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Flexural Stiffness of Reinforced Concrete Columns and
Beams: Experimental Verification

by Madhu Khuntia and S. K. Ghosh

The current ACI code (ACI 318-02) provisions on effective stiffnesses
of beams and columns have been reviewed in a companion paper,
in which smple formulas have been proposed to determine the
effective stiffnesses of reinforced concrete columns and beams,
based on an analytical parametric study. Analytical axial load-
bending moment diagrams of dender columns for a given initial
eccentricity (M/P ratio), obtained using the proposed stiffness
assumptions, are compared in this paper with numerous published
test data and are found to be in good agreement. The proposed
stiffness expressions are applicable for all levels of applied load-
ing, including both service and ultimate loads. The analytical and
experimental results show that the flexural stiffness assumption in
the current ACI code procedure for design of dender columns using
the moment magnifier method (Eg. (10-12) and Eq. (10-18)) is
extremely conservative.

Recommendations are made concer ning stiffness assumptionsin
the analysis of reinforced concrete frames, including frames
containing slender columns under lateral loads.

Keywor ds: beam; column; moment; slender column.

INTRODUCTION
In a companion paper, Khuntia and Ghosh (2004) have
proposed that the effective EI of a column (P /Agf¢ = 0.10)
under short-term loading can be taken as

El, = El4(0.80+25p,) 1)

e F)u
y (1—5—0.55—0) <E¢ly> Eclpean

In. Eq (1), I4 is the gross moment of inertia of column cross
section, equa to bh%/12 for a rectangular section with width b
and total depth h. Gross reinforcement ratio py should be
expressed asadecimal fraction. The elastic modulus of normal-
weight concrete can be expressed as (ACI 318 Section 8.5.1)

E, = w.°33,/f. @

In Eq. (2), both E; and f; arein psi, and w; is concrete unit
weight in 1b/ftS.

Instead of EQ. (1), Eq. 3(a) and (b), as follows, may be
used, which are only valid near the design strength interaction
diagrams. Note that near the design strength curves, the
assumption of eh + P, /P, = 0.7 isfound to be quite reasonabl .
Therefore, Eq. (1) reducesto

El, = El4(0.80 + 25p,) (33)
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x(0:65-058) <E.l > Edlyean

Alternatively, the short-term El of a column may be
expressed as

El, = El,(0.80 + 25p,) (3p)
PU
x (0.30 + 0'55) < Eclg 2 Eclpean

For service load conditions and for better accuracy, it is
recommended to use Eq. (1). For service loads, P,, becomes
P and e = M/P in the previous expressions.

The upper limit of E¢ly on the effective EI of acolumn is
for purposes of conservatism; it can be higher for heavily
reinforced columns with low e/h (= M/Ph) ratios. The lower
limit for the effective EI of acolumn is taken to be the El, of
an equivalent beam, that is, El, of the member when it can
be treated as a beam rather than a column. This happens
when a member is subjected to a very low axial load and a
high e/h ratio (e/h > 0.8, for example). For calculating El ; of
an equivaent beam, p, the tensile steel ratio (not the gross
steel ratio) must be used, which can be approximately taken
as half of pg for a column with symmetrical reinforcement.
Mainly the reinforcement on the tension side contributes to
the flexural stiffness of beams, whereas for columns, the
reinforcement over the whole section is generally effective.

Based on an analytical parametric study, a simplified
equation (Eq. (4)) was proposed (Khuntia and Ghosh 2004)
for the effective El of reinforced concrete beams of normal-
strength concrete

El, = E¢l4(0.10+ 25p)(12—-0.2b/d) < 0.6E I, (4)

where (1.2 —0.2b/d) < 1.0.
For high-strength concrete beams, Eq. (4) can be modified to

El, = El4(0.10 + 25p)(1.2~0.2b/d) (5)
x (115-4x 107f/) < 0.6E,,
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where (1.2 — 0.2b/d) < 1.0 and f{ isin ps. It was suggested
(Khuntiaand Ghosh 2004) that Eqg. (5) beused for f! > 6000 psi
for better accuracy.

Axia load-bending moment histories of slender columns
(for agiveninitial M/P ratio), based on the proposed and the
ACI 318 stiffness assumptions, are compared in this paper
with test results from the literature. Columns in both sway
(under lateral loading) and nonsway (under gravity loading)
frames are considered. The tests were conducted on both
normal- and high-strength concrete columns with different
reinforcement ratios, end eccentricity ratios, axial load
ratios, and slenderness ratios.

A review of flexural stiffness recommendations of ACI
318-02 has been included in Khuntia and Ghosh (2004), and
the limitations of ACI stiffness assumptions have been
pointed out.

RESEARCH SIGNIFICANCE

This paper is related to the work of the Slender Column
Task Group of ACI Committee 318, Structural Concrete
Building Code. The Task Group is trying to formulate code
provisons to streamline and, if possible, smplify the require-
ments of ACI 318 Sections 10.11 to 10.13 on slender col-
umn design. One of the major parameters in slender
column design is a suitable assumption for the effective
flexural stiffness El of the column.

COMPARISON WITH TEST RESULTS

Columns in two types of frames are considered for
comparison; a) nonsway frames; and b) sway frames. The
variables included are: compressive strength of concrete f/,
eccentricity ratio e/h, axial load ratio P /P,, effective
slenderness ratio ki /r, and end moment ratio M4/M,. The
columns in nonsway frames are divided into two categories:
columns in single-curvature bending and columns under
double-curvature bending.

Notethat al the appropriate figures (to be shown later) for
comparison show the following curves/lines:

1. Nominal strength P-M interaction diagram;

2. Design strength P-M interaction diagram;

3. Loading history considering short column behavior
(ignoring slenderness effects);

\ 4 ¢ ¢ Jv “

T F =

Furlong and Ferguson Lloyd and Rangan Green

Fig. 1—Schematic diagram of loading arrangement by
different investigators.
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4. Loading history using the proposed method (using fixed
El of the Appendix, Section B, and Eq. (1) for Ely);

5. Loading history using ACI Code method (using fixed El
of the Appendix, Section B, and ACI 318 Section 10.12.3 for
Elg); and

6. Experimentally derived loading history.

Columns in nonsway frames under
single-curvature bending

Nine sets of test datafrom three investigations (Furlong and
Ferguson 1966; Green 1966; Lloyd and Rangan 1996) are
considered in this comparative study. It may be noted that, of
thethree investigations, only the tests by Furlong and Ferguson
areframetests and the rest are tests on hinged columns. Figure 1
givesthe schematic diagrams of test setupsin the three inves-
tigations previoudy mentioned. It may be noted that in all cases,
columns are under single-curvature bending—a condition
considered to be the worst casefor causing maximum secondary
moments (P-3 effects).

