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ABSTRACT

This investigation was established in an attempt
to determine more rational web slenderness limitations for
non-compact beam-columns. The present limits, és set forth
in the CShR S16.1 and S16.2 Standards, distinguish between
compact and non-compact cross-sections only in the range of
beam-column design of 0 < P/Py < 0.15. This results in a
limit which is too conservative, as non-compact sections are
not required to deform to the same extent as compact

sections.

The results of six beam-column tests, along with
the test results from another investigation on non-compact
beams are presented. Utilizing these results, this study
indiéates a safe 1limit to which the web slenderness

limitation for non-compact beam-columns may be raised.
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CHAPTER I

INTKODUCTION

According to the Canadian Standards Associatioh
Specification S16~1969C1), npembers subjected to combined
axial load and bending moment (beam-columns), are classified
as either non-compact, compact, or suitable for plastic
design. The web and flange slenderness limitations set forth
have been chosen so that a non-compact section can just
reach the yield moment, a compact section can just reach the
plastic moment, and a section suitable for plastic design
can both reach the plastic moment and undergo sufficient ro-
tation so that the moments can be redistributed before local

buckling occurs. These requirements are shown in Figure 1.1.

It has been well established that the critical
buckling stress of a plate loaded in unifo;m edge compres-

sion is a function of its width-to-thickness ratio(2y,

Ocr K 72 E
12 (1 - v2) (h/w)2

It follows, therefore, that the flange and web plate
components of a beam or a beam-column must become progres-
sively stockier im order that buckling be precluded as the

1



deformation demands on the cross-section increase. Thus, in
order to prevent the possibility of 1local buckling, the
limiting flange and web slenderness ratios must be decreased
for a given grade of steel as the member classification goes

from non-compact to compact to plastic design.

Deformation requirements increase also as the
yield strength of the material increases. More member defor-
mation is required to develop the higher critical buckling
stress. As a result, the critical plate slenderness ratios
for higher strength steels must be less than those for lower
strength steels. The present CSA requirements take this into

account (Figures 1.2 and 1.3).

1.2 _Definition of the Problem

The CSA S16-1969 Standard used one set of critical
web slenderness limitations for all three classifications:
non-compact, compact, and suitable for plastic design. The
only difference in design is that non-compact sections
involve a factor of safety against reaching the yield moment
(reduced }for axial 1load) and the compact and suitable for
plastic design sections involve a factor of safety against
reaching the plastic moment (reduced for axial load). If the
stipulated web slenderness 1limitation is satisfactory for
plastically designed members, then it must be conservative

for compact members, and even more conservative for



non-compact members where the deformation and ‘strength re-

guirements are less severe.

According to the web slenderness limits in CSa
S16-1969, for values of P/Py (ratio of actual load to yield
load) lesé tﬁan 0.28, the critical web slenderness ratio for
a beam-column is linearly reduced as the applied axial load
increases. For all values of P/Py greater than or equal to
0.28, the critical web slenderness ratio is constant for a

given grade of steel. This is illustrated in Figure 1.3.

Both the CSA S16-1969 Standard and the American
Institute of Steel Construction Specification(3) have based
their web slenderness limitations primarily on a series of
tests conducted by Haaijer(4) in 1956 on stub columms and
short beam specimens of ASTM-A7 steel. In only three of the
tests was failure associated with web buckling, and each of

these occurred in the stub column (pure compresion) tests.

Recently, Perlynn and Kulak(S) have shown that a
substantial relaxation of the web slenderness requirements
can safely be implemented for compact beam-columns, and
their recommendations for both non-compact and compact
beam-columns have been introduced into the CSA Standard
$16.1¢%)> on 1limit states design and S16.2¢?) on working

stress design (Fiqure 1.3).



1.3 _Objectives of the Research Proposal

threefold:

1.

The objectives of  this investigation

To examine the present and proposed web slen-
derness 1limitations for non-compact beam~
columns by means of a suitable testing
progranm,

To examine existing theories, and to develop,
if necessary, additional theories to describe
the behaviour of web plate buckling under
combined axial load and bending,

To suggest revisions for the web slenderness
limitations for non-compact beam-columns, if

appropriate.

are
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CHAPTER IX

LITERATURE SURVEY

2.1 Previous Investigations

Comparatively onlj a small amount of research has
been conducted into the problem of web buckling in
beam-columns. Although buckling problems in general have
been investigated over a 1long period of time, and plate
buckling problems for the past half-century, it is only re-
latively recently that web buckling problems have been

examined.

From the following fourth-order partial

differential equation

J4u + 2_0J%u + 3%u = -w%% )2y (2. 1)
ox+ dx29y?2 oy D ox=2

Timoshenko¢2) derived the solution for the critical buckling
stress in an isotropic simply-supported flat rectangular
plate acting elastically under uniform edge loading in the

longitudinal direction as

cr K 12 _E (2.2)

12 (1 - v2) (h/w)2




wheres cr= elastic critical buckling
stress,
E = Young's modulus,
v = Poisson's ratio,

h = width of plate,
w = thickness of plate,
D = EI/(1-v?),

K = plate buckling coefficient.

The plate buckling coefficient, "K", was introduced into the
equation to account for various ratios of length to width
(the aspect ratio). Timoshenko showed that the minimum cri-
tical buckling stress for a plate simply-supported on all
four sides could be found using K = 8.0 in Equation 2.2.

This he showed to be valid for all length-to-width ratios.

i

This major development by Timoshenko opened the
field of plate buckling to investigation by others. Of the
many plate buckling models developed, some are concerned
with plates subjected to loading conditions similar to those
for vweb plates in a wide-flange member. The work by
Haaijer¢4) and by Haaijer and Thurlimann(8) is of particular

interest and is discussed below.



2.2 _Development of the CSA S16-1969 Code Regquirements

It was not until 1956 that a specific study into
inelastic plate buckling was carried out(4), Prijor to this
it wvas génerally accepted that when the yield stress of the
material was reachéd, the element (column or plate) would
buckle(8), Haaijer(4) investigated both flange and web plate
buckling, accounting for both the inelastic behaviour of the
material and the restraint against rotation provided at the
web-to-flange junction. Good correlation was found to exist
between Kaaijer's web buckling theory and the results of his
pure bending and pure compression tests on ASTM-A7 steel
(0y=33ksi) wide-flange shapes. Some of the pure compression
tests established +that both web and flange plates were
capable of reaching strain-hardening before the occurrence
of buckling. Haaijer did not, however, consider the effects
of residual stresses or the combined 1loading of in-plane

bending and axial compression on web plates.

In 1958, Haaijer and Thurlimann(®) proposed a
plate buckling relationship (Figure 2.1) which included an
empirical tramsition curve for the inelastic range between
the proportional limit and the point of strain-hardening.
For prediction of web buckling, they also developed a web
plate buckling eéuation based on Timoshenko's elastic plate
buckling equation (Equation 2.2) for combined axial compres-

sion and in-plane bending. The result was an expression:
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o =_h /12 % (1 - v2) (2.3)
TW K E
where: o = plate buckling modulus,
A= 9cr
a2 Oy
o

cr= elastic critical buckling
stress,
Yy = yvield strength
of the material,
K = plate buckling coefficient
for a fully-plastified

wide-flange section.

They used this modified "K", the plate buckling coefficient,
to account for inelastic plate behaviour, and showed that
this procedure adequately described their three test results

of failure due to web buckling in stub columns.

For a member that may be required to deform
plastically, the following assumptions were made to develop

a web buckling curve for design purposes:

1. A/Aw=2.0 (ratio of total area of wide-flange

section to total area of web)
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2. h /h=1.05 (ratio of total depth of wide-flange
to clear depth of web)
3. €m/€y=u.0 (ratio of maximum strain in compression

flange to yield strain)

Using these assumptions (taken as valid for an
average wide-flange section), it followed that the neutral
axis in a beam-column subjected to Mpc (plastic moment
reduced for axial 1load) and P/Py=0.28, would have just
reached the tension flange. Thus the whole web would be in

compression, but not necessarily in uniform compression.

