was raised to 0.08. Since the)1963 Code, it has been
required that bending be considered in the design
of all columns, and the maximum ratio of 0.08
has been applied to both types of columns. This
limit can be considered a practical maximum for
bar reinforcement in terms of economy and re-
quirements for placing.

Minimum number of bars — This section re-
quires a minimum of six bars for circular com-
pression members and four for rectangular com-
pression members. For other shapes one bar
should be provided at each apex or corner, and
proper lateral reinforcement provided. For exam-
ple, tied triangular columns should contain at
least three bars.

10.9.2 — The effect of spiral reinforcement in
increasing the load-carrying capacity of the con-
crete within the core does not come into play until
the column has been subjected to a load and
deformation sufficient to cause the concrete shell
outside the core to spall off. The amount of spiral
required by Eq. (10-3) was intended to provide
additional load-carrying capacity for concentrically
loaded columns equal to or slightly greater than
the capacity that was lost when the shell spalled
off. This principle was recommended by ACI Com-
mittee 1051921 and has been a part of the Code
since 1963. The derivation of Eq. (10-3) is given in
the report. Tests and experience show that col-
umns containing the amount of spiral reinforce-
ment required by this section exhibit considerable
toughness and ductility.

10.10—Slenderness effects in compression
members

Sections 10.10 and 10.11 dealing with slenderness
provisions have been entirely rewritten, based on
recommendations of ACI-ASCE Committee 441,
Reinforced Concrete Columns.!®” This recom-
mendation calls for the use of improved structural
analysis procedures wherever possible or practi-
cal. In place of such improved analysis it provides
for an approximate design method based on a
moment magnifier principle and similar to the
procedure used as part of the American Institute
of Steel Construction specifications. After study of
the normal range of variables in column design,
limits of applicability were set which eliminate
from consideration as slender columns a large
percentage of columns in braced frames and sub-
stantial numbers of columns in unbraced frames.
The accuracy of the approximate design procedure
was established through a series of comparisons
with analytical and test results. Over the total
range of slender compression members, the pro-
posed procedure is more rational, more accurate,
and more consistent than the reduction factor
method used in the 1963 Code. Because the mo-
ment magnification method calls the attention of
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the designer to the basic phenomenon in slender
compression members and allows him to evaluate
the additional moment requirements in restrain-
ing members, a superior and safer design results.
Because results of an extensive series of studies
of slender compression members in frames®8
indicated that a somewhat modified and carefully
limited reduction factor method could give rea-
sonable accuracy in treatment of slenderness ef-
fects, such a procedure is included in this Com-
mentary after treatment of the detailed provisions

_ C}f Section 10.10 and 10.11.

10.10.1 — ACI Committee 441 endorsed the po-
sition that the slenderness effect provisions should
encourage improvement in the structural analysis
since the basic’ heed for any slenderness effect
provision stems from weaknesses in conventional-
ly used methods of frame analysis. The Column
Committee’s studies indicated that many of the
analysis shortcomings affect the short columns as
much or more than slender compression mem-
bers.

The following elements are regarded as mini-
mum requirements for an adequate rational frame
analysis for design of compression members under
Section 10.10.1:

(a) The structure may be idealized as a plane
frame of linear elements. In structures containing
structural walls, a better estimate of moments and
deflections will be obtained if the stiffness of the
wall is considered in the analysis.

(b) Realistic moment-curvature relationships
must be used to provide accurate values of deflec-
tions and secondary moments. A linear approxi-
mation of the moment-curvature relationship de-
fined by Eq. (10-7) will be acceptable, although use
of a more accurate relationship is encouraged. The
effect of duration of loads on deformations must
be considered.

(c¢) The analysis must consider the influence of
the axial load on the rotational stiffness of the
member.

(d) The maximum moments in the compression
member must be determined considering the ef-
fects of member and frame deflections and rota-
tions. The possibility of having a maximum mo-
ment occur at sections other than the ends of
the member must be considered.

(e) Because of the complexity of the problem,
any proposed analysis used under the provisions
of Section 10.10.1 should be checked against the
limited test results available and should show
accuracy at least comparable with the more ap-
proximate provisions of Section 10.11.

10.11—Approximate evaluation of slenderness
effects

This section describes an approximate slender-

ness-effect design procedure based on the moment
A
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magnifier concept. The moments computed in an
ordinary frame analysis are multiplied by a “mo-
ment magnifier” which is a function of the axial
load P, and the critical buckling load for the
column P, The procedure embodies some of the
main elements of the working stress design pro-
cedure for steel beam columns as included in the
AISC specifications for structural steel for build-
ings,10-0

10.11.1 and 10.11.2 — These provisions are es-
sentially unchanged from the 1963 Code, although
simplified and condensed.

