s, play important roles in the efficiency of
reinforcement arrangement. These variables are incorporated
into Eq. (13). A simplified version of the same equation, also
applicable to high-strength concrete, has been suggested
by the authors and is shown in Eq. (14)%’
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Fig. 3—Comparisons of experimental data with proposed

equation.
k, = 0.15 /%%C (14)
(2

Equation (10) through (14) can be used to derive new
design expressions while maintaining the performance
criterion adopted by ACI 318-99.1 Thiscriterion requiresthe
concentric capacity of confined column core to be at least
equal to the unconfined strength of the entire column section.
Ignoring theareaof concretereplaced by longitudina reinforce-
ment, the resulting expression can be written as follows

fgc AC = fC% Ag (15)
(0.85f¢ +k;kyf)A, = 0.85fCA, (16)
kikofy _ Ay 1 (17)

0.85f¢ A,

0.83
8(k2r C fzh) - ﬁ -1 (18)
fe A,
12 1.2

r. = 0025 e)_L1ady_ g0 (19)

fyh I(2 eAc 2

Equation (19) incorporates the parameters of confinement

that play important roleson axial deformabilty, including the
arrangement of reinforcement. It provides the required area

6

ratio of transverse confinement reinforcement in each cross-
sectional direction for circular, square, and rectangular
sections. For circular spirals as defined in ACI 318-99,1 k, =
1.0. For al other cases, k, can be computed using Eq. (14).

The confinement steel requirement specified by Eq. (19) is
verified against experimental dataintermsof lateral pressure
kor . fyn, and theresulting strength enhancement in Fig. 3. The
figure indicates that significant improvements are achieved
by the proposed expression over the expressions given in
ACI 318-99' and shown in Fig. 1.

For the majority of columns in practice, Eq. (19) may be
simplified as follows

f )
[ = o.zi¢laéiq—1g (20)

High-strength concrete columns

Recent research on high-strength concrete columnsindicates
that the strength gain due to confinement is independent of
concrete strength, although the percentage of stren(gth gain
becomes lower for higher-strength concretes.’®20 There-
fore, high-strength concrete columns require proportionately
more confinement to attain deformabilities usually expected
from earthquake-resistant columns. Tests on high-strength
concrete columns also revea that hi%her-grade reinforce-
ment is effective in confining columns.8-2% |t was shown by
the authors that the effectiveness of high-grade confinement
steel under concentric compression depended on the amount
and efficiency of transverse steel, while it also depended on
the level of axial comgression for columns subjected to
lateral load reversals.’®?2 Transverse reinforcement with
yield strengths of up to 1000 MPawas found to be effective
under monotically increasing concentric compression when
confined to conform to Eq. (19).1%20 The same steel was
effective under lateral deformation reversals when the
accompanying level of axial load was approximately 40%
Po. The transverse steel was approximately 80% effective
when the level of axial load was reduced to 20% P, develog—
ing approximately 800 M Pastress at peak column resistance. 2
Reinforcement with approximately 600 MPa yield strength
was congistently effective in confining high-strength concrete
columns. Therefore, until further experimental data become
available, it may be prudent to limit the yield strength of
transverse reinforcement in Eq. (19) and (20) to 600 MPa,
which provides an increase of approximately 50% in the
current limit of 400 MPaused in ACI 318.1

The applicability of Eq. (19) to high-strength concrete
columns is verified against experimental data. Figure 4
shows the comparison of strength enhancement values
obtained by tests and by Eq. (19) for both normal-strength
and high-strength concrete columns. The test data on high-
strength concrete were obtained by different researchers for
concrete strengths ranging between 30 and 124 MPa 20:21:23-28
The lateral pressure for these columns was based on recorded
transverse steel stress at peak column resistance fg when-
ever available, rather than yield strength, since the high-
grade reinforcement used in some of the columns did not
necessarily yield, which confirmsthe validity of the upper
limit suggested in the previous paragraph. The comparison
indicates good correlations with test data providing exper-
imental evidence on the applicability of Eq. (19) to high-
strength concrete columns.
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Displacement-based design

The design requirements discussed in the preceding section
are based on the axial deformability of cqumns under
concentric compression, and conform to the ACI 318 design
criterion. This design criterion, however, is not representative
of actua column behavior during seismic response. Columns
of building and bridge structures experience lateral drift
when subjected to seismic excitations. It has been shown by
previous research that there is a di rect correlatron between
lateral drift and concrete confinement.? Consequently, col-
umns that experience significant lateral drift should be con-
fined more stringently that those that are braced laterally by
r|g|d structural Walls Lateral drift isnot explicitly addressed
in ACI 318-99! for column confinement. Instead, the con-
finement regquirements were developed on the basis of axial
deformability, with the implied understanding that columns
deformable under concentric compression are also deform-
able under combined axial and lateral loading. This criterion
does not permit the level of axial compression and/or the
drift demand to be introduced as design parameters.