A theoretical design curve was first established,
thén approximated by two straight lines. The design curve
has since been modified to make the web slenderness limita-
tions applicable to steels of various yield strengths, and
it 1is this representation that forms the basis for all
cross-sections in the AISC Specification and CSA S16-1969 as
well as for plastic design sections in CSA S16.1 and S16.2.

Figure 1.3 shows this limit.

It should be noted that no tests on specimens sub-
jected to combined axial 1load and bending were done by
Haaijer and Thurlimann, hence - the theory was not

experimentally verified for this mode of loading.
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2.3 _Recent Code Revisions

Perlynn and Kulak(S) conducted tests on nine bean-
column specimens under different combinations of axial load
and moment, and showed that the previously-used web slender-
ness limitations(1,3) for compact beam-columns were too
conservative. For their tests; they chose flanges which just
met the S16-1969 requirements for compact flanges (Figure
1.2) . By testing specimens with this flange proportion, it
was known that if the flange buckled, the web was too stocky
to be on the limit of web slenderness for a compact section.
Similarly, if +the web buckled, it was too slender. By
testing more than one specimen at each value of P/Py, they
wvere able to determine gquite closely the 1limit where
simultaneous flange and web buckling would occur. This limit
would then be the maximum web slenderness a compact
beam-column should have in order to guarantee that web

buckling will not occur before flange buckling.

Perlynn and Kulak, however, were not able to sa-
tisfactorily correlate their results with Haaijer and
Thurlimann's web buckling theory. Consequently, they devel-
oped two methods for predicting webd buckling. In these, the
effects of residual stresses were included. Comparison
between their methods and the results from three other
testing programs (including Haaijer's) showed both methods
capable of giving valid predictions of the occurrence of web

buckling.
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- Using the 1limit of simultaneous web and flange
failure which they established experimentally, Perlynn and
Kulak developed a theoretical limit for maximum web slender-
ness ratios as a function of P/by for compact beam-columns.

The equation for the curve is:

h/Fy = 520 /1 - 0.695(P/Py)0-3846 (2.4)
w
where: P = axial 1load,

Py= yield load of section,
Fy= yield stress of material,
h = clear web height,

W = web thickness.

This theoretical 1limit was then approximated for

design purposes by a bi-linear expression:
(a) For P/Py < 0.15

h/Fy = 520 [1 - 1.28(P/Py) ]

w

(b) For P/Py > 0.15

h/Fy = 450 [1 - 0.43 (P/Py) ]
w
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These expressions have been incorporated into the
CSA Standard S16.1 on limit states design and S16.2 on work-
ing stress design. Using the results of a testing program of
non-compact beams(9), Perlynn and Kulak have also recommen-
ded the following bi-linear approximation to be used for the

design of nomn-compact beam-columns:
(a) For P/Py < 0.15

h/Fy = 690 (i - 2.60(P/Py) ]
w

(b) TFor P/Py > 0.15

h/Fy = 450 [1 - 0.43(P/Py) ]
w

|

where h/Fy = 690 was found to be a reasonable web slender-
ness qimit for non-compact beams. This bi-linear approx-
imation is different from that for compact beam-columns only
in the region 0 < P/Py < 0.15. It was felt that since
non-compact beam-columns do not have to undergo the sanme
degree of deformétion as compact beam-columns, a safe ap-
proximation would be to 1linearly reduce the slenderness
limit from h/Fy = 690 at P/Py = 0 to the Jjunction of the
linear apéﬁoximations for compact members at P/Py = 0.15.
For P/Py > 0.15, the web slenderness limitation for

non-compact members was set at the same value as those for

compact members pending a study into the possible 1limit to
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which the web slenderness of non-compact beam-columns may be

raised. Figure 1.3 illustrates this approximation.
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CHAPTER III

EXPERIMENTAL PROGRAM

3.1 Scope

For the purpose of examiﬁing the present
non-compact web slenderness 1limitations (Figure 1.3), a
total of six wide-flange spec¢imens subjected to combined
axial load and moment were tested. A flange shape common to
all the specimens was established that Jjust met the
non-compact limitation of the CSA Standard S16
(i.e., by2t = 100/ /Fy). The webs of all the specimens were
more slender than that allowed by the present CSA
Standards(é, 7> for non-compact members. The web depth (h) of
the specimen was varied to produce the different web slen-
derness ratios desired (Table 3.1). For the six specimens
tested, all had similar cross-sectional shapes with webs of

the same thickness (Figure 3.1).

Tests were conducted at P/Py ratios of 0.15, 0.3,
and 0.7 in order to obtain results representative of a wide
range of beam-column design. Two tests were conducted at
each ratio of P/Py. The location of +the test specimens
relative to the various currently-used web slenderness
limits is indicated in Figure 3.2 and their design is

discussed in Appendix T.

17
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It was hoped that observation of the failure modes
of the specimens would help to determine the web slenderness
limit at which simultaneous web and flange buckling would
occur. This limit would then be the maximum web slenderness
that a non-compact beam-column could have in order to
preclude'local web buckling as the mode of member failure

for loads up to the yield moment (reduced for axial load).

3.2 Specimen_ Description

The specimens wvere tested while simply-supported
at their ends and with the moment applied by means of a
concentrated load (P,) placed eccentrically (Figure 3.3).
A second axial load (P;) was applied in such a way as to
uniformly load the specimen over its cross-section. Thus the
total axial 1load (P) acting on the specimen was the sum of
the two individual loads and the applied moment (M) was the
product of the eccentric load (92) and its eccentricity (e)
from the centreline of the specimen. Because of the manner
in wvhich the concentrated loads were applied, the
beam-column was essentially subjected to uniform compression
and constant moment throughout its 1eng£h, without the
presence of shear. It was, therefore, theoretically possible
that buckling could occur at any point along the length of
the specimen. If the strong-axis deflections becanme

significant during testing, however, the axial load acting
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through the deflection might increase the moment at

mid-height enough to initiate buckling at this location.

The moment produced by the eccentrically placed
concentrated load was transmitted to the  beam—-column spec-
imen by means of reusable arms fabricated from back-to-back
channels and cover plates. These arms were bolted to the cap
plates at the ends of the specimens (Figure 3.3). It was
felt that the connection would be stronger thah the spec-'
imen, and buckling would not occur at either end of the
specimen because of the presence of the cap plate. The arms
vere designed to withstand the maximum moment (Specimen 1),
and the maximum load P (Specimen 5). They were checked
against premature failure in bending, shear, and web
crippling. It was considered that potential lateral-
torsional buckling of the specimen, and lateral buckling of
the moment arms would be resisted because the eccentric load
would be acting against any deflections caused by twisting

of the specimen or moment arms.

The webs of the specimens vwere fabricated from 1/4
inch thick CSA GU40.21 Grade UUW steel plateC(10), The flanges
and webs had been designed on the basis of a yield stress of
44 ksi, the nominal yield stress of GU0.21 Grade U4wWw steel
plate less than 1-1/2 1in. thick. Because of supply
difficulties, the flanges were made from a particular piece
of ASTM A36C(11) plate that had a yield point approximately

equal to that specified for GU#0.21 Grade U44W, that is,
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44ksi. The flanges of all the beam-column specimens had
dimensions of 5/16in. by 9-1/2in., and all were fabricated
from the same mill rolling in an effort to have constant
material properties. These flange dimensions give a
width-to-thickness ratio of 15.20, comparable to the
non-compact limitation of 15.08 as established by the CSA
Standard S16 for 44 ksi yield strength steel. It was also
specified that the individdal weﬁ plates be all taken from

the same piece.

The clear 1length of the beam-column was estab-
lished at 45 inches. This length provided adequate room for
the placement of gauges and recording equipment and also
provided sufficient span over which the local buckling could
occur without being restricted by the boundary effects at
thé ends. However, the length was short enough to prevent
premature overall member buckling about the strong axis

during testing.