10.11.3 — This section requires the use of effec-
~ tive length factors in computing slenderness ef-

fects. The fundamental equations for the design
of slender compression members were derived
for hinged ends and must be modified to account
for the effect of end restraints. This is done by
using an “effective length,” kl,, in the computation

of slenderness effects, as has been used for beam-
column design in the AISC specificationgl®*
since 1963. Comparisons with more precise com-
puter solutions indicate this procedure is especial-
ly accurate in the unbraced frame.

Committee 441 proposed that the effective
length be computed in a more or less standard
way by use of the Jackson and Moreland Align-
ment Charts (Fig. 10-3), which allow graphical
determination of k for a column of constant cross
section in a multibay frame.19-10.1918 The effective
length is a function of the relative stiffness at
each end of the compression member and studies
have indicated that the effects of widely varying
beam and column reinforcement percentages and
of beam cracking should be considered in deter-
mining these relative stiffnesses.

Because the behavior of braced and unbraced
frames is so different, it is necessary to have one
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k = Effective length factor

Fig. 10-3—Effective length factors
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set of effective length, factors for completely
braced frames and another set for completely un-
braced frames. In actual fact, there is rarely such
a thing as a completely braced or a completely
unbraced frame. For the purposes of applying
Section 10.11.3, a compression member braced
against sidesway is a member in a story in which
the bracing elements such as shearwalls, shear
trusses, or other types of lateral bracing, have a
total stiffness, resisting lateral movement of a
story, at least six times the sum of the stiffnesses
of all the columns resisting lateral movement in
the story under consideration, so that lateral de-
flections of the story are not large enough to sig-
nificantly affect the column strength. What con-
stitutes adequate bracing in a given case must be
left to the judgment of the engineer, depending
on the arrangement of the structure in question.
A value of k less than 1.2 for columns not braced
against sidesway, normally would not be realistic.

10.11.4 — This section provides lower and
upper slenderness ratio limits for use with the
moment magnification method. The lower limits
indicate that many stocky and sufficiently re-
strained compression members can essentially de-
velop the full cross-sectional strength. The lower
limits were determined from a study of a wide
range of columns and correspond to lengths for
which a slender member strength of at least 95
percent of the cross-sectional strength can be de-
veloped.

While elimination of slenderness considerations
for these members may result in strength inac-
curacies of up to 5 percent, the designer’s job is
considerably simplified, since studies!®” of a ser-
ies of actual structures indicate that slenderness
effects could be neglected for about 90 percent of
the columns in the braced frames and 40 percent
of the columns in the sway frames studied. An
upper limit is imposed on the slenderness ratio
of columns designed by the moment magnifica-
tion method of Section 10.11. No similar limit is
imposed if design is carried out according to Sec-
tion 10.10.1. The limit of kl,/r = 100 represents the
upper range of actual tests of slender compression
members in frames.

10.11.5—This section presents the slender column
approximate design equations. These equations
are based on the concept of a moment magnifier
0 which amplifies the column moments to account
for the effect of axial loads on these moments.
The column cross section is then designed for
the axial load and the amplified moment. In
application, & is a function of the ratio of the axial
load in the column to the assumed critical load of
the column, the ratio of column end moments, and
the deflected shape of the columns.

In computing 3, the factor C,, is an equivalent
moment correction factor. The derivation of the
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moment magnifier assumes that the maximum mo-
ment is at or near midheight of the column. If
the maximum applied moment occurs at one end
of the column, design must be based on an “equiv-
alent uniform moment,” C,M,, which would lead
to the same maximum moment when magni-

fied.107

In defining the critical load, the main problem
is the choice of a stiffness parameter EI, which
reasonably approximates the stiffness variations
due to cracking, creep, and the nonlinearity of
the concrete stress-strain curve. The Design Sub-

" tommittee of Committee 4417 recommended

that where more precise values are not available,
EI be defined by Eq. (10-7) and (10-8). These ex-
pressions approximate the lower limits of EI for
practical cross sections and hence are conservative
for secondary moment calculations. They were de-
rived for small e/h values and high P,/P, values,
where the effect of axial load is most pronounced.
P, is the theoretical axial load capacity of a short
compression member. Since experimental work
involved the theoretical capacity, P,/¢ is used in
Eq. (10-5).

