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ABSTRACT

This investigation was undertaken primarily to
investigate experimentally the behavior of large scale beam-
columns subjected to concentrated lateral loads. In addition, an
attempt was made to correlate the maximum load carrying capacities
of the beam-columns to those predicted by existing analytical
procedures and thus provide the basis for a design method.

The results of tests on nine laterally loaded beam-
columns of CSA G40.12 steel are reported herein. The restraint
conditions, loading schemes and slenderness ratios of the members
were varied to include a wide range of structural arrangements.

All tests were continued until substantial unloading had occurred due
to instability. The experimental results were predicted by a
second-order elastic-plastic analysis.

The maximum load carrying capacities obtained from the
test specimens were compared with those predicted by the modified
interaction equations. The ratio of the load obtained experimentally
to that predicted varied from 1.02 to 1.13 with a mean value of 1.09
for the nine specimens. Thus the modified interaction equations are
conservative, yet predict the ultimate capacities with a reasonable
degree of accuracy. Since the specimens were designed to include a
wide range of structural parameters, the modified interaction equations

provide a rational method for designing laterally loaded beam-columns.
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CHAPTER 1
INTRODUCTION

In a framed structure an individual member may be
subjected to an axial force or to bending moments acting alone or
in combination. Where a member is subjected to forces producing
significant amounts of both bending and compression, it is classified
as a beam-column (19).

In such a member the ultimate strength will be reached
when the bending moment, at a point of support, is equal to the re-
duced (for axial load) plastic moment capacity, or when the entire
member is subjected to forces and bending moments producing in-
elastic instability. For a beam-column, the elastic limit is
not indicative of the ultimate strength and for this reason beam-
columns in building structures are designed using empirical re-
lationships which do provide an index of the ultimate strength (9).

The beam—-column, shown schematically in FIG. 1.1(a),
is typical of members in building structures where moments are
applied at the member ends. The member is of length, L, and is
subjected to a constant axial load, P, and equal,epd moments, Mb’
which increase monotonically to deform the column in a symetrical
single curvature mode.  The deformation is characterized by the
end rotation, 6. The member is assumed to be pinned at both ends

and translation is prevented.



The bending moment at any point is equal to the
sum of the primary bending moment caused by the applied end mo-
ments and secondary moments produced by the axial force acting
through the deflection, A. FIG. 1.1(b), shows schematically the
two contributions as well as the total bending moment distribution
along the column length. Because the bending moment distribution
on the column depends on the deflected shape, the ultimate strength
can not be obtained directly. Instead, a series of points defining
the moment-rotation (Mo—e) curve for the member must be established
by a numerical process, which takes into account the gradual yielding
of the cross-section due to the applied forces and the residual
strain distribution (10). The peak of this curve represents the
maximum value of Mo that can be maintained under the prescribed axial
force, P. The Mo—e curve, and thus the ultimate strength, depends
on the ratio of P/Py’ where Py is the yield load, and L/rx, where
ro is the strong axis radius of gyration, for rolled wide flange
shapes. A typical Mo-e curve is shown in FIG. 1.2.

The same approach has been used to establish Mo—e
curves for columns subjected to a single end moment, to equal and
opposite end moments, and a variety of other conditions (16).

The above procedure is time consuming and not easily
adaptable to the design situation. To facilitate the design of beam-
columns, the ultimate strength has been estimated by using "inter-
action equations" (7). These equations relate the applied end moments

and axial force to limiting values of the same quantities. The equations



account for slenderness effects, boundary conditions and variations
in the bending moment along the member length. Although the inter-
action equations are empirical they predict the ultimate strength
of a beam-column with a reasonable degree of reliability and have
become accepted as a convenient tool in the design of beam—columns
in ordinary frames.
Beam-columns subjected to lateral loads (or lateral
loads combined with bending moments) applied at locations between
points of support, occur frequently in industrial structures. FIG. 1.3
shows schematically a beam-column subjected to a concentrated lateral
load, R.
In the present specifications, two approaches are suggested
for applying the interaction equations to laterally loaded columns.
The first is basically an extension of the elastic limit solution to
a few particular cases of loading (8). The second treats the
laterally loaded column as an assemblage of two column segments,
each subjected to end moments (7). This second approach permits the
designer to treat a much wider range of loading and support conditions.
Before either approach can be used with confidence, however,
experimental evidence concerning the behavior of laterally loaded
beam-columns is required. The primary object of this report is to
describe the result of a testing program performed on specimens
consisting of a laterally loaded column restrained by girders framing
into either end. The restraint conditions, loading scheme and slender-
ness ratios of the members were varied to include a wide range of structural

arrangements.



Summaries of previous investigations of laterally loaded
beam-columns are presented in CHAPTER II. 1In CHAPTER III, the
experimental program is described and the test procedure is discussed
in detail. The results obtained from the test program are presented
in CHAPTER IV and a discussion of these results is included in

CHAPTER V. Finally, the report is summarized in CHAPTER VI.
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CHAPTER IT

PREVIOUS INVESTIGATIONS

Introduction

Most beam-columns in building structures are subjected
to axial forces and to moments applied at the member ends, thus, this
loading case has been the subject of extensive research (10, 19).
Analytical procedures have been developed to predict the behavior
of such members. These procedures account for the effects of in-
elastic action, produced by the initial residual strain distribution
acting in combination with strains produced by the applied loads. 1In
addition, the predicted results have been verified by comparison with
the results of extensive testing programs on large scale specimens (14).
From these investigations, a design procedure based on the empirical
interaction equations, has been developed for the design of beam-columns
subjected to end moments (9). The design procedure is outlined in
APPENDIX A.

