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ACI STABILITY RESISTANCE FACTOR
FOR RC CorLumMNs

By S. A. Mirza,' M. ASCE, P. M. Lee,? and D. L. Morgan®

ABsTRACT: Load and resistance factors are used to reduce the probability of
overloading, understrength, or both to acceptable levels. The ACI Building Code
specifies the use of resistance factors for beam-columns in the following ways:
(1) Resistance factors are applied to cross-section strength; and (2) resistance
factors are applied to critical buckling strength used in moment magnification
due to slenderness effects. Probabilistic examination of ACI resistance factors
as used in (1) was reported in an earlier study and is available in the literature.
This paper examines the ACI resistance factors as employed in (2) and suggests
a value for design office use for computing moment magnification of concrete
slender columns.

INTRODUCTION

The actual strength of a reinforced concrete (RC) member varies from
calculated nominal strength due to variations in material strengths and
dimensions of the member, as well as due to uncertainties inherent in
the equations used to compute member strength. Similarly, actual loads
that act on a member differ from calculated nominal loads due to vari-
ations in constituent material densities, as well as uncertainties inherent
in applied loads. These variabilities in strength and loading are included
in member design through safety provisions of the structural codes.

In 1963, the American Concrete Institute (ACI) Building Code (2) in-
troduced ultimate strength design in which load factors and resistance
factors were specified for design of reinforced concrete members. The
1963 load factors were slightly modified for use in the 1971, 1977, and
1983 ACI Building Codes (3,4,5). The ACI load factors and resistance
factors have been criticized, because they were based on a simple, non-
probabilistic analysis.

For the past ten years, research has been done in North America to
introduce reliability-based load and resistance factor design (LRFD) for
concrete structures. This procedure statistically combines variations in
loads and strength to calculate load and resistance factors. A reliability-
based LRFD procedure was used in this study to examine the resistance
factors contained in the current ACI Building Code (5) for use in the
stability design of slender reinforced concrete tied columns. The results
are limited to columns bent in single curvature and located in nonsway
frames subjected to short time loads.
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In an earlier study, resistance factors for reinforced concrete and pre-
stressed concrete beams in flexure and shear and short-tied columns de-
signed in accordance with the 1983 ACI Building Code were examined
(8). Ref. 8, however, did not include slender columns. The research re-
ported herein is intended to fill this gap. Both of these studies were
specifically aimed at design office use. Thus, resistance factors were ex-
amined for representative structural members based on relative occur-
rences of different types of loads that act on concrete buildings.

A new set of load factors has been recently included in the American
National Standards Institute (ANSI) Standard A58.1-1982 (1). The resis-
tance factors corresponding to the ANSI load factors have been derived
by MacGregor (7). However, the ANSI load factors have not yet been
adopted in the ACI Building Code. The resistance factors reported herein
and in Ref. 8 can be directly used in design offices, since these are com-
patible with current ACI load factors. Furthermore, these resistance fac-
tors along with the current ACI load factors will provide a probabilistic
basis for comparison when the ANSI load factors and related resistance
factors are considered for inclusion in the ACI Building Code.

Throughout this paper, resistance factors applied to cross-section
strength are referred to as the cross-section resistance factors ¢., whereas
those applied to critical buckling strength for computing moment mag-
nification of slender columns are referred to as the stability resistance
factors ¢, . This definition and terminology do not conform to the cur-
rent ACI Code (5), but are used in this paper to simplify the presentation
and discussion of the research reported in the paper.

DerFiNITION OF FAILURE AND SAFETY INDEX

Consider a large number of members, each designed to have the same
nominal resistance and assumed to be subjected to the same specified
service loads. Since loads are variable, the density of lifetime maximum
load effect U for all the members can be represented by a probability
distribution. Similarly, due to variations in constituent material strengths,
geometry, and design simplifications, the density of resistance R for all
the members can be represented by another probability distribution.
Combinations of U and R in which R < U represent failure.

