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SYNOPSIS

Interaction curves relating the axial thrust, applied
end bending moment and slenderness ratio are developed for
the ultimate carrying capacity of‘pin-ended, wide~-flange
beam-columns. It 1g assumed that failure is due to exces-
sive bending in the plane of the applied moments which is
further considered to be the plane of the web. The two
conditions of loading that are investigated are 1) equal
end moments applied such that the resulting deformation is
one of single curvature, and 2) end moment applied only at
one extremity of the member. The influence of an assumed
symmetrical residual stress pattern is considered in the
calculafions and curveg are presented for slenderness ratios
up to and including L/r = 120. For ease of future computa-
tions, the interaction curves are fitted into approximate
equations. Comparisons are made with various column test

results.
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I. INTRODUCTION

When designing (or analyzing) a structure by the simple
plastic theory, it is assumed that the member in question will
deliver the fully plastic moment value, Mp
culations. This, however, will not necessarily be the case if

, noted in the cal-

the member 1s subjected to an axial thrust in addition to

bending moments(l)w

o To attain the desired moment value, it
is necegsary to supply a member having a greater Mp value than
the one needed for pure bending; i°e°; one that will develop
the required end moment in the presence of the imposed axial

thrust.

The problem that will be considered in this paper is the
determination of the maximum amount of end bending moment that
a member can sustain when it 1s also subjected to a given
axial thrust. Two loading cases will be investigated:.

1) eaxial thrust plus equal end moments applied at
both ends of the member such that it deforms in
single curvature, and

2) axial thrust plus moment applied only at one end

of the member.

These conditions are shown diagrammatically as loading con-
ditions "c¢" and "d" in Fig. 1. In both cases it 1s assumed
that the plane of the applied moments is that of the web of
the section and that fallure is due to excessive bending

in this same plane.

P T T T B I R T T T T T R - T

* Numbers in parentheses refer to the list of references at
the end of the report.
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The stress-strain properties of the material are pre-
supposed to be ideally elastic-plagtic; i.e., there isgs
initially a linear range wherein o0 = Eé which is followed by
a constant stress level o = oy for strains greater thaneiy*.
(This type of behavior is typical of mild sﬁructural (ASTM A7)
steel if strain-hardening 1s neglected.) There is, however,
agssumed to be a symmetrical residual stress pattern present
in the member prior to the application of any extefnal loads.
The presumed pattern (see Fig. 2) is consistent with meésﬁred
residual stresses in wide-flange column type sections due to

(2),(3)

cooling of the section during and after rolling.

As shown in Réf. 2, 1f the material is homogeneous and
isotropic and if bending strains are assumed to be propor-
tional to the distance from the neutral axis, then the thrust-
moment-curvature relationship for the BWF31l section will be
that given in Fig. 3. In this figure two conditions are
illustrated. The solid lines are for the cases where resi—
dual stresses are neglected. The solﬁtions which include
the’influence of the residual stress pattern shown in Fig. 2

are given by the dashed lines in Fig. 3.

Since the basic approach that will be used in solving the
problem considered in this paper is one of numerical integration,
and since this integration will proceed from a knowledge of the
curvature values of Fig. 3, which as was stated above were

computed for the OWF31 section, the resulting interaction curves

* The nomenclature is given in Section IX.
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will in the strictest sense apply only to the BWF31l section.

It should be noted, however, that this section has one of the
more severe thrust-moment-curvature relationships of the

column sections rolled. Using the interaction curves for other
shapes should therefore result in a conservative or at least

equal prediction of strength for the member in question.

For ease of presentation and generalization, load and
section property parameters have been non-dimensionalized
wherever posgible. It was necessary, however, to consider a
fixed value of Young's Modulug at E = 30,000,000 psi. 8ince
specifications requife a minimum yield stress of Oy = 33,000 psi
for A7 steels, this value was also used in the calculations as

the base yileld stress.

While the nondimensional loading parameters P/Py and

M/Mp implicitly take into account the influence of O., the

¥
slenderness ratio must be modified for a material having a
yleld stress level other than 33,000 psi. Using as a base

for this correction the slenderness ratio for which the stress
corresponding to the "Euler load" equals the yield stress

value, the adjusted slenderness ratio will be according to

the following eqﬁation:
0

.]_:'. = :I.‘. ————L o ° ) © o o ® o ° ° e )
gy, T @ 337000 (1)

where Oy = yield point stress in lbs. per sq. inch. When com-
paring test results with strength predictions, the adjusted

glenderness ratios of the test members are used.
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I1. DETERMINATION OF INTERACTION CURVES

As was pointed out in the preceding section, the approach
that will be used in the solution of the problem in question
will be one of numerical integration(u). This will proceed
from an assumed deflection configuration and will take into
account the non-linearity between moment and curvature as

strains exceed the initial yield strain.