In contrast, only a few scattered investigations have
attempted to study the behavior of beam-columns subjected to trans-
verse loads. 1In particular, experimental work in this area is almost
non-existent.

Analysis and Design of Laterally Loaded Beam-Columns

For a beam-column subjected to transverse loads, the
deflected shape may be obtained as the solution to the differential
equation expressing the equilibrium of the member in the deformed

condition (20). The solution reflects the loading condition as well as



8

the boundary conditions at the member ends. For all cases, the maximum
deflection, A, can be expressed as the product of the deflection,‘K,
from a first order elastic analysis, times an amplification factor.
Similarly, the maximum moment, M, can be expressed as the product

the moment, ﬁ; from a first order elastic analysis, times a second
amplification factor. The amplification factors are functions of

the applied axial force and reflect the stiffness of the member and

its boundary conditions. In cases for which the deflected shape can
be reasonably approximated by a sine wave, the amplification factors
are both given by 1/ (1 - P/Pe) where P denotes the axial force on

the member and Pe is the Euler load. For many other cases the deflection
amplication factor can again be approximated by the above expression.

In these cases, however, the maximum bending moment, M, is more closely

approximated by
M=M+ P A (2.1)

or M=M+PA (2.2)

1 - P/Pe

Eqn. 2.2 may be rearranged as :

wu=% LtV PP (2.3)
1 -P/P
e
nz AEI
where b= -1 (2.4)
ML

In Eqn. 2.4, E denotes the modulus of elasticity of the material and
I is the moment of inertia of the member. The value of Yy has been
determined for several simple cases of transverse loading, for example,

for a pin-ended column subected to a concentrated load, R, at mid-height:



M === (2.5 a)
3
— RL
A 48 B I (2.5 b)
2
p =T gl (2.5 c)
€ L
therefore ¢ = -0.178 P/Pe (2.6)
and M = M 1-0.178 P/Pg (2.7)

1 - P/Pe

Similar expressions have been tabulated for other loading and boundary
conditions (9).

An elastic solution, however, does not provide a reliable
indication of the load carrying capacity of a beam-column. The
ultimate strength has been accepted as the basis for the design of
such members by both the allowable stress method and the plastic
strength technique (9).

To determine the ultimate strength, Ketter and Galambos
have presented a numerical procedure for beam-columns subjected to
end moments (10). For given values of the axial load, cross-section
and member length, the procedure predicts the end moment-rotation
relationship for the beam-column. The basic building block used in
this technique is the moment-thrust-curvature (M-P-¢) relationship
for the cross-section as shown in FIG. 2.1(a). The member is sub-
divided into segments and an initial value of the end moment selected.
Deflection values are assumed at each node point along the member

length and moments computed as shown in FIG., 2.1(b). From the
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M-P-¢ relationship, the corresponding curvatures are established and
new deflections computed. If the computed deflections do not
correspond to those assumed, the procedure is repeated using the
computed set of deflections as a starting point. Thus one point
on the moment-rotation relationship is established. By repeating
this procedure for various end moments, the complete relationship
can be determined. The ultimate moment (for that particular length
and assumed axial thrust) corresponds to the peak of the moment-
rotation relationship. This procedure was repeated for various
assumed axial thrusts, member lengths and end moment ratios. Plots
of the axial load, P, non-dimensionalized by Py’ the yield 1load,
versus the end moment, Mo’ non-dimensionalized by Mp’ the plastic
moment capacity, are shown in FIG. 2.1 (c¢). The curves shown in
FIG. 2.1 (c) are for a member subjected to a single end moment and
having selected values of the slenderness ratio, L/rx. In a subsequent
study, Ketter superimposed the solutions for two members subjected
to single end moments and thus obtained the ultimate strength for
pin-ended columns subjected to concentrated loads at mid-height (11).
Lu and Kamalvand used a numerical integration procedure
to determine the ultimate strength of laterally loaded beam-columns
subjected to four different conditions (17). The four cases are
shown in FIG. 2.2 (a) and included both pin-ended and fixed-ended
columns subjected to either a uniformly distributed load or a

concentrated load applied at the mid-point of the member. Ultimate
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strength interaction curves were obtained for the four cases. FIG.
2.2 (b) shows the curve for pin-ended columns subjected to central
concentrated loads.

Lu and Kamalvand suggested that an equivalent moment
factor (which was numerically equivalent to the 1 + ¢ P/Pe term
from the elastic limit theory) could be used to determine the
ultimate strength of a beam-column from a modified version of the
interaction equations. In order to check this assumption the
ultimate strengths of the members were computed by the analytical procedure
and compared with the strengths predicted by the interaction equations
using an equivalent moment factor, Cm’ obtained from the elastic
solution. FIG. 2.3 shows the results obtained for the pin-ended
and fixed-ended cases subjected to concentrated, mid-point loads.
The open circles represent the analyical solution and the straight
line represents the interaction equation. In these figures, Cm =
1-~-0.2 P/Pe for the pin-ended case and Cm =1 - 0.6 P/Pe for the
fixed-ended column. Similar results were obtained for the uniformly
loaded members. Since the modified interaction equations predicted
the ultimate strength of the members conservatively, these equations
are used for the design of laterally loaded beam—columns subjected
to the particular conditions of the study (17).