A function Y = R/U representing the ratio of resistance to load effect
can be obtained with a mean value of Y and a standard deviation of oy .
The probability distribution of this function depends on those for R and
U. The failure condition can then be represented by Y (or R/U) < 1.0.
The probability of failure is the ratio of the area of the part of the curve
in which Y < 1.0 to the total area under the curve. The safety index B
is a multiple of standard deviations by which Y exceeds the failure level
(or Y = 1.0). If the type of probability distribution of Y is known, the

probability of failure can be calculated from B. Thus, B is taken as a
measure of structural reliability.

ReUABILITY ANALYSIS OF SLENDER COLUMNS

A risk analysis computer program originally developed at the Uni-
versity of Michigan (10) was used in this study. The program is based
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TABLE 1.—Nominal Properties of Columns Studied®

Column designation | Slenderness ratio (I/h) | Longitudinal reinforcement ratio (pg)
(1) (2) (3)
10 0.022
igg‘; 20 0.022
4006 30 0.022
4017 20 0.012
4029 20 0.033

: mns were rectangular tied colums with cross-section dimensions of 12
X ?Zuiigh(lws x 305 mm),gspeciﬁed concrete stre.ngth of 5,000 psi (34.5 MPa),
specified reinforcement yield strength of 60,000 pst (414 MPa), anc.l clear con:;rete
cover to column ties of 1.5 in. (38 mm). Each column was studgd for en1 ec-
centricity ratios (e/h) of 0.1, 0.3, 0.5, 0.7, 1.0, and 1.5. Three different cg;m?
tributary areas were investigated: 400 sq ft, 1,000 sq ft, and 10,000 sq ft (37 m%,
93 m?, and 929 m®).

on a first-order, second-moment probe:lbillistic.angiysis a;)x;il was used to
te the safety indices B presented later in this paper.

Co’rI'“}Eeuaecceptable t;);robability gf failure was established in terms <():f 'gxe
safety index using calibration studies of the 1983 ACI Buxlillrgig ( ot :é
Based on probability distributions of strengths and loads availa etug ks

literature, the computer program described in Ref. 10, and the stability
resistance factors ¢, ranging from 0.7-1.0, the B-¢, curves weril gengr-
ated for several slender columns. These curves were then use tod. e-
termine &, required for the target B’s computgd from ceflhbranc‘)in stu 1ef.
The columns studied were considlerid typical of reinforced concrete

ildi nd are described in Table 1. o

bu’}}:;nfzs?gn format was based on specified loads u, mglhphed Ey loafl
factors a that are greater than 1.0, and on nominal remstanges " élmrle:
tiplied by resistance factors & of less than 1.0, so that the actore; re-
sistance was greater than or equal to the effect of factored loads as sho

in the following;:

The factored loads were taken as thg maximum value from the set of
loads specified in the 1983 ACI Building Code (5):

Sall, = (14D + 1.7 (L + §)] = 075 [1.4D + 1.7 (L + 5) * 17W].... @)

i ichD,L, S, and W = the specified dead, live, snow, and wind
;rolags},“;};spectively. The effects of earthquake and deformation loadsdwere
not included. The factored resistances &R, were calculated in accordance
with the provisions of the 1983 ACI Building Code (5). , "
The ACI Building Code requires the use of ¢ factors for cohgmns

two different ways: (1) Resistance factors de&gngted as ¢ in this pt:per
are applied to the strength of column cross sections; and (2) lre;xs klri\rfe
factors designated as ¢, in this paper are appygd to crmca1 ;c E
strength used in computation of moment magnification for slender co
umns through the expression ®)
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M, = & My = My oo ee e 3)

)
1_ —
<bspn:

in which M, = factored moment applied to the ends of a slender column;
P, = factored axial load acting on the column ends; P, = critical buckling
strength of the column; and C,, = equivalent uniform moment diagram
factor. In this study, C,, was taken equal to 1.0 since the columns studied
were assumed to be subjected to single curvature bending in nonsway
frames with equal moments applied at both ends, so that

1
Mc =1\ M2 = M2 .................................... (4)

(d)sl c)
1

The resistance factors for the cross-section strength of reinforced con-
crete tied columns have been reported in Ref. 8. The reported values
are: ¢, = 0.7 for the nominal axial load capacity greater than or equal to
the nominal balanced load capacity; and ¢, varies linearly from 0.7-
0.9 as the nominal axial load capacity decreases from the balanced value
to zero. These values of ¢, are the same as those specified in ACI Stan-
dard 318-83 (5) and were included in the computation of the factored
cross-section strengths. The factored cross-section strengths thus cal-
culated were then used in the determination of ¢, required for stability
considerations. Hence, the stability resistance factors presented later in
this paper are related only to the load factors, the cross-section resis-
tance factors, and the design expressions of the 1983 ACI Building Code

).