Since deflections must be assumed, it is desirable to
know the equation of the column centerline at initiation of
yielding for each of the conditions of loading. These can be
determined from a consilderation of the equations on page 12
of Refo‘S° In terms of the parameters used in this report,
the equations are as follows:

a) Moments applied at both ends of the member

(condition "c")

M. /M| .
J = %{P;P;%J[giﬁ kaE + Cos kx = (Cot kL) (8in kx){l;_l. (2)

b) Moment applied only at one end of the member

J R )

(condition "d")

_ ™M sin e

In these equationsg

o |

S = gection modulus,
A = cross-sectional area,
x = distance along member as shown in Fig. 1
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y = lateral deflection of the column centerline in the

plane of bending, and
k = ’\i P/EIl

For the assumed values of E = 30,000,000 psi and

O, = 33,000 psi

-
L Wl p !
KL = 0,003317 (3) 'rsy
and ? S 1D
- X L P
kx = 0.003317 () (2) \J -f)y

From Equations (2) and (3) it can be seen that for the
conditions of constant axial thrust and elasgstic behavior
there is a linear relationship between the applied end moment,

M., and the resulting deformation. The meximum value of M,

o’
for which this situation holds is referred to as the initial
yield value and the solution to this problem has been pre-
gsented in Ref., 6 and elsewhere. For greater values of applied
end moment yielding will occur at the most highly strained
sections along the member. In these regilons the member becomes
relatively weaker to further increases in loading. This can
be seen from the moment-curvature diagrams of Fig. (3). The
load=deformation relationship of the member as a whole will
also indicate this decrease in gtiffness but in the early
stages at a less pronounced rate. This follows from the fact

that the total deformation is the integrated effect of all

of the curvature values along the length of the member.
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To be able to determine the maximum carrying capacity of
a given.member, it 1s essential that the load-~deformation
relationship of that particular member be defined. But since,
as was noted earlier, a numericel integration procedure is to
be used, it 1s first of all necessary to assume deflection
values along the member and successively correst these assump-
tions based on the corresponding integrated curvature values.
The process must be repeated until the desired accuracy of the
deflected shape i1s obtained. For any one member and axial
thrust ratio, then, the definition of the load-deformation
relationship above the elastic limit, and thereby the defi-
nition of the critical loading, may require the consideration
of four or five end moment values which in turn may require

three or four numerical integrations each.

In addition, for a given slenderness ratio, it 1s necesg-
sary to determine the critical value of the end moment for
various values of the axial thrust. Thisg would make it possible
to define the relationship between axial thrust and end moment
for this one particular slenderness value; i.e., to define the
interaction curve for this given slenderness ratlo. In
general 0.2 P/Py intervals were uged in the computations on
which the interactlon curves of this report are based. For
a better definition of the relationship at higher values of
thrust, however, a closer spacing of values of P/Py was used,
Slenderness ratios ranging from O to 120 were considered in

intervals of 20.
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In outline form, then, the steps that were used in deter~
mining each of the interaction curves presented in this report
are as follows:

GIVEN: loading condition, slenderness ratio and constant

axial thrust value for the 8WF31l S8ection used as
a standard.,

1. Assume an end moment, M , greater than the initial
yield value;

2, Assume a possible deflection configuration; (as a
first approximation, the elastic limit deflections
defined by Equations (2) and (3) could be used.)