Lay had previously suggested an analyical procedure for
determining the load-deflection relationship for a beam-column

subjected to a concentrated lateral load by using the M-6 curves
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for columns subjected to end moments (12). For a given column and
given axial thrust the load-deformation relationship of the member
is obtained by dividing the column into two segments at the point
of load application, as shown in FIGS. 2.4 (a) and (b). For a
particular value of the load-point deflection, the moment at the
load-point is assumed. Then, from the appropriate M-6 curve for
each segment, the end rotations are found as shown in FIG. 2.4 (c).
Finally the continuity condition at the load-point is checked. If
the initial choice of the bending moment is correct, the rotations
will be compatible and the end shears of the two segments are
computed. In this manner one point on the load-deflection relation-
ship is obtained. The procedure is repeated until the complete
load-deflection relationship, as shown in FIG. 2.4 (d), is obtained.

Adams used the same segmental approach to analyze
laterally loaded beam-columns subjected to concentrated loads with
either pin-ended or fixed-ended boundary conditions (2). Adams and
McLellan have also shown that the segmental approach can be used to
analyze members subjected to other intermediate loading (moment and
axial load) conditions (4, 3).

Adams proposed that that the segmental approach could
be extended to the design of laterally loaded beam-columns subjected
to concentrated loads (2). Each segment is treated as a column
subjected to end-moments and free to sway. Therefore, when applying
the interaction equations, a Cm factor of 0.85 (in conjunction

with the maximum end moment on the segment) should be used (24).
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In order to verify this procedure, the ultimate strength of a number
of symmetrical pin-ended and fixed-ended columns were computed and
compared to the ultimate strengths predicted by the interaction
equations, using Cm = 0.85. The results are shown in FIG. 2.3.

The solid circles now represent the analytical solutions and the
straight line again represents the interaction equation, with

Cm = 0.85., The ultimate strengths predicted using this form of

the interaction equations closely approximate the analytical results.
The segmental design approach can easily be extended to columns
subjected to non-symmetrical lateral loading conditions, to other
intermediate loading conditions and non-symmetrical boundary conditions (4).

Previous Experimental Investigations

Previous experimental investigations of laterally
loaded beam-columns are limited in number and in scope. Paris
reported the results of tests on small scale members subjected to
two symmetrical concentrated loads. However the tests were restricted
to the elastic range (18). Wright reported the results of tests
on small scale rectangular and wide flange members subjected to
various loading and restraint conditions (21, 22). The specimens
were deformed well into the inelastic range. The details and major
results of these tests are outlined in APPENDIX B.

In recent years experimental investigations have attempted
to consider the action of portions of the total structure, instead
of isolated members. For example, a testing arrangement which has

been used to test frames containing critically loaded beam-~columns
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is outlined in APPENDIX C. A subassemblage, consisting of a beam-
column and two restraining beams is used to simulate the action

of a portion of the actual structure. A similar test arrangement
would appear to be applicable to the experimental investigation

of laterally loaded beam-columns.
Summary

In contrast to the extensive investigation into the
behavior of beam-columns subjected to end moments, relatively
little work has been performed on laterally loaded beam-columns.
Methods are available to predict the load-deflection relationship
for such members, however, and design procedures have been
proposed which can be applied to members having a variety of load-
ing and boundary conditions. Experimental work relating to
laterally loaded columns is almost non-existent and those investigations
which have been reported have utilized small scale specimens.

It is the purpose of this investigation to perform a series of
large scale tests on laterally loaded beam-columns. The test
specimens will consist of beam-columns and adjacent restraining
beams. The results of the tests will be used to verify the

analytical procedures and will form the basis for design methods.
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CHAPTER TIII
EXPERIMENTAL PROGRAM

Scope

The experimental program consisted of a series of nine
tests on subassemblages fabricated from rolled wide-flange members
of CSA G40.12 steel (6). The lengths used for the test series
had been cold-straightened by rotarizing and all lengths were
rolled from the same heat.

Eight of the specimens consisted of a single beam-column
and restraining beams at either end; one test was performed on a
beam-column without restraints. The lateral loads were applied to
the members at either the mid-point or the upper third-point. The
testing arrangement is shown schematically in the inset to TABLE 3.1.

A typical moment distribution is also shown in this inset.

Specimen Details

All columns and beams were fabricated from W5x16
(5 WF 16) sections. The restraint and loading condition, as well
as the slenderness of the column, was varied throughout the series.
In TABLE 3.1 the specimen dimensions are listed; Lgl denotes the
length of the upper bean, ng the length of the lower beam and LC
is the length of the column. Also indicated in this table is the

point of lateral load application (mid-height or upper third-point).

The specimens were fabricated using standard techniques,

19
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however, special details were used to transfer the axial load into
the members and to provide for reactions at the ends of the re-
straining beams. At the rigidly connected beam-to-column joints,
doubler plates were welded to the flange tips to provide additional
shear capacity and to provide support for a two inch diameter shaft,
which was attached to the web at the geometric center of the
connection. (The ends of the shaft fitted into lugs, provided with
bearings, and the lugs were used to transfer the axial load into the
column.) A similar arrangement was used (to provide pinned reactions)
at the far end of the restraining girders, except that in these
cases the pin was loose fitting to provide for adjustment. Web
stiffeners were attached to the members at various points to receive
lateral braces (lateral braces were used to prevent premature out-
of-plane deflections).