To prevent member buckling about the weak axis,
lateral bracing was provided for the tensiom and compression
flanges of each of the beam-columns. A bracing arrangement
based upon. Watt's straight line mechanism(12) was attached
by threaded pins welded at mid-height to the centreline of
the flanges. This produced a short beam in the weak axis
direction which met the bracing requirements for plastic

design.
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Although the lateral bracing prevented movement
perpendicular to the weak axis, no other movement was
restriéted. The beam-column was, however, torsionally
resfrained at its mid-height by the manner in which the
braces were attached. The bracing did not interfere with
-latetal movements perpendicular to the weak axis, nor 4id it
. interfere significantly with the 1local .buckling of the
'flanges and webs. Since fhe beam-column itself was tor-
sionally sfable, the torsional restraint offered by the
bracing .system was not expected to affect the test results.
Perlynn andeulak did note, however, with their similar
testing arrangement, that because the threaded pins were
‘welded at the ﬁid-height of the specimen in the middle of

the flange, the local buckle did not occur there(s).

The proportions of the beam-column test specimens,

" as received, are shown in Table 3.1.

3.3 Test Arr ngement

The concentric concentrated load (Pl) was applied
using an MTS (Material Testing System 908.14) testing
machine, capable of applying 1400 kips in compression
(Figure 3.4). The magnitudes of‘ the concentric load were
neasuréd from an electronic transducer connected to an oil
pressure line located within the compression head of the

testing machine. The accuracy of this system of measurement
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is considered to be +0.5%.

The»éccentric load (P,) was applied using a hy-
- draulic centrehole jack rated at 120 kips maximum capacity
(Pigure 3.5). A 1-1/8 in. diameter high-strength steel rod,v
threaded at the ends was passed upward through the upper arm
and the centrehole jack and downward through the lower arm
and a load cell capable of measuring up to 100 kips. Witﬁ
the centrehole jack applying a tensile load to the rod, the
resulting'reactions tended to pull the arms towards each

other.

Steelvzrockers were provided at :eactioh points of
the cdncentric load (i.e., at fhe top and bottom of the
specimen). These seven inch radius rockers acted as simple
supports. Rockers 1-1/2 in. +thick and with a radius of
curvature of 4-1/2 in. were provided at the reaction points
of the eccentric load. These were drilled to provide passage

of the temsion rod.

As a result of the precautions taken as to the
physical assembly, no overall instability problems of the

setup were encountered during the testing progran.

Rotations of the specimen were recorded by means
of an apparatus consisting of two light channel sectionmns
securely clamped to small plates welded to the cap plates at
the top and bottom of the specimen, where the specimen was

bolted to the moment arms. Three rod-and-plunger type trans-
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ducers were placed between the channel sections. Two of
these wvwere mounted at 21 inches and 42 inches respectively
from the centreline of the beam-columr. From the readings of
these tvwo transducers, an average rotation could be deter-
mined. The third transducer was mounted coincident with the
beam-column centreline and recorded the axial shortening due
to the loads. This was applied as a correction to determine

the actual rotations.

out-of-plane web and compression flange deflec-
tions wvere measured using a device which was originally
developed to measure the depth of a stream bed in a
hydraulics testing flume. This apparatus was modified so it
wvould measure semi-automatically a series of web deflections
on a predetermined grid size. This was done by means of a
motorized trolley running along the tension flange which
’moved a depth-measuring probe over the flange and web of the
specimen. The probe itself operates on optical principles
and nothiﬁg physically touches the surface being monitored.
This device is illustrated in Fiqure 3.6 in position to
measure one vertical 1line of web deflections. It is also
shown in Figure 3.7 in position to measure <the compression
flange deflections which were taken about 1/2 in. from the
outer edge of the flange. The accuracy of the readings taken
by this device was comnsidered to be about 10.002 inch. The

apparatus is discussed in greater detail in Appendix IIX.
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The strong axis deflections of the specimen were
measured by six rod-and-plunger type transducers (Fiqure
3.5). Five of these were connected at approximately equal
increments along the 45 inch length of the specimen. Because
the bottom rocker support, unlike thé top one, tended to
travel as it rbtated, the sixth transducer was mounted so as
to hdnitor its translation. These readings were taken. in
case the buckle appeared at mid-height of the specimen, so

that P-A effects could be incorporated into the analysis.

The strain - distribution at the mid~height of the
specimen was measured by means of a set of fourteen electric
resistance strain gauges placed at the nmid-height of the
specimen. " Four of these were placed on the inside face of
the flanges, 1-3/4 in. from the flange edges. The remaining
ten gauges vere placed on the web, four 1-1/4 in. from the
inside flange faces, and six at the three locations that
divide the web into four equal increments. At each of the
web locations, one gauge was placed on either side of the
wveb in order to obtain an average reading. If web buckling
was occurring at this location, (i.e., at the mid-height of
the specimen) it would be noticed before any visual
observation because of the marked increase in difference
between‘ the tvo strain readings. The four gauges closest to
the inside flange faces were piaced near the two positions
along the web where the assumed residual strain distribution

was Zeroe.
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A1l nmeasurements were recorded on a Data Generél
Nova 2 minicomputer sérving as a data acquisition device.
The minicomputer made it possible to take many readings
effortlessly, and hence very comprehensive web and flange

deflectioh readings were taken during the tests.

Prior to testing, each specimen was whitewashed on
the side not used for deflection measurements in order to
aid in the observation of yield patterns. The other surfaces
were painted flat white to enable the optical deflection

apparatus to operate properly.

3.4 Testing Procedure

Although the top and bottom ends of the specimen
were to be prepated square and ¢true, imperfections were
considered inevitable. As a result, before a specimen could
be tested, it had to be aligned(13). The specimen was first
centered between the head of the testing machine and the
floor roller. Alignment was then accomplished by loading the
specimen concentrically to 4 kips, and then to 50 kips with
the testing machine, and reading the four straih gauges
mounted near the flange tips for each load. Care was taken
not to exceed the prdportional limit of the material and
. cause premature yielding. The minicomputer was programmed to
calculate the net eccentricities in the two directions of

the horizontal plane for each of the testing machine loads.
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The specimen was then unloaded, and shims were placed
between the head of the testing machine and the top of the

specimen ‘and the process repeated such that the

- eccentricities were reduced to less than 0.25 in. from the

specimen cross-sectional centroid in both directions.

Once the specimen had been aligned, the concentric
load vas reduced to 4 kips to hold the specimen in position

and all initial readings were taken.

To Dbegin testing, the concentric load was applied
in increments of approximately one-fifth of the total axial

load - P, with some readings taken after each increment. Upon

reaching the total axial 1load P, moment application was

started. Because the moment was applied by means of the
eccentric load, an increase in moment was accompanied by an
increase in ecceniric load. To keep the total axial load
constant, it was necessary to reduce the axial load applied
by the testing machine by the same amount as the eccentric
load vas increased. The net effect was to apply moment to
the specimen while the axial 1load remained constant. No
attempt was made to lower the MTS 1load and increase the
eccentric load simultaneously. This was not expected to

affect the test results.

After each increment, and while holding the 1loads
constant, all deformations were allowed to stabilize before

a set of readings was taken. When failure was imminent,
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houevef, it became difficult to maintain the eccentric load
at the value desired. Hence it was allowed to drop off, and
" when the readings were stable, they were recorded. The
maximom drop in a particular test was typically 2% of the
maximum eccentric load, and hence was not expected to affect

the readings significantly.

Strain gauge, rotation meter, strong-axis
deflection readings, and the load readings were taken every
load increment. Web and flange deflection readings were
taken at intervals depending upon the slope of the
moment-rotation curve and the amount of loéd present at that
increment. These readings were taken at least every third
increment, and as failure was pending, théy wvere taken more
often. Throughout the test fhe behaviour of the specimen was

monitored by plotting the moment-rotation relationship.

Prior to the start of the beam-column tests, two
series of standard coupon tests were conducted to determine
the material behaviour and strength. Eight coupon tests were
pérformed on the flange piate material, and six vwere
performed on the web plate material. These were done on
éieces of plate supplied by the specimen fabricator and
taken from the same rollings as the web and flange

materialse.