3. Knowing the moment values at eight equally spaced
stations along the length of the member (M,=M_,+Py),
numerically integrate curvature values obtained from
Fig. 3 (an enlarged version of this figure was
uged). (See Fig., 5):

li. Correct the assumed deflections baged on the values
obtained from this numerical integration and repeat
step (3);

5. Repeat step (L) until the desired accuracy is
obtained (40,001 inch was used in this report);

6. Determine the end rotation for the final deflection

em mm = @3 ed  em e om A3 m» o om  m &9 =3 m3 e e = e e e em en @ Go  wm s om  ma oW

# If it is assumed that the deflection curve of the member within
the three end segments can be represented by a parabola, then
the end slope can be expregsed in termg of the known deflection as

T
o )N

81= deflection at first station away from the applied
, moment end of the member,
82= deflection at the second station away from the
applied moment end of the member, and
= grid gpacing (assumed to be L/B for the cases
CRC R I Y
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7. Assume greater values of the end moment, M,, and
repeat the same process as outlined above;®
8. Plot the various ﬁalues of M, versus &, from step
(7) and determine the maximum value of M, from the
resulting curve. (See Fig. L).
This gives one particular point on one particular interaction
curve. As was pointed out above, it is necessary to determine
many such points to be able to define the desired range of the

Interaction curves.

Dividing the (Mo/My)criticél values obtained from the
numerically determined M, versus 9, curves by the shape~factor,
- the interaction curves of P/Py versus My/M, versus L/p shown
in Figs. 6 and 7 were obtained, Fig. 6 is for the case of
moments applied at both ends of the member (condition "c')
and Fig. 7 is for the case of moment applied at one end (con-
dition "d"). Only the interactlon curves incorporating the
influence of residual stresgss have been included in this report.
However, interaction curves neglecting these stresses as well
as the corresponding initial yield interaction duryes are
- shown in Ref. 7. Also-giveh therein 1s a more detailed expla-
nation of the derivation of the curves shown in Figg, 6 and
7. To give an indication of the influence of residﬁal stress
on the carrying capacity of members of the type considered
herein, Pig. 8 gives comparable interaction curves for an

L/, = 80.

wa  em s o= e em  ma & e em =9, e B S ) @ = ws e em ew @ am om e eo om em es

* If an M, greaber than or equal %o Mo(eritical) is assumed,
the numerical integration process yields divergent results.
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To make the curves more useful when eccentricity ratios
(ec/r®) are given instead of end moments, values of ec/r® are

also shown on the interaction curve figures.

ITII, APPROXIMATE EQUATI QNS

To avoid interpolating from the diagrams of Figs. 6
and 7, approximate interaction equations were developed-by
fitting the curves into Qubic and quadratic equations. All
of the limitations of the original curves are therefore
present 1n these approximations. In general, the range of
application was chosen as 04 1L/, £120 and O£:P/Py4=0.6. It
was considered that these covered the major range of practical

applicationsq

1) Pin-ended column subjected to axial thrust plus two equal

end-moments applied such that the resulting deformation is

that of single curvature (condition "e¢")s

Assuming an equation of the form

M

'1\"/19' = 1'“ K (%) o= J (‘%)2 o ° ° ° ° ° N . . ° ° (5)
P J y

where K and J are assumed to be functions only of the slender-
negs ratio, the coefficients of the axial load terms of the

equation were found to be

\
_ (L/p) (MR (B/p)e
K= 0.420+-55= - 557560 * 1,160,000
o Se v o e o (6)
o (B (B/)R (L)
J = 0170 - "5 * =FT566 ~ 506,000

/
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The agreement between these expressions and the comparable
relationship from Fig. 6 is ag shown in Fig. 9. The direct
correlation between the approximate equations and the inter-

action curves of Fig. 6 1s given in Fig. 10.

2) Pin-ended column subjected to axial thrust plus an end-

moment applied only at one end of the member (condition "d"):

Assuming an equation of the form

Mg '
ﬁ"*—'B"’G() ooeooeecnnncoo.'(?)

P v

g iro

where (as in case 1) B and G are assumed to be functions only

of the slenderness ratio, the coefficients are found to be

G =4 lollOihL%/r) - (Mx)? + (/)
190 9,000 720,000
and F o o o (8)
LB (B )R
B = 1.1
L1337 080 * 185,000

/

It should be noted that when Equation (7} predicts a value of
MO/Mp greater than 1.00 (that is, for small values of P/Py),
M,/M, = 1.00 should be used.

The agreement between the approximate interaction Equa~
tion (7) and the relationships determined numerically (Fig. 7)

is shown in Fig. 11.

Table 1 is a tabulation of the interaction equation
constants B, G, J and K for L/, values from O to 120 varying

in increments of &,
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3) "C.R.C. Interaction Equation"

‘Recently, attention has been focused on the application
of the so-called "C.R.C. interaction equation" to the first

(8)

("e") condition of loading

!