Material and Section Properties

The chemical composition for the steel used in the
program is given in TABLE 3.2 along with the mill test results. These
conform to the CSA G40.12 specification (6).

TABLES 3.3 and 3.4 summarize the material properties
obtained from laboratory tension tests performed on specimens cut from
two different lengths of the member., The locations on the cross-section,
from which the coupons were taken are shown in the insets. In

TABLE 3.3 and 3.4, oy denotes the static yield stress, 9, denotes the
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ultimate stress, Ey is the calculated yield strain corresponding

to a modulus of elasticity, E=29,600 k.si,est is the measured

strain at the onset of strain-hardening and ESt is the strain-
hardening modulus (1). The residual stress distribution over the
cross—-section is shown in the inset to TABLE 3.4, This distribution
is typical of that for rotarized beams.

A summary of the measured cross-sectional dimensions
is given in TABLE 3.5. The depth, d, flange width, b, flange
thickness, t, and web thickness, w, were determined by measuring
the specimens used in the test program. The cross-sectional
area, A, radius of gyration about the strong axis, L the moment
of inertia, I, and the plastic section modulus, Z, were calculated
from the measured dimensions; these are also listed in TABLE 3.5.
(The in-plane moment of inertia and plastic section modulus for
the upper beam used in BC-9 are also specified.)

In the prediction of the specimen behavior, measured
values of material properties and cross-sectional dimensions were

used throughout.

Test Set-Up

A cut-away diagram of the test set-up is shown in
FIG. 3.1. The jacks used to apply both vertical and lateral loading
are shown along with the reaction arrangements. FIG. 3.2 shows an
overall view of the test set-up. The test specimen or subassemblage

appears in white in the photograph.
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The test specimens were instrumented so that the
bending moments and forces could be determined at points of interest
in each member segment. The strain gages were placed at locations
which remained elastic throughout the test. Each of the restrain-
ing beams was gaged in two locations as shown in FIG. 3.8. The
inset to FIG. 3.8 shows the placement of the gages on the beam
cross—-section. Each column was gaged in two locations below and
two locations above the load point as shown in FIG. 3.8. The
placement of the gages on the column cross-section is shown on
the inset to FIG. 3.8. The deflections of the columns were measured
at the load-point by a transducer and a dial gage and at each of
the column gage locations by a transducer. In addition, a transducer
was placed at each end of the column to detect any rigid body
movements.

Additional instrumentation consisted of six rotation
meters, two on the restraining beams and four on the column, as
shown in FIG. 3.8 and a dial gage to measure the column axial short-
ening.

Each specimen was white washed before testing to aid

in observing the progression of yielding.

Test Procedure

Each specimen was first subjected to full vertical load.

The load was maintained at a constant value throughout the test.



Initially the specimen was deformed by increasing the
hydraulic pressure in the lateral loading jack to predetermined
values. The load was maintained at each of these values until
>all readings had been taken.

After yielding had occurred in the specimen, the test
progressed by increasing the flow of fluid to the ram in order to
increase the load-point deflection; at preselected stages the
flow of hydraulic fluid was closed off for a five minute period
before readings were taken. In addition to the instrument
readings mentioned in the previous section, visual observations
of the progression of yielding and buckling were recorded for each
increment. The specimens were deformed well into the unloading

range using the above procedure.

25
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3
MOMENT
| R DIAGRAM
o F 2
i B LN
Test Point of Load LC Lgl ng
Application (in) (in) (in)
BC~1% Mid-height 170 - -
BC-2 Mid-height 240 120 168
BG-3 Mid-height 240 120 168
BC-4 Mid-height 170 120 168
BC-5 Mid~height 170 120 168
BC-6 Upper third-point 240 120 168
BC-7 Upper third-point 240 120 168
BC-8 Upper third-point 170 120 168
BC-9%*  Upper third-point 170 60 120
Note: * Tested without restraining beams.

** Upper beam bent about weak axis.

TABLE 3.1 SPECIMEN DIMENSIONS

26
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1 2 3
ottt 1 [ 11
4
5 —
6
L I 1 [ I 1 1]
7 8 9
COUPON
LOCATIONS
= * .
Coupon Oy ey oy/E €qt ESt 9, Elongation
(ksi) (ksi) (ksi) %
1 53.4 0.0018 0.0126 741 81.7 21.0
2 - - - - 81.7 21.5
3 54.4 0.0018 0.0120 527 81.9 20.3
4 61.9 0.0020 - 585 84.5 20.4
5 51.9 0.0017 0.0150 800 82.6 20.5
6 59.7 0.0020 - 587 82.2 20.2
7 53.9 0.0018 0.0120 728 81.7 19.5
8 - - - - 81.9 21.1
9 3 20.2

54.6 0.0018 0.0130 729 82.