SPECIHEN P/Py h (inches) (h/w) JFY
1 0.15 24.01 639. 14
2 0.15 20.06 534,2 .
3 0.30 22.18 590.7
4 0.30 18.33 488.2
5 0.70 18.82 501. 2
6 1 0.70 15.06 601.1

TABLE 3.1

PROPORTIONS OF TEST SPECIMENS

28



29

P, P,

ARM

SPECIMEN
BOLTED TO
MOMENT ARMS

-
[

ARM
P, Py
'CONCENTRIC ECCENTRIC
" LOAD LOAD

5" h N
ﬂl -

SECTION A-A

FIGURE 3.1

DETAILS OF.BEAH-COLUHN TEST SPECIMENS |,



- 800~ @ TEST SPECIMENS

CSA 516.1 AND S516.2

(non - compact)
°i CSA S16.] AND $16.2
600 (compact)
o o3 CSA S516.1 AND S16.2

(compact and
non-compact)

®5

@4

200 - /
_ _ CSA S16 -1969 (all shapes)

CSA S16.1 AND S16.2
(plastic design)

0 0.2 0.4 0.6 0.8 1.0

P/P

FIGURE 3.2
THE VARIOUS CURRENTLY=USED WEB SLENDERNESS LIMITATIONS

AND THE TEST SPECIMENS

30



31

- 45"

P'I
CONCENTRIC
LOAD
| P,
ECCENTRIC
LOAD
‘JL . P::Pr+P2
AA::P2’<e
ARM |
—e—  —

ECCENTRICITY

ARM |

FIGURE 3.3

IDEALIZED TEST SETUP



32

A4

FIGURE 3

TEST SETUP




33

- P P,
CONCENTRIC LOAD

| ECCENTRIC LOAD
ROCKER &h
| CENTREHOLE —
JACK

TOP ARM

- . ' / 11
o LRoTATION |
‘ BOTTOM ARM METER
regy %
- “=TRANSDUCERS LOAD CELL—
| | &

FPIGURE 3.5

INSTRUMENTATION



34

6

FIGURE 3

DEFLECTION DEVICE MEASURING WEBRB




FIGURE 3.7

DEFLECTION DEVICE MEASURING FLANGE

35



CHAPTER IV

TEST RESULTS

4.1 Coupon Tests

From two series of tension tests done on.standard
~coupons it was determined that the average static yield
strength of the flange material was u4.53}ksi, and that of
the web was 44.33 ksi. These 'vaiues corresponded very
closely to the nominal yield stress of 44.00 ksi, on vhich
the specimen design was based. This was convenient for the
analysis, énd made easier the prediction of specimen

behaviour before the tests were performed.

In all, fourteen coupon tests were performed. Six
of these were on the web plate material, and the other eight
‘on the flange plate material. Since the flange plate
material was A36 steel, it was felt that the two extra tests
vdqld'make any major differences between it and G4C.21 Grade
"44W steel more noticeable. The steel behaved satisfactorily,
and‘its yield point was found to be very ciose to that

specified for GU0.21 Grade U4W steel.

8.2 Specimen Moment-Rotation Behaviour

The specimens were loaded at 1least until the

ultimate moment was reached. This was indicated by either a

36
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zero or a negative slope of the moment-rotation curve. The
moment-rotation curves for the specimens are shown in
Figures 4.1(a) through 4.1(f) . These curves were adjusted to

account for initial curvatures that were present under full

~axial load only.

A1l but two of the specimens reached the expected
yield' moment, reduced for axial 1load, before failure.

sPecimeh 2 reached 99% of its yield moment, and Specimen 5

‘reached 79% of its yield moment. These data are tabulated in

‘TPable 4.1.

In general, the form of the moment-rotation curves

is consistent with what was expected. In particular, the

specimens with low axial load were able to withstand
substantially larger rotations before failure than did the
specimens with higher axial load. Furthermore, the specimens

under high axial load tended to fail much more suddenly than

.did the specimens under lower axial load.

Specimen 1 appears to have behaved more 1like a
plastic design section than a non-compact section. It

undervent large rotations before failure, while sustaining a

‘moment approximately equal to the plastic moment. This

specimen was the only one not to have shown a decrease in
moment capacity within the range of data taken. It was
tested until the rotation was approximately seven timpes that

at yield. The moment-rotation plot was still horizontal when
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the test was stopped.

Specimen 2 also underwvent a large rotation before
failure occurred, although the moment was not as great.
Because it is more likely for a stocky specimen to fail at a
larger moment relative to its yield moment (i. e., a larger
Mu/My ratio) than a slender seciion, it was expected that
specimen 2 would fail at a higher Mu/My ratio than speqimen
1. This, however, was not the case and no apparent reason

seems to exist for this discrepancy.

Specimen 3 exceeded the yield moment and exhibited
a more sudden failure than either specimens 1 or 2. The
specimen rotation at  failure was 1less than the failure

rotations exhibited by either specimens 1 or 2.

Specimen 4 behaved in much the same way as
specimen 3. It was noted for specimens 3 and 4, that the

stockier one (specimen 4) failed at the larger Mu/My ratio.

Specimen 5 failed suddenly at a moment
‘considerably less than the yield moment, and had a smaller
rotation at failure than did any of the other specimens. It
is possible that the high axial load caused the specimen to
fail prematurely as it interacted with initial deflections

in the flange and the web.

Specimen 6 also failed suddenly, although it had

the 1largest Mu/My ratio of all the specimens. Its failure
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rotation was greater than that of specimen 5.

4,3 _Specimen Buckling Behaviour

In the investigation conducted by Perlynn and
 Ku1ak(5) the identification of which plate element (web or
‘flange) buckled first had been very helpful in the analysis
of' the‘ test resﬁlts. Unfortunately, and in spite of the
large amount of data on web and flange movements collected
in the present tests, it was frequently not apparent which

plate element buckled first.

Bécause the deflection readings of the web were
taken at grid pbints whose locations were known and constant
(having = been ad justed for specimen curvature and
shortening), it was possible to plot contours of the
deflections of the web, and a single line graph of
Conpressidn fldnge deflections for each 1load increment.
Because’ of the varying reflectivity of the paint and the
variance of the ambient light at the differemt grid points,
changes in deflections were plotted rather than absolute
values as contour intervals. Using changes in deflections
would cancel out any undesired effects due to these

variations.

Deflection readings on specimen 1 were taken with

a grid size of 4 in. by 4 in. on the web, and linearly every
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4 in. on the flange. For the remaining specimens, a grid
size of 2 in. by 2 in. was used for the web and readings

every 2 in. were taken along the flange.

All the specimens had deflection measurements
takeh over the central 32 in. length of the beam-columns.
This meant that no deflection data were taken for the top
and bottom 6-1/2 in. of the specimen (Figure 4.2). In the
case of specimen ‘2 this was unfortunate because the web
movements which evehtually caused specimen failure occurred
very close to the cap plate of the specimen. Other specimens
also had yield 1lines and significant deflections near the
vcép plates where no deflection readings were taken. Because
the total grid size was an integral number of 2 in. or 4 in.
grid points,  the portion of the web monitored for
deflections varied from specimen to specimen and did not
encompass the entire distance "h" between the flanges

(Figure 4.2).

The contour values used in plotting the web
deflections wvere chosen on the basis of the intervals that
vould encompass most of the greatest deflection changes for
all the 1load increments of a particular specimen. In the
end, ten contour values were chosen for each specimen.
Often, not all of the ten contour values existed for a

particular load increment plot. This was deliberate. If, in
a later 1load increment plot in a test, a new contour value

of a larger deflection change is plotted, the web is known



41

to be moving. The flange deflections were plotted as a

straight line graph of deflections over the flange length.

Determination of the web buckling behaviour was
accomplished by superimposing three contour plots on a

graph, each having a reduced number of contour values. A

'similar procedure was followed for the flange plots. By

noting the movement of a particular section of the flange or

a contour value over the web, it is possible to gain insight

linto the buckling of the plate element. Comparison between

web and flange plate mnovements helped determine how the

specimens failed.