Table 1 givesthe details of the variablesin the previous
investigations. The principal variables were: concrete
strength f¢ (3240 to 8400 psi), eccentricity ratio e/h (0.086 to
0.42), and axial load ratio P /P, (0.27 to 0.80). Other vari-
ables included the denderness retio Kl ,/r (ranging between 31
and 61) and the longitudinal reinforcement ratio py (ranging be-
tween 1.80 and 2.15%).

The test results are compared with the axial 1oad-bending
moment histories computed using the proposed andthe ACI 318
stiffnessassumptions. Thecomplete axia |oad-bending moment
histories were analytically obtained by the procedure described
in the Appendix. A more accurate (variable El ), aswell asa
more approximate (fixed Elg) procedure, is described in
the Appendix. The approximate procedure is similar to the
more accurate method, except for the following difference:
theaccurate method considersachangeintheinitia eccentricity
at the location of maximum moment with gradual increases
in M and P. In other words, as P/P, increases, the effective
flexural stiffness of a column decreases per Eq. (1), leading
to areduction in P¢. This increases the magnitude of 5,
(refer to the Appendix for formula for moment magnifier
dne and the corresponding magnified moment. Thus, theinitial
eccentricity is magnified, yielding alarger e/h than initially
assumed. Theincreasein e/h significantly affectsthe magnitude
of El, of acolumn (refer to Eq. (1)).

If one considers only the P,/P, value associated with
external loading (presumably close to the maximum alowable
Pu/P, value) to calculate the effective El using Eqg. (1), one
would disregard the El reduction due to gradual increasesin
the eh vadue. It may be useful to point out that in any practical
column design, a column section is chosen, for which the
magnitude of the factored axial load P, the factored bending
moment M,,, and the corresponding initial eccentricity e
(= M/P,) are known from analysis. With the known values
of P /P, andtheinitial e/h, and for aparticular reinforcement
ratio, the effective El can befound using Eq. (1). The gradual
increase in e/h, however, can not be considered in design using
theformulafor moment magnification: 5,,s= C,,/(1-P,/P). To
account for thiseffect, astiffness reduction factor needsto be
included in the proposed approximate procedure. The factor
is recommended to be 0.75, based on a comparison with test
resultsand in conformity with ACI 318 provisions. It may be
noted that the stiffness reduction factor of 0.75, which
considers a change in e/h, is not strictly applicable to most
columns under double-curvature bending or in cases where
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the moment magnification factor 5,sislessthan 1, asthereis
no chance of anincreasein eccentricity efromtheinitia vaue.
In other words, when 8,5 < 1.0, the initial applied moment
will not be amplified leading to a change in the initial e
(= M/P.). Experimental results from frame tests by Breen
and Ferguson (1964) on columns in nonsway frames under
double-curvature bending confirm this observation (shown
later in Table 2).

Only the P-M curves (radia linesin Fig. 2, for example)
obtained using the approximate (or fixed Elg) procedure are
considered for comparison with the test results and the
results obtained following Section 10.12.3 of the ACI
318 slender column provisions. However, a comparison
with the results of the more accurate (variable El) failure
analysis (Appendix, Section A) is shown for one set of test
data (Fig. 2(c)). Note that the ACI Code procedure (Sec-
tion 10.12.3) is essentially identical to the approximate pro-
cedure, except for the differencein effective El.

Table 1 (Column 24) shows the effective El for column
sections of the test modules according to ACI 318-02. The
larger value calculated using Eq. (10-11) and (10-12) was
used for comparison. It is interesting to note that for all the
nine columns considered, the ACI effective El was found to
be 0.4E.l 4. On the other hand, the predicted El . (refer to
Column 16 of Table 1), calculated using Eq. (1) (with P
in Eq. (1) = failure load from test results), was found to
be significantly higher (0.6 to 0.9E.l,). Note the eccentricity
ratios for different tests (Column 10%. Table 1 (Column 22)
shows a C,, value of 1.0 for dl the columns (single-curvature
bending), which occurs in rare practical cases. In addition,
dps Of more than 1.5 (that is, secondary moment larger than
50% of the primary moment) computed for some columns
(refer to Column 23) would normally call for redesign.

A detailed discussion of each investigation is given as
follows:

Furlong and Ferguson tests—The relevant data for the
frames tested by Furlong and Ferguson (1966) are shown
in Table 1. The beams of the frames were |loaded (refer to Fig.
1) so that the columnswould bein single curvature. Thefollow-
ing points are noteworthy concerning this investigation:

1. The columns had slenderness ratios (kl,/r) of 45 to 57.
The effective El by the proposed equation (Eq. (1)) was
found to be 0.56 to 0.77E.1 4 (Table 1, Column 16) under the
maximum test loads;

FRAME #2 (Furlong and Ferguson)! > "o™minal
- - design
—=a—short column
- prOposed

i AC -code

0.0 20.0 40.0 60.0 80.0
(a) Bending moment (in.-kips)
——a— nominal
- design FRAME #3 (Furlong and Ferguson)
50.0 —a—short-column . ... .
—o6—- proposed ‘
40.0 - -~ ACl-code
....... Py
Axial 300 | T
force R ety !
(kips) 200 | i
% |
10.0 ¢ !
i 3
0.0 20.0 40.0 60.0 80.0
(b) Bending moment (in.-kips)
—+—nominal i
FRAME #5 (Furlong and Ferguson) -3 design
—a— short-column:
100.0 - o g Propos ed
¥ ACcode
»\
80.0 ---e-- Test |
-t Variable-El | |
Axial 600
Force
ips) 409
20.0
00 & >
0.0 20.0 40.0 60.0

(C) Bending Moment (in-kips)

Fig. 2—Comparison of proposed and ACI code methods with
test results (Furlong and Ferguson): (a) Frame No. 2;
(b) Frame No. 3; and (c) Frame No. 5.