..E'-;-M_ = ] (9)
Pt 1-P/Pg |

where

P! = maximum axial thrust that the member will

sustain when subjected to pure axial thrust;

=
i

maximum end moment that the member will sustain
when subjected to pure bending; and

P, = Euler buckling load for the axially loaded member.

S8ince it was assumed in the derivation of the interaction curves
"presented earlier in this report that the member did not fail
by lateral instability, M’ of Equation (9} should be taken

equal to M_. Equation (9) then becomes

P
M
Y N y
where .

K' = i(é)z-}h

r P/
Py LR e e e e e e e
7= (R f (10)

and

e
11
=3
o)
N
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In Fig. 9, the expressions for K'and J/ (determined from
Equations 10 using for (P'/Py) the end points of Fig. 6 or 7)
are compared with the values determined by numerical inte- |

gration.

1) Axially Loaded Columns

Approximating that portion of the relationship between
‘axial thrust and slenderness ratio that occurs below the
Euler curve (that is, 04L/,% 112), the following expression

may be used

P _ L gLy 1 Ly\?
5, " 1 - 6u5(r) - 111,000(r)> C e e e e e e .. (1)

Since this equation almost coincides with the numerically

determined values shown in Figs. 6 and 7, a comparison has

not been shown.

It is gratifying to note the close correspondence between
Bquation (11) of this paper and Equation (20) of Ref. 17 by
Bijlaard, Fisher and Winter, since the latter expression was

determined by an entirely different procedure.

IV. COMPARISON WITH TEST RESULTS

As an experimental check of the theoretical predictions
of this report, existing test data are compared with the inter-
action curveg of Figs., 6 and 7. .The tests of the following
experimental programé are used for comparison:

1. Cornell University, 1956 (Ref. 9)

2. Lehigh University, 1940 (Ref. 10)
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3. University of Liege, 1956 (Refs. 11, 12)

iy, University of wisconsin, 1920's (Ref. 13)

5. Lehigh University, current series (Refs. 2, 6)
Graphs comparing the analytical predictions with experimental

results are shown in Figs. 12, 13, 1l, 15 and 16.

For a majority of the columnsg that have been tested and
are listed herein, the members were subjected to eccentrically
applied thrusts. In graphically comparing these test results
with the strength predictions of this report slenderness
values have been shown as the abscissa and (P/Py) values as
the ordinate (i.e., in the form of column curvesg for constant
eccentricity ratios). The individual curves for each of the
situations were obtained from Figs. 6 and 7 using the ec/r®
values shown across the top and aiong the right hand gide |

of the figure. It should be noted that since

-
r? P/:i?y |

‘and since the values of ec/r® given in Figs. 6 and 7 were
obtained by using "f" of the 8WF31 shape (one of the lowest
shape factors), the theoretical curves should be somewhat

conservative for most of the sections tested.

CORNELL UNIVERSITY (Ref. 9)

These tests carried oub by Mason, Fisher and Winter
were on a cross-section which fully prevented lateral-

torsional buckling and therefore conformed to the assumptions
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of this report. Two "Z" gsections were welded together in
the form of a "hat'" by intermittent welds. Bending was
forced (by the use of knife-edges) about the minor exis of

the total cross-section.

Figure (12) shows the comparison between the test results
of Mason, Fisher and Winter and the theoretical predictioﬁs of
Fig. 6. In general the correlation is quite good. The exberin
‘mental results fall slightly above the predicted curves as
would be expected since the shape factors of the sections
tested (f = 1.18, 1.25 and 1.17) were greater than those of
the 8WF31l section. Also, the regidual stress distributions
of the sections tested were not as severe as those that were

aggsumed.,

Table (2) gives a tabulation of the data from which the

test points of Fig. 12 were plotted.

LEHIGH UNIVERSITY (Ref. 10)

A total of 93 tests were oarried out by Johnston and
Cheney in this series: 89 were made on 3I5.7 sectlons and
6 on 6WF20 sections. A summary of the test data is given

in Table (3).

Columns were tested by both concentric and eccentric
application of the axial load; however, the column tests under
pure axial thrust cannot be compared with the predicted inter-
action curves; The end-condition of these test specimens were

such that they fail by buckling about the weak axis.
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In general, the tests were performed on columns which
were essentially pin-ended with respect to bending in the
strong direction and fixed-ended in the weak direction. This
was accomplished by the use of knife-edges placed perpendicular
to the web through which the load was applied. The loading
conditlons and support arrangements for the tests correspond

to the condition "e¢" loading of this report (Fig. 6).