The approximate nature of these expressions is
shown in Fig. 10-4, where they are compared with
values derived from load-moment-curvature dia-
grams for the case of no sustained load (3; = 0).
Eq. (10-7) represents the lower limit of the practi-
cal range of stiffness values. This is especially true
for the heavily reinforced columns. Eq. (10-8) is

Koot
XXX XK RRRRRIIG
QRRLRERRRARK NI

_ ““’A’A‘!?on!ozgzo‘o.v %

c =19
K , pri%y  _ Eolg
-~ R T = —
wls R R R e eoerey 5 S +S
SRR
135 G ERRRRRIIA KT T o
o B2 SO XN AT .
o UL X RRXK A XXX oy
Ol o B35 XRKEIT
= //// GRS
BlE | T T TT T 100 2,
o i - - et
(o] =09,
8|& p=8%"
<y
—
Ll w | | I l
0 T T —— T
06 0.7 08 0.9
Pu/Py
(a) EQUATION (10-7)
c Ecl
o c'9
= e EI"’
g 5 4+— SRR RTINS 2.5
ORIRKRIREKS e
o CSREREIEEILRRRRKLS, _Qo,
@ RO e Lot tote et e tetetetetateratess: =8%
SERRERIEIRRIRERIAS
QS0SRLILRIERIARRNLRS
SRR Yo
2SS IRIARLANKNIEREANINIR, oot
E O 0.0.0.0.0.0.0.0.0.0.9.0.9.0.0.0.0.0.0.0.0.¢, X .00
4 - LSQ00R8IKIKAIKEKKNKOIOIIIORKIKRKK,
I e 0o o e et o e S o Se totototo ot tototototetotodedodes
SRRIRIRIIIRIRNRITIISEE KU N XX KKKEOK
o QRKROKDIIRIREKRIIKLIORNNKELEKKKE
RRREIRIKRIKRRELIIKRIRICK XK IKUKIKLLK
he 25RECSERRLIILIRELIKACOKLUKXOKERLKNLKS
LRIULIALIKLIKROKRRIRKOLXLOKOKKLIKNEE
— RORRIERIIRRRKLIKILALILCKLIKKKIKILEK
LRRRIRLIKRIKCRRLKIIRKELLOKOKLKRKE
Ll — e et te s te s ta e tetete et de o te o tetetatotetete et tetotetes
3 1 R IIINIEEIIRRRRLKNRS
$a%%
~ 0500000000 0HIAHHIAIS
— B R XARRIHHNAIKXNS
et lutotetotedetedetetetoteds
w GRRRRRRINIRCK
XK,
— 020,
=]
Q
e
[}
S
[
Q
£
e

Pu/Py
(b) EQUATION (10-B)

Fig. 10-4—Comparison of equations for El with El values
from moment-curvature diagrams

\

#



simpler to use but greatly underestimates the ef-
fect of reinforcement in heavily reinforced col-
umns. However, in many cases, when reinforce-
ment percentages are low, or slenderness effects
not very substantial, its relative simplicity may be
desirable.

Creep due to sustained loads tends to reduce the
effective value of EI. This is taken into account by
dividing the EI term by (1 + B;) where B; is the
ratio of dead load moment to total load moment.
This factor gives a correct trend when compared
to both analyses and tests of columns under sus-
tained loads.

Note that the Code states that EI in Eq. (10-6)
may be taken as either value obtained from Eq.
(10-7) or (10-8) in lieu of a more precise calcula-
tion. In this respect, the Code refers to a more
accurate value of EI as obtained from moment-
curvature relationships, based on the integration
of acceptable nonlinear stress-strain diagrams for
concrete in flexure. Any stress-strain function
which provides agreement with test data may be
used (see Code Section 10.2.6) . The more accurate
values of EI may be used for designing columns or
walls under the provisions stated in Chapter 10.

When the alternate design method of Section
8.10 is used, P,/¢ in Eq. (10-5) is taken as 2.5P
when gravity loads govern and as 1.875P when
lateral loads with gravity loads govern the de-
sign, where P is the unfactored design load in the
compression member.

10.11.5.1 When a story of a structure fails in a
lateral instability mode, one floor translates rela-
tive to another as a unit. Thus, the deflections and
hence the amount of moment magnification must
be related for all compression members in the
story. This section provides a procedure for com-
puting an effective moment magnifier for the en-
tire story. However, since any individual compres-
sion member in the story could also be overloaded
while being braced against lateral instability by
the other members, it is also necessary to check
individual heavily loaded members using the ef-
fective length factors for braced frames.

10.11.5.2 When biaxial bending occurs in a
compression member, the component moments
about each of the principal axes must be magni-
fied. The magnification factors (8) are computed
considering the buckling load P, about each axis
separately, based on the appropriate effective
lengths (kl,) and the related stiffness (EI). The
clear column height may differ in each direction,
and the stiffness ratios Zcs/3peams may also
differ. Thus, the different buckling capacities
about the two axes are reflected in different mag-
nification factors.