Table 1—Details of experimental program on columns in nonsway frames under single-curvature bending

(including some analysis)

El/ Elo/

Specimen| . | . | pg: | b, [ Po. | Pur |PulPor| Eco | o | Edlg, Pens| P/ Eclg
Investigator] no. | ksi | ks | % |in.|hin.|in |ein.| eh | kips | kips| kips | ksi |in#|Eq. (1)] k |Kips| Pens | /T [Ku/r| Cm| dns | ACI
1) @ [O|@|OG|E]|®|®] O 10|11 |12 | (13) |14 |(15)| (16) |(17)|(18) | (19) |(20)|(21)|(22)|(23)| (24)
Furlong 2 |a3|549/ 18] 6| 4 |80]|042]{0.106| 110 | 61.6| 056 [3738| 32 | 0.77 [0.85] 196 | 0.31| 67 | 57 | 1 |1.72] 0.4
Furlong 3 [334]|572/ 18] 6| 4 |80|135(0.338] 92 [39.7| 043 [3294| 32 | 0.56 [0.82] 135|029 67 | 55 | 1 |1.65] 0.4
Furlong 5 [324|528/ 18] 6| 4 |60|039[0.097| 88 |555| 063 [3244| 32 | 0.73 | 0.9 [ 257 [ 022| 50 | 45 | 1 |1.40] 0.4
Lloyd IA |84]65[215] 7| 7 |66]060]|0.086| 411 [329.0] 0.80 |5224|200] 0.69 | 1 [1626] 020 31| 31| 1 [1.37] 04
Lloyd IB |84]65][215] 7| 7 |66]1.97]0281] 411 [185.0] 0.45 |5224]|200| 066 | 1 [1561|0.12] 31 [ 31| 1 [1.19] 0.4
Lloyd IC |84]65][215] 7| 7 | 662560366 411 [147.3| 0.36 [5224]|200| 061 | 1 [1440|0.10] 31 [ 31| 1 [1.16] 0.4
Green s4a | 4]e60] 2 | 6[405]74]0.73]0.180| 110 |42.0| 0.38 |3605| 33 | 0.82 | 1 |176]024| 61 | 61| 1 [1.47] 04
Green S5 4|60 2 |6 |405|74|043]0.106| 110 |415] 0.38 [3605| 33 [ 092 | 1 [198]021| 61|61 1 [1.39] 04
Green s9 4|60 2 |6 |405|74|170]0.420] 110 [30.0| 0.27 [3605| 33 | 058 | 1 [124[024| 61| 61| 1 [147] 04

Notes: 1. Column 16 shows value using Eq. (1); 2. Column 24 shows value using ACI Section 10.12.3; 3. Column 18 shows P, obtained using Eq. (A3); 4. Column 12 shows P,
= Pyeg; 5. Column 23 shows 3,5 obtained using Eq. (A7); and 6. Column 22 shows C;,, obtained using Eq. (A2).
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2. Figure 2 shows the comparison of test results with the
P-M Curves obtained using the proposed (approximate)
procedure (per the Appendix, Section B) and the ACI code
procedure. As can be seen, the predictions by the proposed
procedure are in good agreement with the test results. The
prediction is more conservative for Frame No. 3 (Fig. 2(b))
which had a smaller P,/P, (0.43) and a larger e/h (0.338),
compared with Frame No. 2 (Fig. 2(a)) and Frame No. 5
(Fig. 2(c)), which had P,/P, of more than 0.56 and a lower
e/h (0.1). On the other hand, the prediction by the ACI
code procedure (Section 10.12.3) is very conservative,
mainly because of the smaller EI assumption of 0.4E¢l;

3. The comparison of the variable El procedure (refer to the
Appendix, Section A) for Frame No. 5 (Fig. 2(c)) shows
that the prediction matches test results more closely near the

140

—&—beam
7 —g—column

EL/E,
0

0.40

0.20

0.00 e . SR
0 20 40 60 80

Bending Moment (in.-kips}

Fig. 3—Variation of effective | of beams and colunnsin Frame
No. 5 of Furlong and Ferguson.

100 120

nomina strength curve. The method, however, is not suit-
able for use in design offices because of its complexity; and

4. Inthetest series, identical |, for both the beams and the
columns was assumed by the invedtigators (Furlong and
Ferguson 1966). This assumption is generally not vaid for any
practical frame. In addition, for the test series, it was found that
the beams contained avery large percentage of tensile reinforce-
ment (more than 4%), compared with the gross column rein-
forcement ratio of only 1.8%. Analysis of Frame No. 5 shows
that the effective El of the beam section stays approximately at
0.9E.l,, whereas the effective El of the column section grad-
ually decreases with increasing bending moment (Fig. 3).
Thisismainly dueto the higher strainsin the concrete on the
compression side, which typically exceed 0.0015, leading to
a reduction in E. (Khuntia and Ghosh 2004). This type of
reduction typically is not expected in practical columns
where compression strainsin the concrete typically do not go
beyond 0.0015 (Khuntiaand Ghosh 2004). Theinitial assump-
tion of identical El for both beams and columns by the investi-
gators, however, may be reasonablefor FrameNo. 5 (because
of the very high percentage of reinforcement in beams).
Analysis also shows that the frame has a strong beam-weak
column configuration. Therefore, the column ends would
yield before the beam ends reach their yield strengths. This
would not be the case with any column designed in accor-
dance with the strong column-weak beam concept. In
other words, the behavior of thisframe at higher |loads may
not be truly representative of practical design.

Green tests—The relevant data for the hinged columns
tested by Green (1966) are shown in Table 1. The series of
tests was conducted under sustained loading at a certain
percentage of P,. The effects of sustained loading are not

Table 2—Details of experimental program on columns in nonsway frames under

double-curvature bending (including some analysis)