DESCRIPTION OF STRENGTH USED IN RELIABILITY ANALYSIS

The resistance statistics used in the reliability analysis were generated
by using a Monte Carlo technique (6,9), which required a theoretical
model involving a deterministic procedure to express the ultimate resis-
tance. The theoretical analysis used was intended to closely model the
resistance of reinforced concrete slender columns subjected to combined
axial force and flexural moment and was based on a more elaborate pro-
cedure than normal design computations. This analysis involved the fol-
lowing steps:

1. A set of column properties was selected, and the factored strength
of the column ¢R, was calculated in accordance with ACI 318-83 Code
{5). In this calculation, the cross-section resistance factors ¢, as specified
in Refs. 5 and 8 were included in the factored resistance of the column.
The stability resistance factor ¢, in Eq. 4 was taken equal to 1.0, 0.9, 0.8,
and 0.7. Thus, four values of ¢R,, one for each of the ¢.-values, were
calculated for each of the six end eccentricity ratios (e/h) studied. The
e/h ratios studied were 0.1, 0.3, 0.5, 0.7, 1.0, and 1.5. The computations
for several ¢,-values were necessary in order to develop B-¢, curves pre-
sented later in this paper.
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TABLE 2.—Resistance Statistics for Typica! Slender Columns*

Column Column Column Column Column
- 4004 4005 4006 4017 4029
End eccentricity R/éR, R/¢R, R/éR, R/¢R, R/$R,
ratio (e/h) (Va) (Vi) (Vi) (Ve (Vg
(1) (2 (3) (4) (5) (6)
(@) Using &5 = 1.0
0.7 1.240 1.110 1.030 1.040 1.120
(0.110) (0.120) (0.110) (0.100) (0.100)
0.3 1.270 1.090 1.020 1.075 1.120
(0.125) (0.130) (0.125) (0.130) (0.125)
0.1 1.315 1.290 1.390 1.425 1.250
(0.145) (0.155) (0.155) (0.165) (0.160)
(b) Using ¢, = 0.9
0.7 1.250 1.130 1.075 1.070 1.150
(0.110) (0.120) (0.110) (0.100) (0.100)
0.3 1.285 1.135 1.090 1.130 1.155
(0.125) (0.130) (0.125) (0.130) (0.125)
0.1 1.330 1.375 1.510 1.525 1.320
(0.145) (0.155) (0.155) (0.165) (0.160)
(c) Using ¢, = 0.8
0.7 1.265 1.175 1.135 1.105 1.180
(0.110) (0.120) (0.110) (0.100) (0.100)
0.3 1.305 1.195 1.185 1.200 1.225
(0.125) (0.130) (0.125) (0.130) (0.125)
0.1 1.350 1.465 1.670 1.660 1.400
(0.145) (0.155) (0.155) (0.165) (0.160)
(d) Using ¢, = 0.7
0.7 1.280 1.220 1.205 1.150 1.225
(0.110) (0.120) (0.110) (0.100) (0.100)
0.3 1.330 1.265 1.280 1.285 1.285
(0.125) (0.130) (0.125) (0.130) (0.125)
0.1 1.370 1.610 1.875 1.815 1.525

(0.145) (0.155) (0.155) (0.165) (0.160)

*The probability distributions were assumed to follow the lognormal curve. The
resistance factors for the cross-section strength ¢., specified in Refs. 5 and 8,
were included in the strength description of slender columns. The slender col-
umn resistance factor (¢, in Eq. 4) was taken equal to 1.0, 0.9, 0.8, and 0.7 in
computation of resistance statistics shown above.

2. Using a random number generator, values of each of the variables
affecting column strength (such as compressive strength of concrete, yield
strength of reinforcing bars, cross-section dimensions, and concrete cover)
were selected from statistical distributions of those variables. Column
length and end eccentricity were taken as deterministic values.