The contour and deflection plots are shown in

Figure 4.3. The load increments and the respective contour

values for each load increment are indicated on the plots

for each specimen. The solid 1lines represent the web
contoﬁrs>and the flange deflections at the first 1load
increment plotted; the dashed lines, the intermediate load
increment; and the dotted lines, the highest'load increment.
A negative contour value or flange deflection value
indicates that the plate element is moving away from its
initiél position. The contour plots in these fiqures are
drawn to an approximate scale of 1:5.33. The load increments
plotted were chosen so that one would be at a low load in
6rder to provide a basis for web and flange plate movements
at the higher load increments. The other two load increments

plotted are at high loads, usually one at the load increment
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nearest the failure load for which the web and compression
flange deflection readings were taken, and the other 1load
increment immediately preceeding it for which these

deflections were taken.

Since it was not definitely clear in most cases
-vhether the first plate element to buckle was the web or the
flange, judgement was used to provide a decision. In view of
the uncertainties this was generally such.that the most

conservative prediction of behaviour would result.

Figure 4.3(a) shows that specimen 1 underwent a
substantial amount of movement in the web as the load was
inCreasing, while the flange movements were much smaller. in.
fact, the flange appears to be almost straight except for
part near mid-height where the deflections are noticeable.
It appears that this specimen failed by web buckling. The
strain gauge readings (not presented) do not indicate a web
buckle, but the contour plots show that the largest
movements do not occur at mid-height, where the strain

gauges were located.

It wvas more difficult to determine the failure
mode for specimen 2 (Figure 4.3(b)). Subétantial flange
movements occurred near the bottom of the specimen at the
higher load increments. The web vas also moving, both at the
top and the bottom of the specimen, and hence appears as if

it could have caused the failure. It apparently had twisted;
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the top is closer and the bottom farther away than at the
first 1load increment. It was judged that the web caused the
specimen failure. Unfortunately, the buckle of_this specimen
formed very close to the cap plate at omne end of the
specimen; and no deflection readings were taken in the
immediate vicinity of the buckle. Hence the determination of
which plate element caused this specimen to fail was
difficult. At the higher load irncrements, the strain gqauges

indicate some web movement, but, as was the case for

‘specimen 1, the 1large deflections did not occur where the

strain gauges were located.

As shown in Figure #.3(c), specimen 3 showed
substantial movements of both the flange and the web. It was
apparent that as one plate element failed, the other omne was
close to failure itself. It appears as though the flange was
deflecting more at the first load increment, but the web
deflected as much as the flange did as the 1loads were
increased. The buckle formed Jjust above mid-height, and
appears to have been caused by a simultaneous web and flange

failure. The strain gauges indicate some web movement.

Specimen 4 had substantial web movements at the
‘top and bottom with the mid-height remaining relatively
stable. Figure 4.3(d) shows that the flange exhibited 1large
movements at the same heights as the web deflections wvere
occurring. The flange moved a substantial amount more than

the wvweb, so it appears as if the specimen failed by flange
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buckiing. The strain gauge readings indicate some movement

of the web.

’

Specimen 5 appears to have substantial movement of
both the web and the flange. In Figure 4.3(e), it can be
seen that, for 1low 1load, the web and flange moved
approximately the same amount. Because of the high axial
load involved, it was noticed that the tension flange was
beginning to twist before the applicafion of moment was
started. Hence, the deflection readings for the intermediate
load increments wvere not considered to be accurate, and
could not be wused. For the higher load increments, the
flange appeared to be moving a very large amohnt while the
veb was not moving to such a great extent. The strain gauges
showed, however, that a web buckle was forming. Hence it
appears as if the specimen failed by simultaneous web and

flange buckling.

Figure 4. 3(f) shows that specimen 6 had reasonably
large movements at fhe low load increment for both the web
and the flange. However, for the higher load increments, it
appears as if the flange moved more than the web. Hence, it
was concluded that this specimen failed by flange buckling.
The strain gauges do not indicate any substantial movement

of the web at mid-height.

It vas also noted that specimens 1, 2, and U4 had

substantial movements of the web and flange near the top and
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bottom of the specimen, but nuch smaller deflections at the
mid-height of the specimen. This is thought to be due to the
presence of the studs welded to the specimens for the

lateral bracing system.

A web and flange buckle (shown well after the
ultimate moment had been attained) is given in Fiqure 4.4,
and a summary of how each specimen is considered to have

- failed is included in Table 4.1.

4.4 TInitial Deflections_and their Effects

Relatively iight steel plate was used in order to
fabricate reasonable cross-sectional shapes for testing. It
is probable that, as a result of residual stresses resulting
from the welding of these thin plates and from normal shop
_ fabrication procedures, initial deflections of both the

flanges and web were present.

From the initial web deflection measurements, it
was determined that the maximum relative out-of-straightness
(6/h) for these specimens was 0.005 (Specimen 2). This is
74.7% of the allowable 1limit according to CSA standard
W59.1<1f). The out-of-straightness of the compression flange
was measured only relative to the tension flange. Because éf
the dncertainty of the straightness of the datum, these

values are not presented here.
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The effects of initial out-of-straightness of the
plate elements are not obvious from the tests. However, it
may be reasonably assumed that if the compression flange has

an large initial out-of-straightness compared to the web any

axial load or moment application will tend to increase this

out-of-straightness. A similar situation exists for the web.
For non-compact beam-columns, the effect of the initial

out-of-straight of the flanges has perhaps as profound an

~effect as that of the web, because the flanges are so

slender.

It was noted that the high axial 1load specimens

were more susceptible to out-of-straightness effects, and

‘hence sudden failures.

4.5_Second-Order Considerations

It vas noted that the maximum second-order moment
due to the interaction between strong-axis deflections and
axial load at ultimate moment was 3% {Specimen 5). Hence it
appears to be reasonable to neglect these sécond-order P-A

effects.



SPECIMEN | P/Py h /Fy Mu/My FAILURE
: w
1 0.15 | 639.4 1.16 W
2 .15 | 534.2 0.99 W
3 0.30 | 590.7 1.12 WEF
4 0.30 488.2 1.20 F
5 | 0.70 | 501.2 0.79 WEF
6 0.70 401.1 1.53 F
TABLE 4.1

SPECIMEN MOMENT AND FAILURE DATA
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séECInEN HEIGHT | § (WEB) §/h (WEB) % (all.)
(in) (in)
1 24,01 0.061 0.0025 37.5
2 20.06 0.100 0.0050 76.7
'3 22.18 0.041 - 0.0018 27.0
4 18.33 0.071® |  0.0038 57.0
5 18.82 0.081® 0.0043 64.5
6 15.06 0.057® |  0.0038 57.0

SESTIMATE ONLY

TABLE 4.2

INITIAL WEB DEFLECTION DATA
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FIGURE 4.4

WEB AND FLANGE BUCKLE (SPECIMEN 6)



CHAPTER V

THEORETICAL ANALYSIS

5.1 Analysis of CSA S16-1969 Specification Requirements

Thevfirst major investigation into flange and web
‘plate  buckling was conducted by Haaijer(#). In his
“investigation, Haaijer accounted for the possibility that
keb and flange plates may reach sfrain-hardening before
buckling. .His analysis was based on the following

assumptions:

1. An idealized stress-strain diagram can be
used for the analysis of the test results
(Figuré 51 .

2-‘ Yieiding occurs 1in slip bands(1S?, so that
the material is either in the elastic range
or in the strain-hardening range.

3. The material is homogeneous and isotropic in
the elastic range, ‘and homogeneous and
orthotropic in the strain~-hardening range.

4. The rotation interaction between the web and
flange plates can be accounted for by using a
coefficient of restraint (R).

5. Yielding starts at the 1loaded edges of a
column specimen and progresses inwards, or

starts at the centre and progresses outwards

60



stresses
developed

‘range.

reversal,
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towards the loaded edges. (Haaijer uses this

assumption to show that columns can buckle at

‘stresses above the yield stress, then assumes

that this also holds true for plates.)