The moments about each of the two axes are
magnified separately, and the cross section is then

42

proportioned. References 10.1, 10.2, and 10.17 pro-
vide guidance in this respect. Note that the design
moment, M, = 3M,, refers to the “larger end mo-
ment” with respect to bending about one axis.
It will usually be necessary, therefore, to magnify
the moments at both ends of a column subjected
to biaxial bending, and to investigate both condi-
tions at both ends.

In the case of compression members which are
subject to transverse loading between supports, it
is possible that the maximum moment will occur
at a section away from the end of the member. If
this occurs, the value of the largest calculated mo-
ment oceurring anywhere along the member should
be used for the value of M, in Eq. (10-4). In ac-
cordance with the last sentence of Section 10.11.5,
C,. must be taken as 1.0 for this case.

10.11.6 — This provision (similar to one in ACI
318-63) allows computed moments to be used in
determining conditions of curvature and restraint
when design must be based on minimum eccen-
tricity This eliminates what would otherwise be
a discontinuity between columns with computed
eccentricities less than minimum eccentricity and
columns with computed eccentricities equal to or
greater than minimum eccentricity.

10.11.7 — The strength of a laterally unbraced
frame is governed by the stability of the columns
and by the degree of end restraint provided by the
beams in the frame. If plastic hinges form in the
restraining beam, the structure approaches a me-
chanism and its axial load capacity is drastically
reduced. This section provides that the designer
make certain that the restraining flexural mem-
bers have the capacity to resist the amplified col-
umn moments. The ability of the moment magni-
fication method to provide a good approximation
of the actual magnified moments at the member
ends in a sway frame is a significant improvement
over the 1963 Code reduction factor method.

Modified R Method*

The 1963 Code used a column reduction factor
R (Section 916) and an effective length h’ for un-
braced columns [Section 915(d)]. The modified
R values listed below, within the limits noted,
lead to an accuracy equal to that of the “moment
magnifier” method of Section 10.11.5. Hence they
may be used as an alternate method within the
stated limits. (Note that for design both the axial
load and the moment must be divided by the ap-
propriate factor R.)

If relative lateral displacement of the ends of.
the member is prevented and the ends of the mem-
ber are fixed or definitely restrained such that a
point of contraflexure occurs between the ends, no

*This section is based on the methods of ACI 318-63, so the
notation remains as used in that Code while other notation in
both Code and Commentary for ACI 318-71 agrees with “Prepara-
tion of Notation for Concrete (ACI 104-71)."”
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correction for length need be made unless h/r
exceeds 54, where h is the actual unsupported
length of column and r is the radius of gyration of
gross concrete area of a column. For h/r between
54 and 100, the following factor from ACI 318-63
may be used:
R = 1.32 — 0.008h/r = 1.0
If relative lateral displacement of the ends of
the members is prevented and the member is bent
in single curvature, the following factor, more lib-
eral than ACI 318-63, may be used where the
nominal eccentricity does not exceed 0.10t where t
is the overall thickness of the column

R = 1.23 — 0.008h/r = 1.0

If the nominal eccentricity exceeds 0.10¢, the fac-
tor as in ACI 318-63 should be

R =1.07 — 0.008h/r = 1.0

In both the above paragraphs, no increase in R
is justified where tension governs the design, un-
less axial load is less than 0.10f/bt. Then, the
transition to R = 1 for flexure without axial load
may be patterned after Section 9.2.1.2(c).

For members where (1) relative lateral dis-
placement of the ends is not prevented, (2) with
k' /r not exceeding 40, and (3) with bracing beams
having a negative moment steel ratio of at least
p = 0.01, the reduction factor, where design is
governed by lateral loads of short duration, should
be

R = 1.07 — 0.008r//r = 1.0
For other loads of longer duration, the factor
should be

R = 0.97 — 0.008h"/r = 1.0
These R values generally are more restrictive
than those in ACI 318-63 and are primarily for
use with columns restrained at each end where
b = h(0.78 + 0.227’) = h and 7’ is the average of
3K of columns to 3K of floor members taken at
the two ends of the column.