A displacement-based design approach is presented in this
section, with lateral drift as the performance criterion. The
design approach is based on computed drift capacities of col-
umns with different levels of confinement and axia com-
pression. The computation of drift was done using a
computer program for static inelastic loading (pushover
analysrs) that mcorporat% analytical models for concrete
confinement, 1617 steel strain hardening,*° bar buckling,3°
format|on and progression of plastic hingi ng, 9 and anchor-
age slrp 32 (extension of reinforcement in the adjoining
member). The analysis procedure also includes an option
for second-order deformations caused by P-D effects.
The analytical models, as well as the analysis procedure
employed, had been verified extensively against experi-
mental data 1617293133 Figure 3 4, 5 and 6 illustrate sample
comparisons of computed and measured responsefor theentire
range of inelastic force-deformation relationships for both
normal-strength and high-strength concrete columns. These
sample comparlsons as well as those reported else-
where 272937 provide experimentdl verification of the analysis
procedure employed in deriving the design expressions.

The drift capacity was computed either at 20% strength
decay in moment resistance or at the same level of decay in
lateral force resistance. In the latter case, the decay included
the portion that was caused by the P-D effect. The use of 20%
strength decay as the failure criterion is consistent with that
employed by previous researchers, since it is reasonable to
accept some strength decay in columns of multistory multi-
bay structures during sersmrc response before they can be
considered to have failed.3

Extensive parametric mvestigation was conducted to
establish the significance of design parameters on lateral
drift.2%37 The results were used to identify primary design
parameters for column confinement while establishing rela-
tionships between axial load, confinement reinforcement,
and drift capacity. It was concluded that the amount, grade,
spacing, and arrangement of confinement reinforcement, as
well as the level of axial compression, concrete strength,
cover-core area ratio, and shear span-depth ratio played
important roles on drift capacity, while the percentage of
longitudinal reinforcement played a role of secondary
importance. It was further concluded that similar drift capac-
ities could be obtained from columns with similar geometry
and reinforcement arrangement but different amounts of

ACI Structural Journal/January-February 2002
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Fig. 4—Comparison of normal-strength concrete (NSC)
and high-strength concrete (HSC) column tests with
proposed equation.

confinement reinforcement and material strengths, as long
asther .f;,/f Lratio remained constant, with certain limits
placed on these design parameters. This indicates that the
r ¢ fyn/f¢ ratio could be used as adesign parameter for awide
range of material strengths, including high-strength concrete
and high-grade reinforcement. Further verification of this
point was done experimentally for concrete stren%ths up
to 124 MPa and steel strengths up to 1000 MPa. 9-22 ¢
was al so established that the rel ationship between the required
level of confinement and cover-core area ratio was approxi-
mately linear within the practical range of 0.2 to 0.8. Conse-
quently, it was confirmed that columns having a constant
ref h/{fctl[(Ag/Ac) — 1]} ratio would develop approximately
srmllar drift capacities when other confinement parameters
remained constant, irrespective of var|at|ons in individual
parameters that make up this ratio.?>3” This ratio, defined as
r, isused in establishing the conﬁnement steel requirements,
asalso used by ACI 318-99.1

= Lehn (21)

fc¢[éq - 1]
AC

Figure 7 and 8 illustrate the variation of column drift
capacity with coefficient r, defined in Eq. (21) for different
levelsof axial compression and efficiency of transverserein-
forcement k. Drift ratios plotted in Fig. 7(a) and 8(a) were
determined at 20% strength decay in lateral force capacity;
these account for the decay in force resistance caused by the
P-D effect. Hence, they are lower than those shown in
Fig. 7(b) and 8(b), which were determined at 20% strength
decay in moment capacity. Thesefiguresclearly indicate that