As noted in Table 3, the slenderness-ratios were adjusted
to account for the yleld stress of the material tested. The
comparisons between predicted strengths and experimental |

results are shown in Fig. (13).

Johngton and Cheney report thét the "columng loaded eccen-
trically tp produce bending in the strong direction usually
failed by plastic lateral torsional buckling" (a condition
specifically excluded in this paper). It is interesting to
note, however, that except for the tests which fall close to
the case where fallure would have been due to Buler buckling
in the weak direction, the correlation achieved with the
developed theory which neglects lateral-torsional behavior

ls reasonably good,

UNIVERSITY OF LIEGE (Ref. 11, 12)

Massonnet reports the results of 95 column tests. The
tests were carried out on sectlions of DIE 10, DIE 20 and PN 22
profiles. Of these, the DIE profiles are geometrically similar

to the American wide-flange shape, the shape being considered
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in this report. Therefore, only the DIE profile tests will
be used for comparison. Furthermore, only those tests which

correspond to the condition "e¢" and "d" loading are listed.

The end conditions for Massonnet!s test columns were
essentially‘pin-ended in both directiéns gince the end~fixtures
congisted of almost frictionless, hydraulically seated steel hemi-
spheres. For such end-conditions, the leasgt poésible regstraint

is provided against lateral torsional buckling.

Table L summarizes the applicable test data for the DIE
profile tests. Figure (1l) gives the comparison between the
tests on members subjected to a cbndition "d" loading and
the theoretical predictions shown by the dot-dash curves. As
before, the slendernesgs ratio is adjusted for differences in
yleld stress level. In all cases the final failure was by
lateral torsional buckling; in spite of this, most of the test
points agree rather well with the theoretical relationship
that neglects this type of faillure, It is expected that
further theoretical work taking this.mode of failure into
account will provide a better understanding of the problem
and will result in a better correlation in the "transgition

range".,

No comparison has been shown for the condition "c"
tests of Ref, 12 (equal and opposite end moments). Due to
the condition of loading and end restraints it would be
expected that lateral-torsional instability would occur prior

to the theoretical load predicted in this paper and this was




found to be the case. A solution to the problem of lateral-
torsional buckling for this condition of loading which also
takes into account the influence of residual stress has
Just been completed. In general, the correlation is quite

good. A report on this latter work will soon be available.

UNIVERSITY OF WISCONSIN (Ref. 13)

The members tested in this investigation were 8H32 shapes,
similar to the currently avallable 8WF31l section. The end-
conditions were essentlally pin-ended against strong axis
bending and fixed in the weak direction. Of the five tests
carried-out, the two which had an adjusted slenderness value
greater than 50 failled by 1ateral—to%sional buckling at a

load slightly legs than that predicted.

LEHIGH UNIVERSITY (Ref. 2, 6, 16)

Table (6) summarizes the results of the tests in this
series that are applicable. Since the majority of the members
were tested in a range where the interaction curves converge
to a point (i.e., for low values of P/Py) most of these have
not been shown on graphs. For the pure axial load tests,
however, Fig. 16 shows the correlation with predicted strength.
An additional test by Huber M) (4wF13, L/,=130) has been

included to extend the range of coverage.
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V. DISCUSSION AND SUMMARY

For the conditions of end restraint and the loading
conditions of Fig., 1, solutions to the problem of the deter-
mination of the maximum carrying capacity of wide flange
shapes loading in the plane of the web have been presented,
These solutions assume that the member in question will fail
by excegslive bending in the plane of the applied moment.,
Failure due to lateral-torsional or local buckling has not
been considered, The resulting interactlon curves (Figs. 6
and 7) do, however, include the influence of a typical cooling

type residual stress pattern.

Approximate interaction equations, which cover the range
most often encountered in practice, were developed to elimi-

nate the need for interpolation (Equations 5 and 7).