Note: * E taken as 29.6 x lO3 ksi

TABLE 3.3 MATERTAL PROPERTIES



T (ksi)
4.—-
1 2 3 4 5 6 7 B

ot .1 1 1 I 1] OrL ‘\\\.]
8 | C (ksi) 4-
9
10 B RESIDUAL
" STRESSES
12 | ] C (ksi) 4
| KN
| I [ 1 1 1 oL i
131415 16 17 18 19 -
4
COUPON T (ksi) -
LOCATIONS 4 0
Lt 1 C (ksi)
Coupon oy €y=0y/E* €.t ESt 5,
(ksi) (ksi) (ksi)
1 53.5 0.00181 0.0172 542 81.0
2 48.2 0.00163 0.0182 848 81.3
3 51.3 0.00173 0.0172 737 82.9
4 46.9 0.00158 0.0140 327 76.5
5 48.2 0.00163 0.0170 752 82.4
6 52.6 0.00178 0.0174 767 81.9
7 53.1 0.00179 0.0196 771 81.8
8 51.9 0.00175 0.0146 607 82.6
9 52.9 0.00179 0.0166 720 84,2
10 53.7 0.00182 0.0184 714 82.4
11 51.1 0.00173 0.0160 711 81.8
12 51.5 0.00174 0.0152 763 83.7
13 52.4 0.00177 0.0186 912 82.4
14 50.7 0.00171 0.0170 790 81.6
15 47.5 0.00160 - - 82.9
16 55.1 0.00186 0.0174 762 89.1
17 47.8 0.00162 0.0156 783 82.3
18 50.5 0.00171 0.0166 860 81.6
19 52.9 0.00179 0.0180 864 82.1

Note: E taken as 29.6 x 103 ksi

TABLE 3.4 MATERIAL PROPERTIES
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| i
| 1 ) A
—>] |e—w
d
L ] y
Section d b t w I 4 4 3 r A 9
(in) (in) (in) (in) (in”’) (in™) (i (in")
; n)
Typical 5.12 4,99 0.37 0.25 22.9 10.1 2.18 4.82
BC-9% 5.12 4,50 0.37 0.25 3.8 2.9 - -

Note: * Upper beam bent about weak axis.

TABLE 3.5 CROSS-SECTION DIMENSIONS
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FIG. 3.2 OVERALL VIEW OF TEST SET-UP
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FIG. 3.5 RESTRAINING BEAM REACTION
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FIG. 3.6 LATERAL BRACE ON BEAM

FIG. 3.7 ARTICULATED LATERAL BRACE ON COLUMN
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CHAPTER IV
TEST RESULTS

The results of tests on hine subassemblages are reported
in this chapter. The subassemblages were subjected to non-
proportional loading, the vertical loads on the columns were
applied initially and held constant as the horizontal deflection
at the load-point was gradually increased. After each deflection
increment, the appropriate load, strain deflection and rotation
readings were recorded and the specimen was inspected. The response
of specimen BC-5 will be described in detail and the results of
tests on the remaining subassemblages will be summarized briefly.

Test BC-5 was performed on a restrained beam column
with a slenderness ratio, L/rx = 78. The relative beam to column
stiffness, Gu’ at the upper joint was 0.47 and at the lower joint
G1 = 0.66, The dimensions of the specimen are listed in TABLE 3.1.
The lateral load was applied at mid-~height of the column and
the column was subjected to a vertical load of 130 kips, correspond-
ing to P/Py = 0.53.

The response of subassemblage BC-5, as characterized
by the R-A curve, is shown in FIG. 4.1, where R is the lateral
load and A is the deflection at the point of lateral load application.
In FIG. 4.1 and the figures that follow, solid lines joining full
circles will be used to denote test results and dashed lines will
denote the theoretical predictions. The numbers adjacent to the

full circles indicate stages at which data was taken during the test.
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test had been completed.

The internal bending moments at two locations on each
member segment were determined from strain gage readings. For the
restraining beams these values were extrapolated directly to
predict the bending moment at the beam-to-column connections. For
the column segments, since the deflections were measured, the
secondary bending moments could be determined and the moments were
computed at the segment ends. The bending moments at various
critical locations are plotted against the load-point deflections
in FIG. 4.6, the arrows indicate stages at which the (modified)
reduced plastic moment capacities of the columns are attained.

The response of test BC-5, described above in detail,
was generally typical of the responses of the subassemblages
tested. The maximum ultimate load, Rmax’ obtained in each of the
tests, as well as the important parameters involved, are listed
in TABLE 4.1. FIGS. 4.7 through 4.15 show the R-A curves for all
specimens. In these figures, R has been non-dimensionalized by
Rpc’ the lateral load capacity predicted by simple plastic theory
(the plastic moment capacities of the columns are modified for the
presence of axial load). A summary of the visual observations
noted during these tests is given in TABLE 4.2.

For the specimens loaded at mid-height, the maximum
moment in the central portion of the column occurred at the load-
point. For the specimens loaded at the upper third-point, however,

the maximum secondary moments occurred below the load-point. 1In
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spite of this, for the stocky specimens (BC-8 and BC-9) the maximum
total moment occurred at the load-point. For BC-7, which was
slender and subjected to a high axial load, the secondary moments
were more significant and extensive yielding was observed below

the load-point and eventually a local buckle formed in this area.
FIG. 4.16, shows the bending moment distributions for this specimen
at the beginning of inelastic action, load No. 8. 1In FIG. 4.16,
the points indicated are the total moments determined from the
measured strains; the curve, representing the distribution, was
estimated and indicates that the point of maximum bending moment

occurred below the load-point.