3. The properties selected in step 2 were used to generate a series of
moment-curvature curves for various axial load levels. The maximum
moment from each of these curves and the corresponding axial load were
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taken as a point on the cross-section interaction diagram for a column
with the properties selected in step 2. A curve-fitting routine was used
to fit curves to the points on the interaction diagram.

4. For a given end eccentricity ratio, the moment-curvature diagrams
from step 3 were used to compute the deflected shape of the column at
each axial load level. This calculation involved fitting a deflected shape
to the column which matched the moments and curvatures at the ends
and midheight of the column. Several iterations were required at each
load level. The maximum moment in the column and the corresponding
axial load were one point on a load-maximum moment curve for a col-
umn with the properties chosen in step 2 and the given end eccentricity
ratio. Failure was assumed to occur when the load-maximum moment
curve intersected the interaction diagram of step 3 (material failure) or
when dM/dP approached infinity (stability failure). The resulting failure
strength R was divided by the factored resistances R, from step 1 for
the end eccentricity ratio under consideration, giving one value of R/
&R, for each of the four ¢, values studied.

5. Step 4 was repeated for each of the six end eccentricity ratios stud-
ied. This gave one value of R/éR, for each combination of e/h and .-
values.

6. Steps 2-5 were repeated 1,000 times for the column under consid-
eration, resulting in a population of 1,000 values of R/¢R, for each com-
bination of e/h and &, values studied.

7. A log-normal probability distribution was fitted using the five and
one percentile values to each of the populations of R/¢R, in step 6. These
log-normal distributions were found to agree with the corresponding
generated populations of R/¢6R, in the lower half of the probability curves
and were used in the reliability analysis in place of the actual ones.

The properties of probability distributions obtained for the columns
studies are listed in Table 2. Note the resistance statistics with e/h equal
to 0.5, 1.0, and 1.5 were also developed and used in the reliability anal-
ysis, but are not shown in Table 2.

As indicated in Table 1, slenderness ratio (I/h), longitudinal reinforce-
ment ratio (p,), and end eccentricity ratio (e/h) were varied for five col-
umns studied in this paper. All other variables were found to have an
insignificant effect on the variability of slender columns and were not
included in the reliability analysis. Further details on strength variability
of reinforced concrete slender columns will be reported in a separate
paper and will not be repeated here.

DescRIPTION OF LoaDs USED IN RELIABILITY ANALYSIS

In analysis of safety, it is necessary to deal with load effects rather
than the loads themselves. Thus, it is necessary to describe the proba-
bility distributions of effects of different types of loads. The load effects
can be obtained by combining the variability of loads with the variability
introduced by the structural analysis. The latter component is small and
was neglected except in the case of dead load.

The load effect statistics used in the reliability analysis are shown in
Table 3. The probability distribution of dead-load effect shown in Table
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TABLE 3.—Load Statistics Used in Reliability Analysis

Mean value
of actual to Type of Basic Frequency
nominal Coefficient | probability time of
Load type load ratio of variation | distribution interval occurrence
() (2 @) (4) (5) (6)
Dead load 1.050 0.100 Normal Lifetime* | Always
present
Sustained 0.390° 0.45° Gamma 5yr Always
live load present
Transient 0.400° 0.190 Extreme 7 hr Once a
live load type 1 month
Snow load 0.880 0.227 Extreme 8 wk Once a
type 1 year
Wind load 0.875 0.177 Extreme 4 hr Once a
type 1 month

*The lifetime of a structure was assumed to be 50 yr.

*These values are functions of the tributary area. The mean value and the coef-
ficient of variation shown are for a tributary area of 1,000 sq ft (93 m?).

“This value is a function of the tributary area. The mean value shown is for a
tributary area of 1,000 sq ft (93 m?).

3 was based on the variability of dead loads in concrete structures re-
sulting from variations in dimensions, densities, and superimposed loads
combined with the variability caused by structural analysis. The descrip-
tions of the remaining loads shown in Table 3 were taken from Ref. 10.