An incremental stress strain relationship(16)
can be applied tb the analysis. Initial
imperfections of the plate are accounted for
by the introduction of effective moduli for

the strain-hardening range.

No strain reversal occurs for a plate

supported along all four edges when it

deforms to its buckled shape from its

non-buckled shape.

Once the possibility of colunn buckling at
above the yield stress was established, Haaijer

a plate buckling equation for the stréin—hardening

AsSuming that buckling occurs without strain

it is possible for a web plate element of

orthotropic material to be in equilibrium in the deforned

position

when subjected to uniform edge compression (Figure

5.2)« This can be expressed mathematically by the following

fourth-order partial differential equation:
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Dx d4u + 2H _J%u + Dy 0J%u = -Yery 32y (5- 1)
oX4 dx293y2 oy I 29x2
where: Dx = ___Ex

1 - \)x\)y

Dy = Ey
1 - \)x\)y

pxy= __VyEx
1 - \)x\)y

Dyx= __V“xXEy _
1 - VxVy

2H = Dxy + Dyx + uGt

Gt = tangent shear modulus

u = deflection of plate at centre
W = plate thickness
9cr= critical buckling stress
I = w3
12

Equation 5.1 is similar to Equation 2.1, the only
difference being in the coefficients used to describe the
material behaviour. = Equation 2.1 deals with isotropic
material which requires only two independent parameters to
describe the material behaviour, while Equation 5.1 deals
with orthotropic material which requires five such

parameters to describe it.

The condition that the in-plane and deformed

positions of the plate are in equilibrium at the instant of
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buckling (the bifurcation point) can be expressed in terms
of work. Any additional work done by the external forcés in
further bending the plate must equal the change in the
internal energy of the plate. This yields the following

integral equation:

wf [ (e[ [

oo () )

+ 4 Gt (___agg_)z] aqu (5.2)

This approximate work-energy approach was used
because solutions to Equation 5.1 can be easily obtained
only 'if. H2 = DxDy, an assumption made by BleichC17)_, This
assumption, however, vas found not to be valid for Haaijer's
experimental results. If the following constraint on

Equation 5.1 is considered:
2H = Dxy + Dyx + 4Gt
and if H2 = DxDy is substituted for H in the constraint

equality, the equality is not satisfied using the values of

the constants determined from Haaijer's experimental
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results.

Equation 5.2 will give an approximate solution if
ah appropriate ‘deflection surface is assumed. Although the
‘degree of approximation depends upon the correctness of the
assumned defiection surface, the result vill be conservative
in any case. For a rectangular plate supported along all
:four> edges, with the loaded edges x = 0 ana x = 1 being
hinged, and the edges y = th/2 having equal restraint
against rotation (Figure 5.2), Haaijer used the deflected
surface first proposed by Lundquist and StowellC18):

u = [BT({y/h)2 - 0.25) + (A+B)cos(Tys/h) ] sin(mx/1) (5. 3)

where: , A = constant
B = constant

= _Mh_ = coefficient of restraint

B
A 2DyI against rotation

M = moment per unit length
required for a unit rotation
h = width of plate

1l = length of plate

Substituting Equation 5.3 into Equation 5.2 and
integrating will give the critical buckling stress. In the
limiting cases for a web plate subjected to uniform axial

' compression, vwhen the unloaded edges y = th/2 are hinged or
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fixed, the minimum values of the critical buckling stress

are:
(a) For y = th/2, hinged, (8=0);
Ocr = @2 1)2 [2/DxDy + Dxy + Dyx + 4 Gt] (5.4)
12\h

(b) For y = th/2, fixed, (B=x);

Oer = 13(!)2 [4.554/DxDy + 1.237 (Dxy+Dyx) + 4.9u43 Gt] (5-5)
12\h

By substituting the appropriate values of the
constants Dx, Dy, Dxy, Dyx, and Gt for the strain-hardening
range, Equations 5.4 and 5.5 can be used to give the
critical buckling stress of plates subjected to strains
greater tham or equal to the strain at the start of

strain-hardening, fst (Figure 5.1).

For the simplified stress-strain curve assumed,
substitution of the elastic values of the constants in
Equations 5.4 and 5.5 will give valid elastic buckling
solutions for Ocr less than Oy. It is obvious that the lower
critical buckling stress will occur for the case of the

plate with all four edges hinged.

Haaijer conducted tests on wide-flange shapes of
ASTM-A7 steel subjected to either pure bending or pure

compression. He concluded that Equations 5.4 and 5.5
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adequately described the test results. At the time, however,
the behaviour of a web plate subjected to combined in-plane

bending and uniform axial compression was not investigated.

Equations 5.4 amd 5.5 pertain only to plate
elements that are free of residual stresses, that is,
annealed specimens. As-delivered specimens, however,
generally contain residual stresses of a large enough
; maénitude to cause partial yielding to occur at an applied
stress considerably less than the yield stress. The elastic
solutions obtained from Equations 5.4 and 5.5 are valid only

up to a limiting stress Gp, where:

o o 0.
pP= Y- T
in which Oy = yield stress,
o
r =

residual stress,

A more realistic approach to the problem, for the
range 0p <.0cr < 0y, was proposedyin 1958 by Haaijer and
Thurlimann(8), when they suggested a plate buckling equatioﬂ
which took into account the effects of residual stresses. A
plate buckling curve (similar to a column buckling curve)
was developed which had an empirical transition curve to
describe the buckling behaviour of a plate subjected to
stresses between its pfoportional limit and dits yield stress

(Figqure 2.1)..
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pividing each side of Timoshenko's plate buckling

relationship (Equation 2.2) by the yield stress results in:

Ier = K T2 _E |  (5.6)
9y 12 Oy (1 - v2) (h/w)2

Haaijer and Thurlimann defined:

_1 =9z , (5.7
a? Oy
 to obtain:
o = __h/lg Oy (1 - v2) | (5-8)
™ K E

which is the same as Equation 2.3.

Equation 5.7 is valid for values of o greater than
some _limitingA value O‘p (Figure 2.1). This corresponds to
stresses below the proportional limit and ®p corresponds to
the non-dimensionalized 1limiting stress OYp/%. From the
point given by (Op/oy, %p) , some tramsition curve must be
followed as prégressively more of the material reaches the
strain-hardening range, to the point at which the buckling
stress equals the yield stress (%r/% = 1.0,%). A portion

of a plate element reaching the latter point, has by
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definition, all of its material yielded and has reached the
strain-hardening range. Haaijer and Thurlimann proposed the

following transition curve for %o < o < %p:

n
'°cr=1—('1-—0)(oc-“o) . (5.9)
‘where: , Ocr= critical buckling stress

for uniform compression
Op = Oy - Op | '
Op = stress at proportional limit
Or = maximum value of the plate

compression residual stresses

n = 2(0p - Cg)
Gp(%p2 - 1)
ap = V(Iy/o'p

Haaijer and Thurlimann suggested values for %o for
three types of compression elements and showed that they are
néarly independent of the amount of rotation restraint
offered along the unloaded edges. For hinged webs, they
found %o = 0.579, and for fixed webs, %o =0.588. For
simplicity, they suggested using %0 = 0.58 for web plates
supported along all four edges. By definition, then, when
%o = 0.58, the web plate in a wide-flange member may be
uniformly compressed up to strain-hardening without the

occurrence of local buckling.
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anving the maximum residual compressive stress in
a specimen, Or, it is possible using Equation 5.9 to plot
Ocr/%y versus o. Using Equations 5.7 and 5.8, it is also
possible to determine the limiting value :of h/w for .ahy
value' of .Gcr/oy. Haaijer did this forbhis test results and
found'that good correlation existed for webs and flanges
subjected to pure compression. However no tests were
conducted to determine the behaviour of web plates subjected

to combined in-plane bending and axial compression.