Specimen| ¢ . ) | Presn | PanaLvss | Prest End
Investigator no. ksi | fyksi | pg % | b,in. | h,in. | lwin. |ein.| eh |Po Kips| kips kips PanaLYss | conditions
0 ] ©) @ (5 ® | O ® |9 @ | 1) | 1 (13) (14) (15)
MacGregor and Barter] Al 4.88 44 4 4.4 25 67 |0.50( 0.200 63 37.95 4.7 0.91 Hinged
MacGregor and Barter] A2 4.74 44 4 4.4 25 67 |0.50( 0.200 62 38.00 41.0 0.93 Hinged
MacGregor and Barter] C1 3.84 44 4 4.4 25 67 |0.50| 0.200 54 38.01 35.6 1.07 Restrained
MacGregor and Barter| C2 4.41 44 4 4.4 25 67 |0.50| 0.200 59 39.69 38.9 1.02 Restrained
Breen and Ferguson F1 4,05 53 18 6 4 120 |[1.20| 0.300 | 104 | 59.00 48.2 1.22 Restrained
Breen and Ferguson F2 3.04 | 521 18 6 4 120 | 0.40| 0.100 83 59.00 68.7 0.86 Restrained
Breen and Ferguson F3 3.88 | 52.8 18 6 4 60 |1.20| 0.300 | 100 | 61.00 46.4 131 Restrained
Breen and Ferguson Fa 326 | 523 18 6 4 60 |0.40| 0.100 88 83.50 72.6 115 Restrained
Table 2 (cont.)—Details of experimental program on columns in nonsway frames under
double-curvature bending (including some analysis)
Prest/ Prest/
) Specimen Ec_- _— Prest/| EIJE g Pens: Pens ElJEclg | Pens
Investigator no. ks |lgpin®| Py | Eq.(1) | kns| kips |(proposed)| lu/r | Kndu/r | Cm Sns ACI ACI
(16) | 17) | (18) | (19 [(209)] (21) (22) (23) | (249 | () (26) (27) (28)
MacGregor and Barter Al 3982 | 573 | 0.60 0.90 1 45 0.84 89 89 0.20 1.27 0.56 1.36
MacGregor and Barter A2 3924 | 573 | 0.61 0.89 1 44 0.87 89 89 0.20 1.50 0.56 1.37
MacGregor and Barter C1 3532 | 573 | 0.71 0.80 |0.85| 49 0.77 89 76 0.20 1.00 0.60 1.02
MacGregor and Barter C2 3785 | 5.73 | 0.67 0.83 |0.85] 55 0.72 89 76 0.20 1.00 0.58 1.04
Breen and Ferguson F1 3627 | 32.00 | 0.57 0.52 0.8 65 0.91 100 80 0.47 5.38 0.40 1.19
Breen and Ferguson F2 3143 | 32.00 | 0.71 0.68 0.8 73 0.80 100 80 0.47 2.39 0.40 1.37
Breen and Ferguson F3 3548 | 32.00 | 0.61 0.50 09| 190 0.32 50 45 0.47 1.00 0.40 0.40
Breen and Ferguson F4 3254 | 32.00 | 0.95 0.53 09| 187 0.45 50 45 0.47 1.00 0.40 0.59
ACI Structural Journal/May-June 2004 367



discussed here. Therefore, the loading history up to the time
of gpplication of sustained loading is considered for comparison.
The following points are noteworthy concerning these test data:

1. The columns had a slendernessratio (ki ,/r) of 61 and a
pg Of approximately 2%. The effective El by the proposed
Eqg. (1) was found to be 0.58 to 0.92E| 4 under the applied
sustained loading (Table 1, Column 16);

2. Figure 4 shows a comparison of Green's test results
with the P-M curves obtained using the proposed and the
ACI code procedures. As can be seen, the prediction by the
proposed method up to the time of application of the sustained
loading is in very good agreement with the test results. On the
other hand, the prediction by the ACI code method is very
conservative, mainly because of thesmaller El  assumption; and

Column#S4 (Green) | —e——nominal

; g deSign

{ e—p short-column
SR

i

| g proposed

100.0 e

;,,,..”Test

fb.**.wACI-code

Axial —

Force A
(kips) = sutl

0.0 50.0 100.0
(a) Bending moment (in.-kips)

—e—nominal Column#85 (Green)

i dESIGN

—a—short-column

100.0

——o—- proposed

Axial
Force
(kips)

(b) Bending moment (in.-kips)

Column#8S9 (Green) ——ae—nominal

s e AESIGN

—a—short-column

50.0 <
L% e PrOpOS €d
w c..@ .. Test
—x—ACl-code
Axial g I ﬂ///
force B g e
(kips) 4
0.0 & m A
0.0 50.0 100.0
(¢ Bending moment (in.-kips)

Fig. 4—Comparison of proposed and ACI code methods with
Green'stedt: (a) Column $4; (b) Column S5; and (c) Colunn .

368

3. The columns had larger cross sections at the ends (for a
length of about | /7 at each end). This might have resulted in
dightly larger El for the entire column. This did not, however,
appreciably change the stress conditions at the midheight of
the column and was ignored.

Lloyd and Rangan tests—The relevant data for the
hinged columnstested by Lloyd and Rangan (1996) are shown
in Table 1. The following points are noteworthy concerning
these test data:

1. All the columns were made of high-strength concrete
(f¢ > 8000 psi);

2. The columns had a slenderness ratio (ki /r) of 31 and a
pg Of 2.15%. The effective El by the proposed Eq. (1) was
found to be 0.61 to 0.69E| 4 (Table 1, Column 16) under the
maximum test loads; and

3. Figure 5 shows the comparison of Lloyd and Rangan’s
test results with the P-M curves obtained using the proposed
and the ACI code procedures. As can be seen, the predictions
by the proposed procedure are in very good agreement with
test results. On the other hand, the prediction by the ACI
code procedure is very conservative, mainly because of the
smaller El assumption.

Columns in nonsway frames under double-
curvature bending

When columns in nonsway frames are in double-curvature
bending, the denderness effect is rather insignificant unless the
member is extremely slender (refer to Eq. (A8) for 5,5 in
the Appendix). Thisis because the magnitude of C,,,is quite
low (lessthan 0.6) for columnsunder double-curvature bending.
For aC,, of 0.6, the value of 5,5 will exceed 1.0 only in cases
where P,/Ps exceeds 0.4, which may occur in rare instances.
It may be emphasized that the stiffness reduction factor of
0.75 is applicable only for columns where 5,4 is greater than
1. Note that the effective El is calculated using Eq. (1),
which includes the factored axial load and the factored
bending moment (and the corresponding M /P h or e/h).
The e/h would increase when M, is magnified, that is, when
dps IS greater than 1.0. Therefore, for columns in nonsway
frames under double-curvature bending, it is not necessary to
include the stiffness reduction factor of 0.75 (when using
Eq. (A8)) with Py, as the initid eccentricity is unlikely to
increase (because 5,5 < 1.0). In summary, the strength of a
column under double-curvature bending is unlikely to
decrease due to slenderness effects. It isinteresting to note that
most practical columns are under double-curvature bending.
There are a few investigations available that include tests on
columns under double-curvature bending. Two of these investi-
gations(MacGregor and Barter 1966; Breen and Ferguson 1964)
are considered here. Figure 6 shows the typical test setups for
those two investigations. Table 2 shows relevant geometric and
material properties of the test specimens, including important
analyticd results.

MacGregor and Barter tests—The relevant data for
four columns (out of eight) tested by MacGregor and Barter
(1966) are shown in Table 2. The remaining four columns have
eh ratios of 1.5, which is not encountered in any practical
columns. As explained earlier, such a high vaue of eh
would allow a member to be treated as a beam.