SeLecTioN OF TARGET SAFETY INDEX USED IN RELIABILITY ANALYSIS

In computing the stability resistance factor ¢, the target safety index
was chosen to furnish a level of safety comparable to that for beams
designed according to the current safety provisions of the ACI Building
Code. Thus, the 1983 ACI Building Code was calibrated for typical rein-
forced concrete beams. For calibration studies, the ACI 318-83 load and
resistance factors were included in the analysis. The B values were cal-
culated for different ratios of live load to dead load, snow load to dead
load, and wind load to dead load. These values were then weighted
according to the relative occurrences of different loads to obtain a single
value of B for each combination of certain types of loads for each of the
beams calibrated. The weighted B was 3.0-3.7 for beams subjected to
dead plus snow load, 2.7-3.6 for beams subjected to dead plus live load,
and 2.7-3.3 for beams subjected to dead plus live plus wind load. The
overall average of B for all the beams studied was 3.1.

A range of B values is plotted in Fig. 1 for the flexural strength of
reinforced concrete beams of average construction quality designed to
fail in tension with flexural reinforcement ratios ranging from 0.14-0.73
times the balanced steel ratio and subjected to dead, live, and wind loads.
Fig. 1 indicates a range of B from approximately 2.5-3.9 with a weighted
value of 3.1. Previous studies have shown that the representative values
of B for gravity loads are 2.8-3.2 for reinforced concrete beams, 2.75-
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P/f, = 0.14-0.73
] W/D = 0-2

(W]s)

FIG. 1.—Safety Index for Fiexural Strength of Reinforced Concrete Beams De-
signed According to ACI 318-83 Load and Resistance Factors [A, = 400 ft* (37
m?); ¢ = 0.9]

3.5 for tied columns failing in tension, and 3.0-3.5 for tied columns fail-
ing in compression (7). Based on these values and Fig. 1, the target val-
ues of p were set at 3.0 and 3.25 for columns exhibiting tension and
compression failures, respectively.

CALCULATION OF STABILITY RESISTANCE FACTORS

Reinforced concrete columns are subjected to axial load and flexure
ranging from pure axial load to pure bending moment. Thus, the ratio
of applied bending moment to applied axial load expressed in terms of
end eccentricity ratio (e/h) varies from zero for pure axial load to infinity
for pure bending moment. In calculations of stability resistance factors,
three typical categories of columns were considered. These categories
based on analyses of uses and loadings of typical reinforced concrete
buildings (8,9) are: (1) Columns supporting more than three floors in
addition to the roof with e/h of the order of 0.1; (2) columns supporting
1-3 floors plus the roof with e/h around 0.3; and (3) edge columns sup-
porting just the roof of a building with e/h approximately 0.7. These
three column categories are shown in Table 4 along with the weightings
assigned to different load combinations. The column cases in Table 4(c)
were subjected to snow loads in addition to dead loads and wind loads
since these columns support just the roof. The columns in the remaining
two categories were mainly subjected to live loads plus dead and wind
loads.

All of the columns studied with an end eccentricity ratio e/h = 0.1
failed in compression, whereas those with e/h = 0.7 experienced tension
failures. For the colimns studied with an end eccentricity ratio of 0.3,
however, the mode of failure depended on the slenderness ratio I/h and
the longitudinal reinforcement ratio p, . Such columns with a high I/h
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TABLE 4.—Weighting Factors for Applied Loads on Reinforced Concrete Coi-
umns (%)

L/D or S/D
W/D 0.12 0.37 =0.62
) @ ) (4)
(a) Columns Supporting More than Three Floors Plus Roof*
0.12 | 13 \ 7 \ 0
(b) Columns Supporting 1-3 Floors Plus Roof"®
0.12 | 0 l 33 ] 17
(¢) Columns Supporting Roof Only*
0.12 0 0 3
0.37 5 12 0
1.50 0 0 5
2.50 0 0 5

*Average e/h = 0.1.
®Average e/h = 0.3.
‘Average e/h = 0.7.
Note: All weights in the table add to 100.

ratio and/or a low p, ratio failed in tension since the second-order bend-
ing moments were high enough to increase the eccentricity at the failure
section (midheight) beyond the balanced eccentricity. The remaining col-
umns with an end eccentricity of 0.3 had either a low I/h or a high p,
ratio and failed in compression, because low values of second-order mo-
ments were obtained. Thus, the tension failures consisted of all columns
with e/h of 0.7 plus some columns with e/h of 0.3 (column 4005, 4006,
4017 in Table 1). The compression failures, on the other hand, consisted
of all columns with e/h = 0.1 and the remaining columns with e/h = 0.3
(column 4004, 4029 in Table 1).