Currently available test regults were compared against
the strength predictions of Figs. 6 and 7. The tests carried-
out by Mason, Fisher and Winter wére the only ones that
directly fulfill the assumptlions of this report and the‘oorre—
lation was shown to be very good (Fig. 12). For the cases
where the members tested were pin-ended in the strong direction
andbfixed in the weak, the curves give reasonably reliable
results provided Euler buckling in the weak direction was not
imminent (Figs. 13, 15 and 16). Where the members were pin-
ended in both directions, lateral-torsional buckling was a

major factor in determining strength (Fig. 1L). The test
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results corresponding to this situation (Massonnet) seem to
indicate that for a condition "d" type of loading the overall
behavior can still be approximated by the curves of Fig. (7)

but with less accuracy than in the aforementioned cases (Fig. 1L).
Members loaded in a condition "c" manner, however, carry

markedly less load than predicted.

Further work is currently underway to include the influence
of lateral-torsional instability into the strength calculations
and preliminary results of this study indicate that good corre-

lation can be achieved when this type of failure is considered,
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VIII, NOMENCEATURE

A Area of cross-section (in®)

B,G,J,K Non~dimensional constantsn
E Young's Modulus of Elasticity (£E=30,000,000 psi

for A7 steel)

I Moment of Inertia (inu)
L Length of member (inches)
M Bending Momenth(inch-kips)
My Applied moment at the end of the member

Mp=ZOy Fully plastic moment value under pure moment

My;SOy Initial yield moment value under pure moment
P Axial thrust (kips)
=A0 Axial thrust 9orresponding to yielding under

pure compression

S Section modulus about the strong axis (in®)
4 Plastic modulus about the strong axis (in?®)
b Flange width
c Distance from centroid to outer fiber
d Depth of section |

Eccentricity (inches)

Radius of gyration about the strong axis
Thickness of flange
Thickness of web

Distance along the axis of a member, as shown
on Fig. 1 '

Deflection (inches)
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VIII. Nomenclature (conttd)

Lceentricity ratio

Slenderness ratio

Non~dimensional constants

Constant defining properties of material

Deflection at specific station along the
member (incheg)

Fnd rotation (radians)

Curvature (radians/inch)

Curvature corresponding to initial yield
under pure moment

- Length of equally spaced segments of total

member length
Strain (inches/inch)

Strain corresponding to initial yield point
stress

Stress (lbs/inch®)
Yield stress (assumed to be 33 ksi for A7 steel)
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TABLE 1
CONSTANTS FOR INTERACTION CURVE EQUATIONS
N P
(O)MO "‘['——“ 7— -e/ )MO
L L
MO
P =
P P
Loading Condition "c" Loading Condition "a" ¥
y&:l.o—K(E)-J(f)a %:B_G(}f)
M, Py Py M, Py
L Condition "c" Condition "g" *
T K J G B
0 0.42 0.77 1.11 1.13
5 0.49 0. 69 1.13 1.14
10 0.56 0.61 1.15 1.14
15 0. 63 0.53 1.17 1.1k
20 0.70 0.16 1.18 1.1L
25 0.77 0.39 1.19 1.14
30 0.85 0.31 1.21 1.15
35 0.92 0.2l 1.22 1.15
Lo 0.99 0.17 1.23 1.16
L5 1.08 0.08 1.25 1.16
50 1.17 -0, 01 1.27 1.16
55 1.26 -=0.10 1.29 1.17
65 1.45 -0.32 1.36 1.18
70 1056 “Oo)_‘)—‘. 1.1—1-1 1018
75 10 68 “’0057 loh—é 1-19
80 1.81 =0.72 1.52 1.19
85 1093 aOe 88 lo 60 1«20
90 2.07 -1.,05 1. 69 1.21
95 2.22 -1.24 1.79 1.21
105 2.55 -1.68 2.03 1.23
110 2.7h «=1.93 2.18 1.23
115 2.9 =2, 20 2.3 1.2l
120 3.16 =2.51 2.53 1.25

“Notes For calculated values of -2
ie}

Mo
> 1.0, use — = 1.00
My
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TABLE 2
TEST RESULTS OF MASON, FISHER and WINTER (9)
&) (2). (3. L (5 (&) )
L ec P. P L