Thefollowing points are noteworthy concerning thesetest data:

1. The columns had slenderness ratios (kl,/r) of 76 to 89
and a py of 4%. The effective El by the proposed equation
(Eq. (1)? was found to range between 0.8 and 0.9E.l 4 under
the maximum test loads (Table 2, Column 19);
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2. The columns were in double curvature, with equal end
eccentricities. Therefore, the end-moment ratio for these
columnsisequal to-1.0, giving C,,,avalue of 0.2 (Table 2)
to be used in the computation of 5,5 (in the Appendix,
Section B). Note that the C,, would be 0.4 per ACI 318 (the
specified minimum); per AISC-LRFD (AISC 1993) and
Eq. (A2), it would be 0.2;

3. Table 2 shows the comparison of test results with short-
column strength. The analytical value of P (PanaLysi9) iS
obtained from the P-M nominal strength interaction diagram
for short columns. As can be seen, thereisamargina reduction
in strength for hinged columns and no reduction for restrained
columns. A careful review of Table 2 (see Column 14 for
PTESF/PANALYSS and Column 26 for 8[’]8) shows that the test
results for hinged columns (Specimens A1 and A2, refer to
Column 2) are significantly higher than the strengths predicted
by using the moment magnifier §,5; and

4. The predictions by the proposed method are in good
agreement with the test results. It may be noted that the

—e——nominal

FRAME#IA (Lloyd and Rangan) - .. -design
4000 .- i —a——short-column
——o— proposed

3000 |
Axial
Force 200.0
(kips)

100.0

00 = + T
Q0.0 100.0 200.0 300.0 400.0

(a) Bending moment (in.-kips)

FRAME#IB (Lloyd and Rangan)

f N
‘..4._.nom|nal

250.0 o ---®--design
;'l_ﬁ_short-column L
P /
2000 | o =
[ |--e--Tes -~
Axial ( —x——ACI-code T e
force  150.0 4 :
(kips) :
100.0
50.0 2 ;
(b) 100.0 200.0 300.0 400.0
Bending moment (in.-kips)
FRAME#IC (Lloyd and Rangan)
—e—rnominal
200.0 <. design
—a—short-column
——o—proposed .
#
. 1500 | Test
Axial —w— ACl-code ““
force ;
(kips)
100.0
500 to- . — [ SO
100.0 200.0 3000 400.0 500.0
(c) Bending moment (in.-kips)

Fig. 5—Comparison of proposed and ACI code methods
with test results (LIoyd and Rangan): (a) Column IA; (b)
Column IB; and (c) Column IC.
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computation of 5,5 was done without using the reduction
factor of 0.75 (Eq. (A8) of the Appendix). On the other hand,
the prediction by the ACI codeis very conservative, mainly
because of the smaller El, assumption. Note the magnitudes
of P calculated using the effective El recommended in the
ACI code (Column 27 of Table 2), which are substantially
less than the corresponding values given by the proposed
procedure (Column 19 of Table 2). The values are quite
small in comparison with thetest results. It should be empha-
sized that the theoretical value of P /P, may not exceed
1.0, as it would mean stability failure (refer to Eq. (A8) for
dns i the Appendix). As can be seen (Table 2, Column 28),
based on ACI stiffness assumptions and the corresponding
Pcns: the columns should have had instability failure long
before reaching Prggr

Breen and Ferguson tests—The relevant data for four
columns (out of six) tested by Breen and Ferguson (1964)
are shown in Table 2. The columns were part of frames that
were tested. The beams of the frames were loaded (Fig. 6)
such that the columns were in double curvature, with end
eccentricities at one end considerably smaller than those at
the other end.

Thefollowing points are noteworthy concerning thesetest data:

1. The columns had slenderness ratios (ki /r) of 45 to 80
and p, of 1.8%. The effective El by the proposed Eq. (1) was
foundto be 0.50t0 0.68 El 4 (Table 2, Column 19) under the
maximum test loads;

2. Asthe end-moment retio for these columnsis approximately
equal to—1/3, thevaueof C,,,to beused in the computation of 5,
(Appendix, Section B) is0.47 (Table 2, Column 25);

3. Table 2 shows the comparison of test results with short
column strength. As can be seen (Column 14), thereisa 14%
reduction in strength for only one column (Specimen F2) and
no reduction for the other columns; and

4. The predictions by the proposed method (using Eq. (A8) for
Sne) e on the conservative side for &l four tests. Compare the
PTEST/PANALYQS (COlUmn 14) and 8[’]5 (COlUmn 26) for
the four frames in Table 2. A close look at these data for
Frame F2 shows that the predicted moment magnification
for the column is 2.39 (significantly higher than a practical
value), whereasthereduction in strength isonly 14%. On the
other hand, the prediction by the ACI code procedure is
extremely conservative, mainly because of the smaller Elg
assumption. Note that using ACI values would indicate
stability failure for the columns of FramesF1 and F2 at P, =
Presr (refer to Table 2, Column 28). When P, > P, Stability

Ny

A ®
Breen and Ferguson MacGregor and Barter

Fig. 6—Schematic diagram of loading arrangement by different
investigators for columns in nonsway frames under double-
curvature bending.
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failure will occur or 5,5 will be negative (refer to Eq. (A7) or
(A8) of the Appendix).

In generd, it can be concluded that denderness effects can be
neglected for columns in honsway frames (except only for
extremely dender columns) under double-curvature bending.

Columns in sway frames or columns under
lateral loading

In sway frames, the magnitude of bending moment at a
column end and the corresponding e/h ratio are relatively
high, compared with those in nonsway frames. Therefore,
the effective El of columnsin sway framesis expected to be
low. There is only one experimental investigation available
on dender columnsin sway frames. An additiona investigation
on columns under lateral seismic loading, however, is aso
considered for comparison, astheir behavior issimilar to that
of columns in sway frames. Note that in the case of a sway
frame, the moment magnification factor &4 (not 8,5, which
was used for columns in nonsway frames) is given by

1

0. = ————
s~ 1-3P,/0.753P,

(ACI 318 Section 10.13.4.3)

Note that the factor 64 accounts for P-A effects for an
entire story, whereas &, accounts for P-6 effects for individual
columns. In addition, it isimportant to note that the stiffness
assumption of ACI 318 Section 10.12.3 is considered for the
computation of magnified moments in sway frames in
Section 10.13.4.3, which iswidely used in practice.

Ferguson-Breen tests—The relevant data for three frames
(out of atotal of seven) tested by Ferguson and Breen (1966)
areshown in Table 3. Figure 7 shows aschematic diagram of
the test setup. The columns were in double curvature
under lateral loading.