Three different tributary areas A, were examined to establish their ef-
fect on safety index B. In Fig. 2, the safety index is plotted against the

(0) ()

—————— Ay = 10000 2
-

—————

Ususl Range of
UG Ratios

) Usuai Range of
U0 Ranos

. n " . !
° 1 2 30 1 2 3
vo

FIG. 2.—Effect of Tributary Area A, on Safety Index B for Column 4005 [W/D =
0; I/h = 20; p, = 0.022]: (8) e/h = 0.1; (b) e/h = 0.3-1.5
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live to dead load ratios (L/D) for tributary areas of 400 £, 1,000 £, and
10,000 £€ (37 m?, 93 m’, and 929 m’) acting on a typical column. The
cross-section resistance factors and load factors specified in the ACI
Standard 318-83 (5) and the stability resistance factor &, of 0.8 were in-
cluded in computation of B-values plotted in Fig. 2. Note that the value
of &, used for Fig. 2 is average &, currently specified in ACI Code and
is close to the one suggested in the later part of this paper.

Reinforced concrete columns are usually subjected to L/D = 1.0 as

indicated in Table 4. In this range of L/D ratios, the lowest B values
were obtained for A, of 1,000 £t (93 m?) as shown by Fig. 2. For L/D >
1.0, A, of 400 ft* (37 m?) is shown to be critical in Fig. 2. However, such
a low tributary area is usually carried by columns supporting only the
‘roof. These columns are subjected to tension failure and are not ex-
pected to impose severe safety problems due to the ductile nature of the
tension failure. Thus, 1,000 f£* (93 m’) was taken to be the most critical
value for A, and all the columns studied were assumed to support a
tributary area of 1,000 ft* (93 m?).

It was anticipated that the stability resistance factors ¢, would fall be-
tween 0.7 and 1.0. Thus, safety indices were computed for &, of 0.7, 0.8,
0.9, and 1.0, and B-b, curves were developed for tension and compres-
sion failures, which then established the desired ¢, for the target B. Note
that the target values of B were set at 3.0 and 3.25 for tension and
compression failures, respectively.

Based on resistance and load statistics (Tables 2 and 3) and a given
value of &,, the safety indices were calculated from the risk analysis
computer program, described in Ref. 10, for different combinations of
L/D, §/D, and W/D ratios for the columns shown in Table 1. All col-
umns were studied for e/h of 0.1, 0.3, and 0.7. The B-values for each of
the columns were then weighted according to the weighting factors of
the three column categories shown in Table 4. The computations for the
weighted B were carried out for each of the ¢,-values studied. The re-
sulting range of weighted p’s are plotted against ¢; in Figs. 3 and 4 for
columns subjected to tension and compression failures, respectively.

Figs. 3 and 4 show that a column-stability resistance factor of 0.8 will
provide a target B of at least 3.0 for tension failures and at least 3.25 for
compression failures. Exception to this observation are the columns plot-
ted in Fig. 4(b), which were subjected to wind loads and experienced
compression failure. For these columns, a value around 0.7-0.75 seems
to be more appropriate.