Specimen —E—%— Material® (I‘X) T (k%:) ‘ITuyl—t (Fx) Adj.
/b x 3 - L9 1 49 0.25 | 122 0.73 55.6
1/ x 3 - 69 1 69 0.25 110 0. 66 78. 1
1/L x 3 - 108 1 108 0.25 75 0.45 122.7
1/ x 3 - 49 1 L9 0.75 .| 89.3 | 0.53 55.6
1/L x 3 - 69 1 69 0.75 77.6 | 0.L6 78.4
1/l x 3 - 108 1 108 0.75 57.2 | 0.34 122.7
1/Lbx 3 - 19 1 49 1.50 65.9 | 0.39 55.6
1/ x 3 - 69 1 69 1.50 58.1 | 0.35 78. 1L
1/l x 3 - 108 1 108 1.50 3.2 | 0.26 122.7
1/ x 4L - 36 2 36 0.25 171.8 | 0.80 41.8
1/ x L - 66 2 66 0.25 143.8 | 0.67 76.6
1/l x L -110.5 2 110.5| 0.25 87.8 | 0.41 128.2
/L x L - 36 2 36 0.75 123.2 | 0.58 41.8
1/ x L - 66 2 66 0.75 100.1 | 0.047 76.6
1/l x L -110.5 2 110.5| 0.75 66.2 | 0.31 128.2
1/Lbx b - 36 2 36 1.50 8.2 | 0.39 1.8
1/L x L - 66 2 66 1.50 71.0 | 0.33 76.6
1/ x - 10.5 2 110.5 |~ 1. 215 58.1 | 0.27 128.2
1/2 x 3 = 53 3 53 0.25 21,2 | 0.74 57.6
1/2x 3 - Th 3 i 0.25 188.6 | 0.65 80.5
1/2 x 3 - 117 3 117 0.25 122.3 | 0.42 127.2
1/2x 3 - 53 3 53 1.50 117.2 | 0.4 57.6
1/2x 3 - 7L 3 n 1.50 101.2 | 0.35 80.5 -
1/2x 3 = 117 3 117 1.50 76.1 | 0.26 127.2
¢ Ty(1) = 42.5 ksi, Oyp) = U5 ksi, %y 4y = 39.0 kel
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TABLE 3

TEST RESULTS OF JOHNSTON and CHENEY (10)
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TABLE

TEST RESULTS of MASSONNET (12)
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TABLE ©
TEST RESULTS of WISCONSIN SERTES (13)

&) B Gl [ (D ) 3) ) (8
Test ec L o o P L
No. Member = (I’x) (1}35:35;1{) (kZi) Py (rx) Agdj.
H-1 8H32 1.00 | 11.l4 | 20.7 37,1 0.55 12.1
H-2 8H32 1.00 | 29.0 | 19.95 | 37.4L 0.53 30.9
H-3 8H32 1.00 L9.5 | 17.95 | 37.k 0.48 52.7
H-I 8H32 1.00 | 69.6 | 15.10 | 38.0 0.40 L. 6
E-5 8H32 1.00 | 89. 12.60 | 36.4 0.35 ol 2
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TABLE 6
TEST RESULTS OF THE CURRENT LEHIGH TEST SERIES
(1) (2} (3) W 1 (5 [ 1 0 _(8) .
Experimental® , ,
Test Loading Oy = L0 ksi * | ‘Adjusted Oy¥| [L )
No. Member Condition P/Py MO/MpA P/Py ,MO/Mp rx Ad?.
T-8 8WF31 c 0.62 | 0.12 0.68 0.13 58
T-11 | 8WF31 ¢ 0.87 0 0.95 0 58
T-12 | BWF31 c 0.12 | 0.8l 0.13 0.92 58
T-15 | 8WF31 c 0.85 0 0.93 0 113
T-16 | 8WF31 c 0.12 | 0.78 0.13 0.85 L3
T-18 | 8WF31 c 0.91 0 0.99 0 28
T-19 | 8WE31 c 0.12 | 0.81 0.13 | 0.88 28"
T-20 | LWF13 c 0.12 | 0.8l 0.12 0.87 60
T-26 | LWF13 c 0.12 | 0.79 0.12 0.81 91
T-28 | LWF13 c 0.80 o] 0.82 0 91
T-32 | LWF13 c 0.12 | 0776 0.12 0778 120
T-13 | 8WF31 'd 0.12 | 1.05 0.13 1.1k 58
T-23 | LWF13 d 0.12 | 1.05 0.12 1.08 91
T-31 | LWF13 a 0.12 | 0.98 0.12 1.01 120

* Pgrameters that were held constant are underlined.

+ Oy = [0 ksi determined from tension coupon tests.

# Adjusted © ko take into account the influerice of strailn rate

wag obtained by pro-rating the tension coupon value in the
same ratios as those given in Ref. 15, (

different sections.)