The following points are noteworthy concerning these
test data:

1. The columns had very high slenderness ratios (ki /r) of
89 to 104 and a gross reinforcement ratio pg of 1.95%. The
effective El by the proposed Eq. (1) was found to be 0.76 to
0.94EI (Table 3, Column 18) under the maximum test loads;

2. Figure 8 shows a comparison of Ferguson and Breen's
test results with the P-M curves obtained using the proposed
and the ACI code procedures. As can be seen, the predictions
by the proposed procedure are in good agreement with the
test results and are generally on the conservative side. Onthe
other hand, the predictions by the ACI code procedure are
very conservative, mainly because of the smaller El values
assumed. In fact, Table 3 (Column 26) shows that the values
of 0.75P (using the ACI stiffness assumption) for columns

P P

v \ 2N

Fig. 7—Schematic representation of test frame (Ferguson-
Breen 1966).
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intwo of thethreeframes arelessthan thetest results, indicating
stability failure (refer to values of 3,-ACI in Column 28 of
Table 3, and also Eq. (A9)); and

3. The analyses also show that the frames have a strong
beam-weak column configuration. Therefore, the column
endswould yield even before the beam ends reach their yield
strengths. Thisis not the case with any column designed in
accordance with the strong column-weak beam concept.

Watson and Park tests—The relevant data for nine square
columnstested by Watson and Park (1994) areshownin Table 3.

FRAME #1 (Ferguson and Breen) o nominal 1

120.0 gt deSiGN |
—a——short-column |
100.0 | —o—proposed i
— %—ACl-code !
80.0 }
Axial ’
Force 60.0
(kips)
40.0
20.0
0.0 —
0.0 20.0 40.0 60.0 80.0
(@) Bending moment (in.-kips)

ST
i FRAME #2 (Ferguson and Breen)

| —@m——design
75.0 4 —a—short-column |
i i
|

| —o— proposed
§ —x— ACl-code :
{---@ . Test T*
50.0
Axial
Force
(kips)
25.0
0.0 =2 e
0.0 20.0 40.0 60.0 80.0
(b) Bending moment (in.-kips)
FRAME #3 (Ferguson and Breen) | —*—"ominal
75.0 - design
’ | __a— short-column
| —e—proposed
‘ e ACH-cOde
50.0 WS ?..,...,Test
Axial . X
Force //o
(kips) - :
25.0
0.0 20.0 680.0 80.0
(c) Bending Moment (in.-kips)

Fig. 8—Comparison of proposed and ACI code methods with
test results for columns in sway frame (Ferguson and
Breen): (a) Frame 1; (b) Frame 2; and (c) Frame 3.
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Figure 9 shows a schematic diagram of the test setup. The
columns were in single curvature under lateral loading.

The following points are noteworthy concerning these
test data:

1. The columns had a slendernessratio (ki /r) of about 32
and agrossreinforcement ratio p, of 1.51%. Theeffective El
by the proposed Eq. (1) was found to be 0.29 to 0.59 El
(Table 3, Column 18) under the maximum test |oads;

a4t
i g®)
PIN

PIN
<+

T
Fig. 9—Schematic representation of test frame (Watson
and Park 1994).

2. Table 3 shows the comparison of Watson and Park’s
test results with values computed by the proposed (Appendix,
Section B) and the ACI Code (A ppendix, Section C) procedures.
As can be seen, the predictions by the proposed procedure are
in very good agreement with the test results. Note the ratios of
Prest/PanaLygs in Table 3 (Column 15) (PanaLyssiS
obtained from the nominal strength diagrams for short
columns). Also note the values of . If 85 ismore than 1.0, it
indicates a decrease in load-carrying capacity compared with
short column strength. Table 3 showsrelatively lower moment
magnification (1.07 to 1.25) when the El , is computed by the
proposed procedure (Eg. (1)). Onthe other hand, the predictions
by the ACI Code provisions are more conservative, mainly
because of the smaller El, values assumed (Column 25).
Note the 54 values (Column 28) computed using El, of the
ACI code;

3. The predicted El ; isfound to be on the conservative side
of test results (Table 3, Column 18). The experimental Elg
values from Watson and Park’s test results have also been
reported by Mehanny, Kuramoto, and Deierlein (2001). The
mean test/predicted El , by using Eq. (1) was calculated to be
1.54. In their paper, Mehanny, Kuramoto, and Deierlein
(2001) suggested asimplified expression for the effective El
of beam-columns to be used in frame analysis. For the same
sets of test data, the test/predicted ratios of Elg by Mehanny,

Table 3—Details of experimental program and analysis for columns under lateral loading