ﬁaaijer and Thurlimann realized the importance of
éxtending the ﬁrevious consideratiohs to cases of plates
subjected to combined bending and axial load. The web of a
wide-flange séction,' subjected to an axial load P and a
bendiﬁg moment M, presents such a case. Depending upon the
. ratio of axial_ load to moment, the neutral axis may lie
inside or outside of the web. For the case of combined
in-plane bending ‘and compression, they suggested that
EQuation’S_B could still be used to deséribe the behaviour
of a web plate if an appropriate plate buckling coefficient
ngn could.be determined. This is because o is a function of
the maximum critical strain in the vweb and the veb

slenderness ratio h/w.

The minimum values for wg for a stress
distribution of a fully-plastified wide-flange section are
shown in Figure 5.3. For any loading condition except pure

compression, attaining the necessary stress distribution
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would require that the ratio of the maximum compressive
strain in the web to the yield strain be infinite. For the
two 1limiting cases, pure bending is represented by

»yo/h = 0.5, and pure compression by Yo/h = 1.0.

For an expedient solution to the determination of
the values of a as a function of the ratio of the maximum
strain to the yield strain im the web, Haaijer and
Thurlimann plotted experimentally determined values of o as
a function of the critical strain (Ecr) for Haaijer's three

pure compression tests failing by web buckling.

For a heam—column web, defining the maximum strain
of the compression flange to be ®n  and assuming that the
average strain over the compression zone in the web would be

€m/2, it was graphically determined that for web plates:

0.58;

For ?m/ey 12, o

Em/€y = 8, 0 = 0.60;

En/Cy 4, o = 0.69.

Using the assumptions .stated in Chapter 2, veb
slenderness limits were proposed by Haaijet and
Thurlimann(8). These form the basis for the CSA S16-1969 web
slendernesé limitations. However,: as has been noted, no
tests on web plates subjected to combined axial load and

moment were conducted for experimental verification.
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Although good correlation was found ¢to exist
between Haaijer and Thurlimann's theory for plates in pure
_compression and their test results, in extending this sanme
theory fo apply to web blates subjected to combined axial
load and moment, some assumptionsvof doubtful vaiidity were

used:

1. In determining the values of K for Eqﬁation
5.8 (Figure 65.3), a stress distribution
corresponding to that of a fully-plastified
wide-flange section was assumed. For ali
loading cases except pure compression, this
vould mean that the member would be required
to deform until the condition E€m/fy = » had
been reached.

2e The ratio of the maximum compression flange
strain to the vyield strain (&m/fy), would
‘'reach a value of four for members required’to
deform plastically.

3. It was also assumed that the maximum
compressive strain in the compression flange
would be €m and the average strain over the
compression zone in the web would be taken as
®n/2. This implies that the analysis is for a
plate in uniform compression with a width
equal to the depth of the’compression zone of

the web.
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Since Perlynn and Kulak(S) vwvere hot able to
satisfactorily correlate their test results for compact
beam-columns with Haaijer and Thurlimann's web buckling
theory, it was décided that this theory did not adequately
describe beam-column behaviour. This:was considered to be at
least partly attributable to fhe assumptions used in‘the

theory.

Based on their test results, and the test results
from another investigation(9), Perlyna and Kulak recommended
higher web slenderness ratios for both compac£ and
non-compact beam-columns and these have been incorporated

'into the most recent CSA Standards(s,7),

5.2 Investigation Leading to Recent CSA Standard_ Revisions

Because of the proportions of their test
specimens, Perlynn and Kulak(S)» wvere able to closely
-establish experimentally the 1limit of web slenderness at
which a compact member would have its compression flange and
web buckle simultaneously (Figure 5.4). Having established
this 1limit, they then developed tvo methods to predict the

occurrence of web buckling.

Method I consisted of developing two
relationships, one between the web slenderness h/w, and the

"ratio of the depth of the neutral axis to the web depth y/h,
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-and the other between P/Py and y/h. By equating the twvo
relationships, h/v can be obtained as a functicn of P/Py.
Since residual stresses vwere expected to affect the test

results, they were taken into account.

By addition of the strain diagtams for axial load,
moment and residual stresses, it is possible to determine
the location of the neutral éxis as represented by the y/h
ratio (Figure 5.5). Since only one of the investigators
gquoted by Perlynn and Kulak determined the residual stress
pétterns in his test specimenstié), typical residual stress
patterns for both rolled and welded members(20,21) for the

other investigators' test results were assumed (Figure 5.6).

For their own test results, Perlyna and Kulak
determined the y/h ratios by graphically determining the
combined strain diaqgrams for each member at the applied load
and ultimate moment. The resulting stress distributions were
obtained fronm vthe superposition of the strain diagrams for
axial load, ultimate moment (ﬁu), and the assumed residual
stresses. They ‘were able to show that at wultimate
conditions, different assumed residual stress patterns do
not greatly affect the resulting y/h ratio for a member,
brimariiy'because residual stress patterns possess symretry
énd a certain degree of consistency in magnitude. In
particular, the value of 15 ksi for the maximum compressive
reéidual stress is considered to be typical for most deep

~rolled and welded wide-flange sections.
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Perlynn and Kulak then plotted their test results,
along with the test results of the three other
investigations on a graph of y/h'versus P/Py (Figure 5.7).
It vas noted that the resulting relationship was very nearly

linear for P/Py < 0.8, and could be represented by:

y = 0.48463 P_ + 0.607 (5.10)
h Py

When P/Py = 1.0, y/h is theoretically infinite. It is not
dbvious howvthe function behaves for 0.8 < P/Py < 1.0. If a
member that is 1loaded into the strain-hardening range
(P/Py > 1.0) had a very small moment applied to its ends,
the y/h ratio would quickly diminish from infinity. Hence
“Perlynn and Kulak assumed only that y/h starts to increase

towards infinity for P/Py > 0.8.

For the second relationship, f/h versus h/w, test
results were again plotted (Figure‘5-8).~This figure has
been plotted as y/h vs h /FY so that the results of the
present investigation cguld be plotted on the same graph. At
this point, it was realized that two boundaries describing
member failure were possible. One of these describes the web
slenderness limits at which flange buckling ceases to be
critical and web buckling becomes the mnode of member

failure. For web slenderness ratios that plot on this 1line,

M/Mpc 2 1.0. The other boundary (not plotted here) describes
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the web slenderness limits at which a member would cease to
reach M/Mpc = 1;0, irrespective of the mode of failure.
These boundaries were determined primarily by observation of
the tfpes of failures of the specimens. Some judgement was
required in'détermining these boundaries, although they are

thought to be on the conservative side.

The boundary of interest is the one that describes
the web slenderness limits when flange buckling ceases to be
the mode of member failure because it yields the more
conservative er'slenderness ratio. Simultaneous flange and

web plate buckling was found to occur at (Figure 5.8):

y = (820 — 0.100(h/w))€2.6) + 61 (5.11)
h 100 :

Byv combining Equations 5.10 and 5.11, Perlynn and
Kulak determined that the boundary describing simultaneous
web and flange plate buckling (and for which ¥/Mpc 2 1.0)

wvas given by

Py 44.63

Equation 5.12 gave reasonably good correlation with the test

results.
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Method II consists of finding h VFy as a function

W
of P/Py by using a revised form of Equation 2.3 (Equation
5.8). Using the results of four different experimental

programs, they were able to find values of o for the various

specimens by using Equations 5.7 and 5.8.

Knowing these o values, it 1is possible to
calculate a modified K value using Equatiom 5.8, designated
K'. This K' parameter wvwas then plotted against h YFy to

w
obtain a relationship between h YFy and K'. Substitution of

w _
h/w as a function K' into Equation 5.12 from Method I gives
a relationship between K' and P/Py. This expression can then
be substituted into Fquation 5.8 to find +the relationship

between h VFy and P/Py. -
w

Although this method wutilizes the results of
Method I, it is in fact a different procedure, and.is based
directly on Haaijer and <Thurlimann's buckling theory.
Because the experimental test results vere 'used for the
determination of the relationships used in this development,
it is expected that K' will reflect the inelastic plate

buckling properties of the members tested.