Test P P/P L/x R R
(kips) y x pe max
(kips) (kips)
BC-1 64 . 0.26 78 10.2 7.4
BC-2 63 0.26 110 15.1 11.1
BC-3 110 0.45 110 11.2 5.0
BC-4 73 0.30 78 18.4 20.1
BC-5 130 0.53 78 13.5 7.8
BC-6 64 0.26 110 16.9 12.9
BC-7 111 0.45 110 12.5 6.6
BC-8 73 0.30 78 22.6 20.8
BC-9 73 0.30 78 17.7 15.3

TABLE 4.1 ULTIMATE STRENGTHS OF SUBASSEMBLAGES

43



44

TEST|HINGE SEQUENCE CONCENTRATION OF YIELDING BUCKLING
COLUMN COLUMN
PREDICTED | OBSERVED | LOAD-POINT TP SorTom LOCAL LATERAL
DISTANCE DISTANCE DISTANCE DISTANCE | LENGTH OF
FROM FROM FACE OF| FROM FACE OF| -, IDOWN FROM[ QUARTER | | oap
LOAD-POINT | CONNECTION | CONNECTION | “R72P| LOAD-POINT|  WAVE o
x; {in.) X, {in.) X3 (in.) Xy [in) X5 (in.)
[ i g ¢
e | e | HE |l
* ] 1—ixs
.@ \
BC-1 4-%1 4—+1 8 18 0 5 18
2 2
BC-2 |40 ¢ 7 8 8 33 0 7 33
3 3£
2 2
BC-3|¢91 9 7 - - 24 0 6 25
3 3
2 2
BC-4 |49 91 7 4 4 22 0 4 22
3 3£:__
2 2
BC-5|4=9 1 91 7 3 7 18 0 5
3 3
2 2
BC-6 4-{1 4—{1 7 8
3
2 2
BC-7 |49 o1 B * 8 8 17 24 4 18
3 [
2 2
BC-8 (—£1 4-{1 6 6 4 23 9 5 20
3 3
2 2
BC-9 |49 9 8 6 - 23 10 3 18
3{_:_ 3E__
Note: * Yielding developed well below load-point.

TABLE 4.2 VISUAL OBSERVATIONS
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CHAPTER V

DISCUSSION OF TEST RESULTS

Introduction

The results of tests performed on nine laterally loaded
subassemblages have been presented in the previous chapter. In
this chapter, the observed behavior will be discussed and compared
with that predicted on the basis of elastic-plastic member behavior.
The ultimate carrying capacities determined from the tests will
also be compared with those predicted by the modified interaction

equations (4).

Behavior of Test Subassemblages

Generally, the trends shown by the experimental results
agreed with those predicted; the shapes of the load-deflection curves,
the hinge sequence and the general behavior of the specimens were as
predicted by the second-order elastic-plastic analysis.

The initial portions of the observed load-~deflection
curves were almost exactly as predicted by the analysis. At this
stage the behavior of the subassemblages appeared to be elastic.
Yielding of the compression flange at the load-point stiffener
occurred at loads approximately half of those corresponding to the
predicted formation of the first hinge. This was possibly due to
the increased residual stresses at these locations due to welding.

The yielding pattern was localized and apparently had little effect
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on the overall stiffnesses of the subassemblages.

At lateral loads approximately two-thirds of those
corresponding to the predicted formation of the first hinge, yield-
ing occurred in the vicinity of the load-point. (In all cases, the
first hinge was predicted at the load-point.,) As the predicted
first hinge load level was approached, increased yielding occurred
in the region of the load-point and the stiffnesses of the sub-
assemblages gradually decreased. This gradual decrease in stiffness
was due to the combined effects of residual strains and applied
moments. This action produced a smooth transition between the
branches of the load-deflection curves.

As predicted, the first hinge formed in the vicinity
of the load-point. In most cases, yielding was concentrated at
some distance away from the load-point stiffener; this distance
varied from d to 1.5d, where d denotes the depth of the member. (It
has been reported previously that at rigidly framed connections, the
plastic hinging area is forced out into the member by a distance d
from the face of the connection (14)). This effect at the stiffener,
however, was not anticipated and was not included in the prediction.
For test B.C.-7, however, which was loaded at the upper third-point,
the yielded zone developed well below the load-point, apparently at
the point of maximum moment.

Up to the formation of the first hinge, the bending

moments at the load-point and the connections, balanced to within



64

five percent. 1In all cases except for BC-7, the maximum moment
occurred at the load-point;in test BC-7, FIG. 4.16 indicates that
the maximum moment occurred at some distance away from the load-point.

With increased deflections (after the formation of the
first hinge), the yielded zones spread along the member length.
Inelastic action was then observed at the upper beam~to-column
connection as predicted. For all restrained tests except BC-6,
yielding was observed in either the column or beam, as predicted,
however, in BC-6 the hinge was predicted in the beam but the first
significant yielding was observed in the column. The hinges formed
at distance d to 1.5d away from the face of the connection (d was
assumed in the prediction).

With increased deflections after the formation of the
second hinge, yielding spread from both the load-point and upper
connection areas. For all restrained tests except BC-6 and BC-7,
inelastic action was observed in the column above the lower beam-to-
column connection, as described above for the upper connection.

Test BC-6 had been terminated due to a tension weld fracture,
immediately after the formation of the second hinge and test BC-7
was terminated because of large deflections before the third hinge
had formed. In both cases, the ultimate load capacity for the
specimen had been attained.