Specimen| . . Po . | Prest
Investigator no. |f¢.ksi| Ty, ks | pg, % |b,in.| h,in. | lwin. [ein. | eh | kips |Prest Kips| Prest/Po | PanaLyas KiPs| PanaLyss
(€) 2 G| @ G |1® O 6 | 9|30 11 (12) (13) (19 (15
Fergusonand Breen| 1 4 55 | 195 | 6 | 4 80 | 04 | 010 | 106 375 0.35 Refer to Fig. 8
Fergusonand Breen| 2 42 | 59 | 195 | 6 | 4 80 | 12 | 030 | 112 25.0 022 Refer to Fig. 8
Fergusonand Breen| 3 32 | 56 | 195 | 6 | 4 80 | 04| 010 | 90 310 0.34 Refer to Fig. 8
Watson and Park 1 68 | 65 | 151 |16 | 16 | 142 | 160| 100 | 1711 | 169.1 0.10 160 1.06
Watson and Park 2 64 | 65 | 151 |16 | 16 | 142 | 7.7 | 0.48 | 1618 | 4748 0.29 450 1.06
Watson and Park 3 64 | 65 | 151 |16 | 16 | 142 | 7.7 | 0.48 | 1618 | 474.8 0.29 450 1.06
Watson and Park 4 58 | 65 | 151 |16 | 16 | 142 | 80 | 050 | 1493 | 4317 0.29 405 1.07
Watson and Park 5 59 | 69 | 151 |16 | 16 | 142 | 46 | 029 | 1540 | 7374 0.48 745 0.99
Watson and Park 6 58 | 69 | 151 |16 | 16 | 142 | 47 | 029 | 1509 | 719.4 0.48 735 0.98
Watson and Park 7 61 | 69 | 151 |16 | 16 | 142 | 26 | 016 | 1571 | 1057.6 0.67 1120 0.94
Watson and Park 8 57 | 69 | 151 |16 | 16 | 142 | 27 | 017 | 1478 | 9820 0.66 1030 0.95
Watson and Park 9 58 | 69 | 151 |16 | 16 | 142 | 27 | 017 | 1509 | 1007.2 0.67 1040 0.97
Table 3 (cont.)—Details of experimental program and analysis for columns under lateral loading
Investigator Sper?(ljmen Eg ks lg in# EIIEZIE(%!)g’ ks | Pesi Kips| Prest/Pes | lu/r | Kiulr | 8 EIZ/ETIQ’ ACI-Ps|  H/P 6S'AC|*
(16) | (17 (18) (19) | (20 (21) (22 | (23 | (9| (29 (26) (27 (28)
Fergusonand Breen| 1 3605 | 32 0.93 134| 92 0.41 67 | 89 |219| 04 40 0.01 -3.80
Ferguson and Breen 2 3694 32 0.76 1.34 77 0.33 67 89 | 177 04 41 0.03 5.61
Ferguson and Breen| 3 3224 | 32 094 |156| 61 0.51 67 | 104 |3.08| 04 26 0.01 -1.72
Watson and Park 1 4706 | 5461 0.29 1 | 3629 0.05 30 | 30 |[107| 04 5027 | 045 1.05
Wiatson and Park 2 4553 | 5461 0.44 1 | 5353 0.09 30 | 30 [1.13| 04 | 4864 | 022 1.15
Watson and Park 3 4553 | 5461 0.44 1 | 5336 0.09 30 | 30 [113| 04 | 4864 | 022 1.15
Watson and Park 4 4341 | 5461 0.42 1 | 4871 0.09 30 | 30 [113| 04 | 4637 | 022 1.14
Watson and Park 5 4395 | 5461 0.55 1 | 6499 0.11 30 | 30 |[118| 04 | 4695 | 013 1.26
Watson and Park 6 4341 | 5461 0.55 1 | 6387 0.11 30 | 30 |118| 04 | 4637 | 013 1.26
Wiatson and Park 7 4449 | 5461 0.59 1 | 7021 0.15 30 | 30 |125| 04 | 4752 | 007 1.42
Watson and Park 8 4287 | 5461 0.59 1 | 6741 0.15 30 | 30 |124| 04 | 4579 | 008 1.40
Watson and Park 9 4341 | 5461 0.59 1 | 6826 0.15 30 | 30 |124| 04 | 4637 | 007 141
“Negative value indicates that P, > 0.75P (using ACI Eq. (10-18)).
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Kuramoto, and Deierlein, CEB (European model) and
AlJ (Japanese model) are found to be 1.06, 1.37, and
2.31, respectively (Mehanny, Kuramoto, and Deierlein
2001). It may be noted that the expression proposed by
Mehanny, Kuramoto, and Deierlein (2001) involves caculation
of transformed moment of inertia (including the contribution
of reinforcement) as well as the balanced axia load, instead
of just the gross moment of inertia I, and the axia load
strength at zero eccentricity P, as proposed in this paper.
Although a few test data are not sufficient for any definite
conclusion regarding the accuracy of various proposals, the
previous comparison shows that the proposed method (Eg. (1))
gives a conservative estimate of the Elg of beam columns,
but not an overly conservative value, as would result from
recommendations by ACI 318 in Section 10.12.3.

RECOMMENDATION FOR FRAME ANALYSIS
AND CONCLUSIONS

Based on results of the analytical study reported in a
companion paper (Khuntia and Ghosh 2004) and their
comparisons with the results of existing experimental research
reported in this paper, the following recommendations are
made concerning the effective El of beams and columns to
be used in the lateral analysis of frames in general and of
frames including slender columns, in particular:

1. Inframeanalysis(both first order and second order elastic),
it is recommended to initially assume beam El = 0.35El
(which occursfor abeam with p of 1% per Eq. (4)) and column
El = 0.70 Ecl4 (which occurs with py = 1.5%, e/h = 0.20,
and P,/P, = 0.40 per Eq. (1)). On the completion of lateral
anayss, however, the effective El for beams and columns
needs to be recalculated using Eq. (4) and (1), respectively.
Note that depending on the magnitude of e/h (or M/P h), the
El vauewill change. If thefinal El, vaues are different from
the initially assumed values by more than 15%, it is recom-
mended to perform the analysis again using the revised El ;

2. After performing the analysis, the final moments at
column ends need to be checked to see whether a columnis
under single-curvature bending (for nonsway frames only).
If any of the columnsisin single-curvature bending, the El
for that column must be reduced to 0.75 timesthat originally
assumed and a new analysis carried out. This would yield
appropriate moment magnification in second order elastic
analysis. Thiswould also give appropriate displacementsin
first order elastic analysis (to be used to calculate stability
index Q, if needed, for Section 10.13.4.2 of ACI 318). For
first order elastic analysis in compliance with Section
10.12.3 or 10.13.4.3, however, the bending moments need to
be magnified by 8,5 or 3, using appropriate equations
(including the 0.75 factor with P [Pgs Or Pl for columns
in single-curvature bending);

3. Thefactor of 0.75 (in the calculation of 5,5 per Eq. (A7))
is to be considered for columns in nonsway frames only in
cases of single-curvature bending, as the initial eccentricity
from elastic analysis (e = M, /P) will gradually increase for
those cases. Theoretically, e will increase only when 3,4 is
more than 1.0, which generally occurs only for columns
under single curvature. Note that for sway frames, the factor
0.75 must always be used with P, as d5is always more than
1.0 (that is, the applied moment is always magnified); and

4. 1t has been found from analyses that an increase in e/h,
although it reduces the effective El, does not affect the
magnification factor (8,5 or dg) for slender column moments
significantly. Note that
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Cn

o = —m ——
s~ 1-P,/0.75P,

per the ACI code. It can be shown that the magnitude of P/P
(P, canbe Pysor Pys and P, can be Py, Or P is proportional
to P/Elg of the column. For a column with high e/h, El,
decreases significantly. The magnitude of P,, however, aso
decreases with an increase in e/h, athough not proportionately
(Khuntia and Ghosh 2004). Therefore, the increase in moment
magnification factor due to a reduction in El, (caused by an
increasein eh) isarrested to alarge extent by the corresponding
reduction in the P/P,, rétio (refer to Eqg. (1)). In addition, the
columns with higher e/h ratios are least affected by sustained
|oading effects, which are most pronounced at large P /P rétios.
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NOTATION
gross cross-sectional area, in2
gross steel areain column, in.2
width of member, in.
width of web of T-beams, in.
factor relating actua moment diagram to equivalent uniform
moment diagram
0.6 + 0.4M1/M, (M1/M, is positive under single curvature)
depth of neutral axis, in.
modulus of elasticity of concrete, ksi
flexural stiffness of member or cross section, in.%Ib
modulus of elasticity of reinforcing steel, ks
eccentricity of axial load, in.
eccentricity ratio = M/Ph
compressive stress in concrete at a strain of g, psi
specified compressive strength of concrete, psi
yield strength of reinforcements, ks
lateral load on sway frame, kips
overall depth of member, in.
moment of inertia of cross section, in.
effective moment of inertia of flexural member, in.
o moment of inertia of cracked cross section of flexural
member, calculated using transformed area concept
effective moment of inertia of cross section, in.*
Ig moment of inertia of gross concrete section about centroidal
axis, neglecting reinforcement, in4
moment of inertia of reinforcing steel about centroidal
axis, in*