Figs. 3 and 4 were plotted for columns subjected to usual loads and
end eccentricity ratios as indicated in Table 4. As a result, the values of
&, obtained from these figures represent slender columns that are com-
mon in concrete buildings. Therefore, a study was conducted to test the
application of these ¢,-values to columns subjected to an unusual range
of loads and/or eccentricity of loads. Figs. 5 and 6(a) show the range of
B obtained with L/D ratio ranging from 0-3.0 and W/D = 0 for all the
columns listed in Table 1. In both figures, e/h ratio ranged from 0.1-1.5,
so that the figures included tension and compression failures. A value
of &, equal to 0.7 and 0.8 was included in computing B’s for Figs. 5 and
6(a), respectively. It should be pointed out that some of the columns
included in these figures are impractical for reinforced concrete build-
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FIG. 3.—Effect of Stabllity Resistance Factor ¢, on Safety index 8 for Usual Col-

umns Subjected to Tension Fall = . e
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FIG. 4.—Effect of Stablility Resistance Factor ¢, on Safety Index
. B for Usual Col-
:Vn;rg St:’b:ezcted to Compression Failure [4, = 1,000 ft* (93 m?)]: (a) W/D = 0; (b)

intgis; they were considered only to study the full range of L/D and e/h
ratios.

Fig. 5 shf)ws thgt for columns in which wind effects are not included,
& = 0.7 will furrpsh a B value at least equal to 3.0 over almost the entire
range of L/D ratios. This is reasonable since the figure includes tension
as well as compx:ess'ion failures. Values of B as low as 2.6 were obtained
for &, t= (}ieS as indicated in Fig. 6(a). Thus, a value between 0.7-0.75
seems to be a reasonable estimate of ¢, for th )§ in Fi
e by ¢, for the columns plotted in Figs.

When t}}e gqlumns of Figs. 5 and 6(a) were subjected to wind loads,
B-values significantly lower than those shown in these figures were ob-
tained, as indicated by a plot for ¢, = 0.8 shown in Fig. 6(b). However,
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FIG. 5.—Range of Safety Index § Obtained with ¢, = 0.7, W/D = 0, L/D = 0~3.0,
and e/h = 0.1-1.5 for All Columns Shown In Table 1 [4, = 1,000 ft* (93 m?)]
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FIG. 6.—Range of Safety Index p obtained with ¢, = 0.8, L/D = 0-3.0, and e/h
= 0.1-1.5 for All Columns Shown in Table 1 [4, = 1,000 #t* (93 m?)]: (&) W/D =
0; (b) W/D = 0.12-2.0

these load cases are not expected to impose severe safety problems be-
cause under wind loads a number of cross sections, rather than an iso-
lated one, must fail to form the failure mechanism of the structure (7).

Based on the discussions related to Figs. 3-6, a constant value of &,
between 0.7 and 0.75 is suggested for use in the computation of moment
magnification of slender columns. This value of ¢, may seem to be low
in comparison to the values specified in the ACI Standard 318-83, which
vary from 0.7-0.9, depending on the end eccentricity ratio (¢/h). Many

engineers, however, use a value of 0.7 regardless of the eccentricity ra-
tio.

CONCLUSIONS

The discussions and data presented in this paper show that a stability
resistance factor of 0.7-0.75 can be used for computing moment mag-
nification of slender columns subjected to single-curvature bending and
short-time loads. This value of ¢, is applicable to column designs based
on (1) The cross-section resistance factors suggested in Refs. 5 and 8; (2)

1974

the ACI 318-83 load factors; and (3) the 1983 ACI Building Code design
expressions.
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ApPENDIX [l.—NoOTATION

The following symbols are used in this paper:

A, = tributary area;
C. = equivalent uniform bending moment diagram factor;
D = specified dead load or its effect;
e = eccentricity of axial load acting at column end;
h = overall thickness of column cross section measured perpendic-
ular to the neutral axis;
L = specified live load or its effect;
I = unsupported length of column measured between column ends;
M, = magnified factored bending moment;
M, = larger factored bending moment applied to the ends of a col-
umn;
P, = critical buckling strength of column;
P, = factored axial load acting on column;
R = actual resistance of column;
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mean value of R;

ACI nominal resistance of column;

specified snow load or its effect;

actual lifetime maximum load effect;

specified load or its effect;

coefficient of variation of R;

specified wind load or its effect;

R/U;

mean value of Y;

load factor;

safety index as defined in the text;

ratio of nonprestressed tension reinforcement;

reinforcement ratio producing balanced strain conditions;
longitudinal reinforcement ratio in column cross section;
resistance factor (strength reduction factor);

resistance factor applied to the strength of column cross sec-
tion; and

stability resistance factor applied to critical buckling strength of
column.
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