Note: values change for
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Neglecting Residual Stress

————~ Including Residual Stress (0p, = O.3Gy)

1.0 2.0 3.0 ST 5.0

Fig. 3 MOMENT-THRUST-CURVATURE RELATIONSHIP
FOR AN OWF31 SECTION, INCLUDING THE
INFLUENCE OF RESIDUAL STRESS(2)
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Fig. L. TYPICAL MOMENT VERSUS END ROTATION CURVE
FOR CONDITION "a" LOADING
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P
Glven: L. 40 == = 0.8; 8WF3l Section; L = 138.8"; X= 17.35"
Ty Py ’
Mo
Assumed: — = 0.2
My = L/8
M, = 181"k ‘
/'\ s} k
; Cyox P, = 240.8

FIPE AN

First Trial l ’ ' , ' | MF* Notation
i — ¥ T T T | T
I 181 158 136 113 90 68 45 23 0 Moment due to M,
| | | ! | I I ! | |
) 0 0.026 0.?49 0,068 0.047 01044 0.032 0.008 0 Assumed Deflection
! I | b ! | I
0 5 10 14 10 9 7 2. 0 Moment due to Pg
| | l l L l l \ Total Moment
|| 181 163 146 127 100 77 52 25 0 (a + ¢)
| I I I | | | |
0.200 0. 180 0.161 0.140 0.111 0.085 0.058 0.028 0 My /M
t -+ i i i : i + :Concenzrated
0,350 0. 290 0.250 0.210 0.151 0.119 0.083 0.045 0 XQ@ Angle Changes *%
: l 0.350| 0.640| 0.890 1.100| 1.254 l.370| 1.453 1.498' %¢5 Slope
1 0 0.350 0.990 1.880 2.980 4.231 5.601 7.045 8.552 )3¢% Deflection
[ | I | l | | \ | ’ Correction
0 1,769 2.138 3.207 4.276  5.345 6.141  7.483 8.?52 )\¢3 to Deflection
| | b | | .
i 0 0.719 1.143 1.327 1.296 1.114 0.540 0.429 0 )3¢g Final Deflection
: | T ] i i f i ; Final Deflection
3 0 0.060 0.095 0.110 0.107 0.092 0.045 0.036 0 in Inches

Fourth Trial
T Assumed

0.069 0.112 0.131 0.129 0.112 0.081 0.043 Deflection®#*
i ! { s

g
L

3 I [ | | | 1 -
0.070 0.113 0.132 0.130 0.112 0.082 0.043 Final Deflection

% Multiplication Factor M
*% From Fig. 3, corresponding to X

Hy

9% Line k from third trial = line a'of fourth trial

4%0.,070-0.113
The corresponding endslope 6 = ~ 5 77 3% = 0.00481

Fig. 5 TYPICAL NUMERICAL INTEGRATION PROCEDURE TO OBTAIN END SLOPE
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Fig. 7 MAXIMUM CARRYING CAPACITY INTERACTION CURVES
FOR CONDITION "d" LOADING (INCLUDING THE
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Neglecting Influence of Residual Stress

Including Influence of Residual Stress

L
Fig, 8 INTERACTION CURVES FOR T = 80 SHOWING
INFLUENCE OF RESIDUAL STRESS
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Fig. 9 COEFFIENTS FOR LOADING CONDITION "c"
INTERACTION EQUATION
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® Predicted Strength Using Equation (5)

Solution Obtained by Numerical
Integration (¥ig. 6

rofro

- Fig. 10 COMPARISON BEIWEEN "EXACT" AND
"APPROXIMATE" INTERACTIQN CURVES -
(LOADING CONDITION "cM)
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———~ Predicted Strength Using Equation (7)

Solution Obtained by Numerical
Integration (¥Fig. 7¥

rofrg

Fig. 11 COMPARISON BETWEEN "EXACY" AND
"APPROXIMATE" INTERACTION CURVES
(LOADING CONDITION "d")
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Fig. 12 COMPARISON OF COLUMN TEST RESULTS
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Fig. 1l COMPARISON OF COLUMN TEST RESULTS BY
MASSONNET(12) WITH PREDICTED STRENGTHS
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Fig, 16 COMPARISON OF CURRENT LEHIGH SERIES OF
TESTS WITH PREDICTED STRENGTHS
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