7
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the lateral drift capacity (deformability) improves with
increasing values of coefficient r and the efficiency of rein-
forcement arrangement ko. They further indicate that the col-
umn drift capacity decreases with increasing axial
compression. Therefore, higher percentage and/or higher
grade and/or improved efficiency of transverse reinforce-
ment are required for columns under higher compression.
This implies that the confinement requirements may be re-
laxed for columns under lower levels of axial compression.
Figure 7 and 8 also suggest that the confinement steel re-
quirements should not only be afunction of axial load level,
but also the arrangement of reinforcement ko. The relation-
ships given in these figures suggest that the following ap-
proximation can be made between r and lateral drift ratio d

1Py

TP

Substituting the value of r from Eq. (21) and solving for
reinforcement ratio r

r=14 (22)

8

= 14 5—1]—— (23)

A

C

Equation (23) relates the confinement parameters to drift
capacity d in the direction of confinement reinforcement
when P 3 0.2P,. Figure 9 illustrates the correlation between
drift capacities obtained by Eq. (23) and inelastic pushover
analyses. Sincethe computed drift has been verified extensively
against experimental data within the entire range of inelastic
drift, asindicated previoudly and illustrated in Fig. 5 and 6, the
computed drift values may be viewed as close representa-
tions of experimental values. Figure 9 indicatesthat Eq. (23)
provides a good estimate of column drift capacity. Hence, it
can be used to establish the confinement steel requirements
of columns with different levels of drift demand.

Figure 7 and 8 were generated for columns with a shear
span-depth ratio L/h of 2.5. Thislevel is near the lower end
of L/hratiosused in practice. A complete set of analyseswas
also conducted for columns with L/h = 5.0, representing the

ACI Structural Journal/January-February 2002
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higher end of the range used in practice.3” When the strength
decay due to P-D effect was included in the analysis, the L/h
ratio did not show a pronounced effect on drift capacity.
However, when the P-D effect was not considered, drift
capacities were consistently higher for columns with higher
shear span-depth ratios. In the cases considered, the drift
capacity increased by approximately 75%, from L/h = 2.5
to L/h=5.0. For design purposes, it is conservative to consider
the aspect ratio that produces|ower estimates of drift capacity.
Hence, the results for L/h = 2.5 were used in developing the
design expression given in Eq. (23).

The percentage of longitudinal reinforcement was also
observed to have an influence on drift capacity.37 Thiswas
expected because the increase in longitudinal steel content
would increase the contribution of steel as a ductile material
to overall column response and produce an increase in column
deformability. Column analyseswere conducted for 1, 2, and
4% longitudinal reinforcement. The results showed minor
variations in drift capacity, with columns having higher per-
centage of longitudina reinforcement exhibiting dlightly
higher drift capacities. Theimprovement obtained by doubling
the amount of reinforcement was approximately 10%.
Hence, the longitudinal reinforcement ratio r was not included
asaparameter for confinement design. Instead, the resultsfor
an average reinforcement ratio of 2% were adopted.

The allowable story drift ratio (drift demand) specified by
current building codes is limited to 2.0 to 2.5% for most
concrete frame structures.3%4! While Eq. (23) may be
used for different drift ratio limits up to 4%, an expression

ACI Structural Journal/January-February 2002
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may be developed for a permissible drift ratio limit of
2.5%. When thisdrift level is substituted into Eq. (23), and
the axial forceratio P/P, is replaced with P /f P, adesign
expression can be derived as follows

f P
r= 0_35L¢[éq_1]i_u

fnlAc fif Po

The axial force P, in the aforementioned expression
represents the maximum axial compressive force that can
possibly be applied on the column during a strong earth-

(24)
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Fig. 10—Comparison of proposed confinement requirements
with current American and New Zealand practices.

quake. This quantity corresponds to factored design axial
compressive force in ACI 318 design practice.! When the
capacity design agaroach is used, as in the case of the New
Zealand practice,™ P is computed at the formation of prob-
able moment resistances at the ends of the framing beams
when plastic hinges have formed at these locations. The
capacity reduction factor f may be taken as 0.90, as opposed
to the 0.70 and 0.75 currently recommended for tied and
spiral columnsin ACI 318 because of the improved ductility
of properly confined columns. Equation (24) provides the
area ratio of transverse reinforcement required in each
cross-sectional direction. For circular spirals, r . remainsthe
area ratio of spira reinforcement, which is the same in any
onedirection. Thereinforcement ratio requirement givenin the
same equation approaches zero as the axial compression
approaches zero. Therefore, alower limit is placed on the
design axial compressive force, illustrated as follows

Py,
—30.2 25
fP, (25)

Furthermore, as discussed previously, it was concluded in
the parametric study?’7 that the use of the cover-core arearatio
as adesign parameter had limitations. Therefore, the following
limit, also used in ACI 318, may be placed on thisratio