For the restraining beams in both these cases,
the design should be based on taking from the
column additional lateral load total moment of

M = Col. M,

= Nom. P;ex(1 — P./P,)/ (R — P./P,)
where

M; = long column end moment

P;, = long column ultimate load

ey = nominal eccentricity, as for a short col-
umn

P, = theoretical axial load capacity of short
column

This equation is based on similar triangles from
Fig. 10-5.
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Fig. 10-5—Approximation for M, for use in determining
beam design moment

10.13—Transmission of column loads through
floor system

The requirements of this section are based on
a paper on the effect of floor concrete strength on
column strength.1®2® The provisions mean that
where the column concrete strength does not ex-
ceed the floor concrete strength by more than 40
percent, no special precautions need be taken. For
higher column concrete strengths, methods in
Paragraphs (a) or (b) must be used for corner or
edge columns and methods in Paragraphs (a), (b),
or (c) for interior columns with adequate restraint
on all four sides.

10.14—Bearing

This section deals with bearing stresses on con-
crete supports which are not laterally reinforced
to resist splitting stresses. The provisions are simi-
lar to but more liberal than the bearing provisions
of ACI 318-63. Work by Hawkins'®!? indicates
the liberalization to be justified. (See also Section
15.6.)

10.14.2 — When the supporting area is wider
than the loaded area on all sides, the surrounding
concrete confines the bearing area, resulting in an
increase in the permissible bearing stress.

This section gives no minimum depth for the
supporting pier. The supporting pier should satisfy
the shear provisions of Section 11.10, which will
control the minimum depth of the support.

10.14.3 — When the top of the support is sloped
or stepped, advantage may still be taken of the fact
that the supporting pier is larger than the loaded
area, provided that the pier does not slope away at
too great an angle, Fig. 10-6 illustrates the appli-
cation of the frustum to find A,. The frustum

y
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Fig. 10-6—Application of frustum to find A in stepped
or sloped supports

should not be confused with the path by which a
load spreads out as it travels downward through
the support. Such a load path would have steeper
sides. However, the frustum described has some-
what flat side slopes, to insure that there is con-
crete immediately surrounding the zone of high
stress at the bearing.

10.144 — Post-tensioning anchorages are nor-
mally laterally reinforced, in accordance with
Section 18.11.3.

10.15—Composite compression members

10.15.1 — Composite columns are defined with-
out reference to obsolete classifications of com-
bination, composite, or concrete-filled pipe column.
Reference to other metals used for reinforcement
has been omitted because they are seldom used
now with concrete in construction.
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10.15.2-10.15.3 — These sections give rules for
determining the strength of composite cross sec-
tions. The same rules that are used for computing
ultimate load interaction functions for reinforced
concrete sections can be applied to composite sec-
tions. Interaction charts for concrete-filled tubing
would have a form identical to those of ACI
SP-T710-11 gnd the Ultimate Strength Design Hand-
book, V. 2, Columns,®13 but with vy (formerly g)
slightly greater than 1.0.

The requirement that loads assigned to concrete
must be developed by direct bearing against the
concrete effectively eliminates the old combina-
tion column as a composite column under the new
definition. Direct bearing can be developed
through lugs, plates, or reinforcing bars welded
to the structural shape or tubing before the con-
crete is cast. Flexural compression stress need not
be considered a part of direct compression load
to be developed by bearing. Simply wrapping con-
crete around a structural steel shape would stiffen
the shape, but it would not necessarily increase
its strength.

The rules of Section 10.11.2 for estimating the
radius of gyration are overly conservative for con-
crete-filled tubing, and an alternate procedure is
provided in this section. The EI formula suggested
is consistent with Section 10.11.5, and provides a
conservative estimate of the concrete stiffness. It
leads to excess moment magnification and conser-
vative estimates of strength.

10.15.4 — Steel encased, concrete sections should
have a metal wall thickness large enough to main-
tain longitudinal yield stress before buckling out-
ward.

10.15.5 — Concrete encasement that is laterally
contained by a spiral is obviously useful for carry-
ing load, and the size of spiral required can be
regulated on the basis of the strength of the con-
crete outside the spiral by means of the same rea-
soning that applies for columns reinforced only
with longitudinal bars. The radial pressure guar-
anteed by the spiral insures interaction among
concrete, reinforcing bars, and a steel core such
that longitudinal bars will both stiffen and
strengthen the cross section.

10.15.6 — Concrete encasement that is laterally
contained by tie bars is likely to be rather thin
along at least one face of a steel core section, and
complete interaction among the core, the con-
crete, and any longitudinal reinforcement should
not be assumed. Concrete will probably separate
from smooth faces of the steel core. To maintain
the concrete encasement, it is reasonable to re-
quire more lateral tie steel than that needed for
ordinary reinforced concrete columns. Due to the
probable separation at high strains between the
steel core and the concrete encasement, longitu-
dinal bars will be ineffective in stiffening cross

ACI COMMITTEE REPORT