For all tests, the spread of the plastic hinging areas
considerably influenced the behavior. The existence of large
yielded zones adjacent to plastic hinges implied that the moments
at the connections and load-points were considerably in excess of

the plastic moment capacities (14). The moments in these regions
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extrapolated from strain measurements, were in excess of the reduced
plastic moment capacities at the onset of major yielding and in~
creased throughout the major portion of the test. This effect was
included in the prediction; FIG. 4.6 compares the observed and
predicted moments for test BC-5 and the agreement confirms the
significant effect of strain-hardening in these tests.

The maximum loads observed during the tests were within
twelve percent of those predicted. TABLE 5.1 summarizes the maximum
loads for the nine tests. The ratio of the maximum loads observed
to that predicted ranges from 0.91 to 1.12 with a mean value of 1.01.
For tests BC-1 and BC-3, the formulation of the first hinge coincided
with the maximum capacity of the subassemblage. In these tests, the
effect of the residual strains and the gradual penetration of yielding
would significantly reduce the predicted maximum capacities. For
test BC-7, the large secondary moments caused the plastic hinge
in the column to form below the load-point; this bossibility was
not accounted for in the analysis and possibly accounts for the high
value of the predicted ultimate load. For tests BC-8 and BC-9,
which contained one very short column segment, the assumption that
the plastic hinge formed at the load-point resulted in a prediction
which considerably underestimated the load capacity of these columns.

Local and lateral buckling occurred only towards the end
of the tests, after the ultimate capacities had been reached and
considerable unloading had occurred. The local buckle formed in one
complete wave; for those specimens subjected to mid-point loading,

a half wave formed on each side of the load-point stiffener; in the
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cases of upper third-point loading the wave formed below the load-
point. Lateral deflections generally followed local buckling but
occurred so late in the tests, that it was often impossible to
deflect the specimens further to determine the effect of out of
plane deflections.

Comparision of Experimental Results and Interaction Equations

The maximum lateral loads observed from the tests were
compared with those predicted using the interaction equations (4).
In this technique the member is divided into two segments at the
point of load application and each segment is treated as a member
which depends on its own flexural stiffness to prevent sidesway.
An equivalent moment factor, Cm = (0.85, is used in conjunction with
the maximum end moment on each segment. However, in computing the
slenderness ratio, the total length of the member is used. For the
test specimens, the maximum moment, M, corresponds to the maximum
lateral 1oad;/the actual yield'stresses and section properties were
used to compute Mp and Py.

The first equation is given by:

f 0.85 M
7t w0 <
y P

1.0 (5-1)

and restricts the bending moment at the segment ends in order to

prevent local failures. The Pf term corresponds to the test axial load.
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The second equation is given by:

P, c_MB
1.67% T < 1.0 (5-2)
p

and restricts the force and moment on the segment to values less
than those required to produce overall failure by excessive bending.
The 1.67 P’and B terms are calculated using the KL/r of the total
subassemblage.

The maximum values of the lateral loads obtained during
testing and those predicted using the interaction equations are
listed in TABLES 5.2 and 5.3. In all cases Equation 5.2 (stability)
exceeded, but was close to, unity. This indicates that the modified
interaction equations predict the ultimate load carrying capacity
of a beam-column subjected to a concentrated lateral load con-
servatively and accurately, for this series of tests. APPENDIX B
contains a similar comparison for the small scale tests performed

by Wright (21, 22).
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CHAPTER VI
SUMMARY AND CONCLUSIONS

This investigation was undertaken primarily to obtain
experimental results on large scale beam-columns subjected to
concentrated lateral loads. In addition, an attempt was made to
correlate the maximum load carrying capacities of the beam-columns
with those predicted by existing analytical procedures and thus
provide the basis for a design method.

The experimental program consisted of a series of nine
laterally loaded beam-column subassemblages in different arrange-
ments. The specimens were subjected to concentrated loads at either
the column mid-height or upper thrid-point. All tests were continued
well into the unloading range.

The experimental results obtained agreed with predictions
based on a second-order elastic-plastic solution which considered
the actual hinge location and the effect of strain hardening. The
ratios of observed to predicted maximum loads range from 0.91 to 1.12
with a mean value of 1.01.

Finally a comparison between the maximum loads for
these tests (and those obtained by Wright on small scale specimens)
and those calculated from the interaction equations, showed that the
interaction equations are conservative. The ratios of the load obtained
experimentally to that predicted varied from 1.02 to 1.13 with a mean
value of 1.09, From these results, the technique proposed and
incorporated into the present Canadian specifications, appears to
provide a rational method for designing laterally loaded beam-columns.
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APPENDIX A
DESIGN OF BEAM-COLUMNS

To design a beam-column for uniaxial bending, a
cross-section is first assumed and the member is then checked for
adequacy against two interaction equations (7). These equations
relate the forces and end moments acting on the member to limiting
values of the same quantities.