A_1:03 (26)
A

C

Comparisons with current practice

Equation (24), which isbased on the proposed displacement-
based design procedure, is compared with the requirements
of ACI 318-99' and the New Zealand CodeNZS 3101.%2 The
confinement steel requirements of ACI 318 and NZ 3101 are
reproduced asfollowsin terms of the arearatio of transverse
reinforcement r

ACI 318-99 (spiral)

f
r, = 0.225i¢[59—1} 27)
fyh Ac

ACI-318-99 (rectilinear)

10

f
ro= 03¢ [/59 - 1] (28)
fyh Ac
NZS 3101 (1982)
f .
(=03 [ﬂq - 1] [0.5 o1 25Pe} (29)
LA T10A,

The comparison is made by using the confinement coeffi-
cient r that is obtained by dividing both sides of the previous
equetions by f@f,,[Ag/A; — 1]. The axid force ratios of {P,/
f Po} and { 1.25P/f f Ag} in Eq. (24) and (29), respectively,
are approximately equal for alongitudinal column reinforce-
ment ratio of 3% and can be assumed to be the same for the
purpose of comparison. Figure 10 provides the comparison
of proposed displacement-based design approach with current
North American and New Zealand practices. The comparison
indicatesthat the ACI 318 approach, which isnot afunction
of thelevel of axial compression, produces overconservative
designsfor spirally reinforced columns and some columns
with rectilinear reinforcement, especialy when the level of
axial compressionislow. For columnswith poor reinforcement
arrangement (low k, value), the ACI 318 requirements
can be unsafe when the axial load level is above approxi-
mately 40% of column concentric capacity P,. The New
Zealand approach recognizes the effect of axial load, but
ignores the effect of reinforcement arrangement. It produces
overconservative designsrelative to the proposed approach
for columns with superior arrangements of reinforcement (high
ky). Often, overconservative designs trandate into the conges-
tion of reinforcement cage and concrete placement problems.

SUMMARY AND CONCLUSIONS

Design expressions were developed for confinement steel
requirements of earthquake-resistant concrete columns. Two
different performance criteriawere adopted for this purpose:
1) the ACI 318 criterion based on axia deformability; and 2) a
displacement-based design criterion based on lateral drift.
Design expressions were developed for both performance
criteria. The expression for the latter criterion is based on
static inelastic (pushover) analysis of columns, which was
verified experimentally. The proposed expressions incorpo-
rate the effects of reinforcement arrangement and higher
strength of steel and concrete, and also incorporate the effect
of axial force for a displacement-based design. The expres-
sions provide significant improvements over the existing
practice, as evidenced by experimental verifications.

NOTATION

A. = areaof core concrete within perimeter transverse reinforcement
(center-to-center, except in Eq. (5), (9), (27), and (28), where it
is measured out-to-out)

Ay = grossareaof column concrete section

As = areaof longitudinal steel reinforcement, except in Fig. 2 and Eq.
(11), where Agis defined as either Ag, or

Ay, = areaof transverse reinforcement within spacing s and perpendicular
to dimension h,

Ay = areaof spiral reinforcement

b, = coredimension, center-to-center of perimeter tie

ds = diameter of spiral reinforcement

f¢ = concrete cylinder strength

f§. = strength of confined core concrete

fg = in-placestrength of unconfined concrete in column (f ¢, ~ 0.85 f.¢)

fy = passive lateral confinement pressure provided by reinforcement

fs = stressin transverse steel at peak column resistance

fyh, fyr="yield strength of transverse reinforcement

ACI Structural Journal/January-February 2002



column sectional dimension

core dimension perpendicular to transverse reinforcement under
consideration (center-to-center of perimeter reinforcement)

lateral pressure coefficient, defined in Eq. (12)

confinement efficiency parameter, defined in Eq. (14)

column shear span

axial compressive force on column

maximum axia compressive force on column during earthquake
nominal concentric compressive capacity of column

confinement coefficient, defined in Eq. (21)

center-to-center spacing of transverse reinforcement along column
height

center-to-center spacing of longitudinal reinforcement, laterally
supported by corner of hoop or hook of crosstie

laterd drift ratio, defined as horizonta displacement divided by height
capacity reduction factor

longitudinal reinforcement ratio

arearatio of transverse confinement reinforcement, r . = Ag, /h.s
volumetric ratio of transverse reinforcement

= === ©
1

» o
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