4
4

k = effective length factor for compression members

Kns = effective length factor for compression members in non-
sway frames

K = effective length factor for compression members in sway
frames

le = length of compression member in a frame, measured from
center-to-center of jointsin frame, in.

Iy =  unsupported length of compression member, in.

M = bending moment, in.-lb = M, in the context of strength design

My = smaller factored non-sway end moment on compression
member, in.-1b

M, = larger factored non-sway end moment on compression
member, in.-1b

M max = maximum moment aong length of compression member, in.-Ib

Mp = nomina flexura strength, in.-lb

Mns = moment due to loads that do not cause appreciable side
sway (typicaly gravity loads), in.-lb

Mg = moment due to loads that cause appreciable side sway (latera
loads), in.-lb
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My = factored moment or required moment strength at section,
in-lb
n = modular ratio = Eg/E,
P = axia load, kips = P in context of strength design
Panalygs = theoretical axid load at attainment of nominal strength, kips
Pe = critical load for compression member, kips
Pens = critical load for compression member in nonsway frame, kips
s = critical load for compression member in sway frame, kips
n = nominal axial load strength, kips
Po = nominal axial load strength at zero eccentricity, kips
Prest = axia load at failure/crushing in experimental study, kips
Py = factored axial load or required axia load strength, kips
Py/P, = axid load ratio
r = radiusof gyration of cross section of compression member, in.
We = unit weight of concrete, Ib/ft3
A = dtory drift, in.
5 =  deflection of compression member relative to chord joining
ends of column in deflected frame, in.
Sns = moment magnification factor for columnsin nonsway frames
S = moment magnification factor for columnsin sway frames
€ =  compressive strain in concrete, in./in.
€max = maximum compressive strain in concrete, in./in.
€ = compressive strain in concrete at peak stress, in./in.
€g = tenslestrainin sted, in./in.
&y = yieldstrainin steel, in./in.
[} = strength reduction factor
= curvature at section, rad/in.
p = tendlereinforcement ratio in flexural member, %
Py = grossreinforcement ratio in compression member, %
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APPENDIX
A. More accurate or variable El, method for P-M
curve of reinforced concrete column
The following steps are recommended:
1. Given the section (b, h), pg, &, fy,, T/, I

1y 'Cc
2. Calculate P = 0.85f (Ag — Ag) +fy Ag (AD
3. Cdculate C,, = 0.6 + 0.4M4/M, (M;/M, is positive under
single-curvature bending) (A2

4. Assume any initial P = 0.05P, (for example)
5. Calculate primary bending moment M =P x e
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6. Cdculate effective El using Eq.(1) (with known eh, P/P,

taken as P, /P, and pg)
7. Caculate k using a spreadsheet or chart (such as ACI 318
Fig. R10.12.1)
8. Cdlculate
2
P, = ZEL (A3)
(kly)

(Notethat P, = P, for nonsway and = P for sway frames)
9. Calculate moment magnification factor using

— Cm
8ns -
1-P,/Pens

(with P taken equal to P) or

1
8y = ———— A4
* 1-P,/P, A9
10. Caculate magnified moment,
Mps=8ps X M, or Mg=38sx M (A5)
11. Calculate modified eccentricity e = §pg (Or dg) X
previous e (A6)

12. Assume next larger P = 0.10P, (for example) and repest
Steps5 to 12 until the nominal strength curve isreached, that
is, the column theoretically fails.

B. Approximate or fixed El, method for P-M
curve of reinforced concrete column

The following steps are recommended:

1. Given the section (b, h), pg, fy, fd, 1y

2. Calculate P, = 0.85 f(Ag—Ag) +fy Ay (AD

3. Under any applied loading, the factored axial force on
column P, and the factored bending moment M, are known.
Calculate the eccentricity of axial load, e = M /P,

4. Calculate C,, = 0.6 + 0.4M;/M, (M4/M, is positive
under single-curvature bending) (A2)

5. Célculate P /P,

6. Cdculate effective El using Eq. (1) (with known eh, P,/P,

and pg)
7. Calculate k using a spreadsheet or chart
8. Cdculate
2
P, = T EI2 (A3)
(kly)

9. Assume any initial P = 0.05P,, (for example)

10. Calculate primary moment M =P x e

11. Calculate moment magnification factor as follows:

For columns in nonsway frames under single-curvature
bending

C
Bpg = ———0 (A7)
1-P/0.75P,,

For columnsin nonsway frames under double-curvature
bending
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C
o = —m A8
ST 1TP/P,, (A8)

For columnsin sway frames

6ns = ___EL“_.___ (Ag)
1-3P/0.75XP
12. Calculate the magnified moment, Mg = 5,5 x M. For
columnsin sway frames, the magnified moment, Mg= 65 x M
13. Assume next larger P = 0.10P,, (for example) and repest
Steps 10 to 13 until the nominal strength curve is reached.

C. ACI code procedure

All the steps mentioned in the approximate procedure are
to be followed, except that in Step 6, the effective El isto be
computed using ACI 318 Eq. (10-11) or (10-12). Under
short-term loading, a By of O is to be used.

D. Test results
For columns under single-curvature bending, the maximum
bending moment is computed as

Mmax = P(e+9) (A10)
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where P and e are the axia load and the eccentricity at
column end, respectively, and 6 is the maximum deflec-
tion at the midheight of the column (Fig. A), as reported
by the investigators. For the test results by Green (1966),
the P-M values are directly read from the report, as appro-
priate load-deflection plots were not available.

P
E >M=Pxe

Original
column

Deflected

column\.:'-._

'T>M=Pxe
P

Fig. A—Calculation of maximum moment for column under
single-curvature bending.
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