The first equation restricts the bending moment at the
member ends in order to prevent local failures. The end moment is
limited to Mpc’ the reduced plastic moment capacity of the column
in the presence of an axial load. The ultimate strength form of

this equation is given by :

Pt . o0.85M

+ M <

B 1.0 (A.1)
y P

where Pf is the factored axial load acting on the member, M is the

factored moment and Mp is the plastic moment capacity of the section.
The second equation restricts the force and end moment

on the member to values less than those required to produce overall

failure by excessive bending. The ultimate strength form of this

equation is given by :

Al



A2

P CMB

1f67 5/ + m < 1.0 A.2)
P

where 1.67 P/is the axial load permitted if axial force alone
existed. The term B is equal to 1/(1 - P/Pe) and is the ampli-
fication factor, which attempts to account for the secondary moments
produced by the axial load acting on the deformed member (20).
The actual boundary conditions at the member ends are considered
by adjusting the effective length of the members (9). The intent
of the equivalent bending moment term, Cm, is to provide an adjust-
ment factor in those cases where the primary bending moment is not
uniform over the member length (7). If the primary bending moment
is not uniform, the strength of the column will be increased since
the curvature will be reduced in the regions of low moment. To
account for this strength increase, the equivalent moment factor,
Cm is computed as the greater of :

My
= 0.6 + 0.4 — (A.3 a)

m M2

(@]
1

cC = 0.4 (A.3 b)

where M2 and Ml are the larger and smaller moments respectively act-

ing at the ends of the member. M1 and M2 are both positive if the
member is deformed into single curvature. Equation A.3 only applies

if the member ends are not allowed to translate. If translation is

permitted, Equation A.3 is replaced by (24):

Cm = 0.85 (A.4)
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Allowable stress forms of these interaction equations

are also available (7).



APPENDIX B

SMALL SCALE EXPERIMENTS

Introduction

In this Appendix, the results of tests performed by
Wright on small scale members will be summarized (21). The results
of tests on rectangular and wide-flange members, subjected to
various loading and restraint conditions were reported; only the
tests of wide-flange shapes, particularly those subjected to a
concentrated load are of interest in this report. The axial load
was applied to the member initially and held constant as the
deflection of the beam-column was gradually increased. All specimens
were deformed well into the inelastic range.

Testing Program

Tests were performed on two different wide-flange cross-
sections (series III and IV); the cross—section dimensions and
average values of the properties are given in FIG. B.1. The
specimens were fabricated from plates; the flanges were slotted to
receive the web, and the plates were then joined by brazing. All
columns tested were twenty-five inches long.

FIG. B.2 shows the loading and support conditions for
the tests of interest. Specimens III-5 and III-6 were fixed-ended
and subjected to central concentrated loads. The remaining specimens
were either pin-ended or fixed and subjected to four equal concentrated

loads to simulate uniform loading. The test program is summarized

Bl
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in TABLE B.l. Several beam tests were also reported in reference

25; from the results of these tests the yield stress for the specimens
considered have been estimated. Also listed in TABLE B.l are the
ultimate loads observed in each test. These values were determined
from the reported load-deflection curves (21). 1In the three tests
marked with asterisks, the speciﬁens exhibited significant lateral
deformations; the lateral bracing details were not discussed in
reference 25.

Comparison of Experimental Results and Interaction Equations

The maximum lateral load capacities obtained experimentally
were compared with the capacities predicted by the modified inter-
action equations. The application of these equations is described
in detail in CHAPTER V. For members subjected to uniformly distributed
loads, a Cm factor equal to 1.0 is used whereas Cm = 0.85 is used
for a member subjected to a concentrated load (7). The comparisons
are shown in TABLES B.2 and B.3. 1In all cases, Equation 5.2
(stability) governed. The values of this interaction equation
(corresponding to the maximum lateral loads) are 0.99 and 1.00 for
members subjected to concentrated loads and range from 0.98 to 1.09
for members subjected to uniform loads. It would appear that lateral
buckling of specimens III-3, IV-3 and IV-6 occurred as the maximum

capacity was approached and did not significantly affect the load

carrying capacities.



Test Support Loading Test

Condition Condition Maximum

R or W

(kips)
I11-5 Fixed Concentrated 2,20
I1I-6 Fixed Concentrated 1.90
II1-2 Pinned Uniform 1.61
IT11I-3 Pinned Uniform 1.26
Iv-2 Pinned Uniform 0.43
Iv-3 Pinned Uniform 0.31
V-5 Fixed Uniform 0.89
IV-6 Fixed Uniform 0.80

TABLE B.1 RESULTS OF SMALL SCALE TESTS
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Test Support Loading Test

Condition Condition Maximum

Ror W

(kips)
I1I-5 Fixed Concentrated 2.20
ITI-6 Fixed Concentrated 1.90
ITI-2 Pinned Uniform 1.61
I1I-3 Pinned Uniform 1.26
Iv-2 Pinned Uniform 0.43
V-3 Pinned Uniform 0.31
IV-5 Fixed Uniform 0.89
IV-6 Fixed Uniform 0.80

TABLE B.1 RESULTS OF SMALL SCALE TESTS
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buckling (15). The effect of strain-hardening is shown in FIG. D.1.

The actual moment-rotation (M-6) relationship for a
column segment is non-linear, due primarily to premature yield-
ing caused by the combination of residual strains and applied loads,
and under some extreme conditions the maximum moment capacity will
be below MPC due to the influence of instability. For the conditions
particular to this series of tests, no reduction in the ultimate
strengths of the column segments was anticipated (16). In addition,
it has been shown previously that for the axial loads and member
slendernesses involved,the neglect of the non-linearity of the

M-0 relationship is not significant (5).
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