In determining the a values from Equations 5.7 and
5.8, it is necessary to calculate Ocr/C%y for the specimens.
The | maximum strain in the compression flange-to-web
junction, at the ultimate moment, is determined from the

experimental results. This is then converted to stress and
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Aivided Ly the yield stress of the specimen to give the

Ocry/%y ratio.

OfAthe four experimental programs considered, only
"Haaijer's(4) ﬁad specimens where %¢cr/%y > 1.0. Although many
tests in the other investigations showed that the yield
strains in the compression flange—to-wéb junction vere
surpassed, nohe had attained strain-hardening. Since Haaijer
and Thurlimann's transition éurve, described by Equation
5.9, is not yalidb for OYcr/%y ratios greater than 1.0,

9cr/%y was greater than

Perlynn and Kulak assumed that if
1.0, then % r/°%f = 1.0. This is because Equation 5.9 implies
that.onCe a member reaches Ocr/oy = 1.0, it dis 1in the
strain—hardening range and Equation 5.9 is no longer

applicable.

Perlynn and Kulak. thén plotted the various
ttansition curves corresponding to the four investigations
under consideration. They noted that the residual stress
distribution caused the steels with the lower yield stresses
" to reach the proportional limit at a lower applied load than
the higher yield strength steels. Hence the transition
curves were not coincident for the investigations they

considered.

In order to plot the transition curves, Perlynn
and Kulak assumed %o = 0.58, a value suggested by Haaijer

and Thurlimann. Using Equation 5.9, they then calculated the
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corresponding value of o knowing °p, °y, 9cr, %o, and %p.
Since zero raised to a power greater than zero equals zero,
they were able to prove that o = % = 0.58 vhen
" Ocr /Oy - 1.0. By doing this, it appeared that  their
specimens not failing by web buckling had a = % = 0.58.
Sincé 'byA definition, vhen o = %o, the point of
strain-hardening has beeﬁ échieved, this in effect states
that these parficular specimens were able io reach .strains
- greater than the yield strain before buckling occurred.
Because the material yielded in slip-bands(1S), some of the
material reached strain-hardening. Perlynn and Kulak, on ihe
otﬁef hand, state that none of their specimens reached the
point of strain-hardening, meaning that the specimens: as a
whole did not reach strain—hardening, but some of the

material did.

Perlynn and Kulak then solved for K!' using
Equation 5.8. Following this they obtained a linear approx-

imation to the relationship of K' vs h /Fy (Figure 5.9):
w

|
O
.
N

(5.13)

K' = 0.48 (h/w) J/Fy
VFy

Next, K' was found as a function of P/Py.
Referring to Method I, substituting Equation 5.12 into

Equation 5.13 results in:

K* = 29.76 - 20.68 (p/Py)(0-385) (5.14)
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Finally, substitution of K' in Equation 5.8 for K

in Equation 5.8 results in an expression relating h YFy to
-4 o

P/Py:

o = _h /Ty 0.01241 (5.15)
100w 1 - 0.695 (P/Py)0.385

“'where E = 30 X 106 psi and v = 0.3

.From this, they assumed that .since o = 0.58
appeared to be the limiting value from their test resdlts,
théy substituted this value into Equation 5.15 to obtain an
expression between h YFy and P/Py. This limit was set to
ensure that the web czmponent part of a member will reach
the yield stress of the material, to a depth of about h/4
below fhe' compression flange-to-web Jjunction before web
buckling will occur. This. depth of h/4 corresponds to
€m/fy = 2.0 which is the maximum ratio of compressive web

strain to 7yield strain recorded for their tests on compact

beam-columns. The expression is:

h/Fy = 520 /1 = 0.695 (P/Py) 0 35 (5. 16)

which is the same as Equation 2.4. This expression is

plotted in Figure 5.4.
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This procedure was shown to givé the same results
| as Method I, hence the usefulness of <their results and
procedures seems to be verified. Perhaps this is because
uniform compression of a web plate upv to strain-hardening
-(for which Haaijer and’Thurlimann(B) recommended g = 0.58f
‘may be eqdivalent to combined axial load and bending moment
up to the yield stress for an equivalent web depth of about
h/4 (for which Perlynn and Kulak¢(S) used 0 = 0.58) . This
could " be rationalized by considering the extra rotational
deformation, and Hence the additional strain the compression
part of the web must.undergolwhen bending is present, as

compared with pure compression.

5.3 _Analysis of Present Investigation Test Results-Method I

As given here, Method I of predicting web buckling
is amalogous to the Method I used by Perlynn and Kulak¢$? in
their investigation of compact beam-columns. The y/h ratios
for the specimens are first determined aﬁd then these are
plotted as a function of P/Py in order to establish a
telationship between y/h and P/Py. Then, y/h is plotted as a
function of h /Fy to find a relationship between y/h and
h;/F_. - The wtwo relationships containing the y/h ratios are
:hen equatéd to determine the allowable slenderness ratio
h YFy for non-compact beam-columns as a function of P/Py.

w
The procedure folloved was then the same as that used by
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Perlynn and Kulak as described in Section 5.2.

Oonce the neutral axis had been located in this way
for 511 the specimens in this test séries, and for the
non-compact beams tested previously<95, the y/h values vere
piotted 'as a function bf P/Py (Figure 5.7). These data are
also tabulated in Table 5.1. The relationship shown in
Figure 5.7 follows the same general trend as thét observed
earlier for compact beam-columns. From the plot, it was

determined that the relationship for P/Py < 0.8 is:

y = 0.410 B_ + 0.700 (5.17)
h . Py

As was the case for compact beam-columns, it is not obvious
how the function behaves for P/Py > 0.8. In theory, it is
possible that it reaches infinity at P/Py = 1.0, and this is

what has been indicated here.

In order to obtain the second relatiomnship, y/h is
plotted against the slenderness ratio h VFy (Figure 5.8). On
this plot, the type of failures undeZgone by each specimen
and their respective Mu/My ratios are also indicated.
Judgement had to be used here to plot a reasonable curve for
simultaneous web and flange buckling, as indicated by the
failure mode of the specimens and their Mu/My ratios. The

limiting web slenderness of interest is the one where the

specimen will fail by simultaneous web and flange buckling
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and for which Mu/My > 1.0. Hence, the curve should pass
between specimens 5 and 6 because specimen 5 failed by
simultaneous web and flange buckling and specimen 6 failed
by flange buckling. Moreover, the Mu/My ratios dictated than
the curve pass somewhere near the mid-point between the two
specimens, where linear interpolation indicated Mau/My = 1.0
should exist. A similar determination was nade for sbecimens
3 and 4, and the curve was fitted to pasé between the points
‘representing these two specimens. The curve shown is
probably conservative for P/Py > 0.2 becausé it indicates a
less slender 1limit than the specimens which failed by
sipultaneous web and flange buckling and had Mu/My > 1.0
(Specimens 3 and 5). However for specimens 1 and 2, the
curve appears to be unconservative because of both the Mu/MNy
ratios and the mode of specimen failure. Because both
specimens 1 and 2 failed by web buckling, the curve would
normélly be placed such that the expected maximum
slenderness 1limit would be a lesser slenderness than
specimen 2. However, because the Mu/My ratio was less for
specimen 2 than specimen 1, the curve was placed near
specimen 2 in the éap between specimens 1 and 2. This was
done by judgement. Perlynn and Kulak's investigation offered
some guidance as to the expected shape of the curve. From
here, the <curve was extended to reach approximately/the
mid-point of the gap between the beam specimens NC~-1 and
NC-2. The resulting curve is thought to be a comservative

_estimate of the limit of simultaneous web and flange failure
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for non-compact members. Even fhough specimen 2 did not
éppear to fit the_test results perfectly, it was felt that
this had more to do with errors of unknown magnitude in the
test 'procedure rather than the analysis, and so the curve
'was considered to be a conservative estimate. The eguaﬁion

describing the relationship between y/h and P/Py is:

y = 1.578 X 1077(690 - h /F?)Z-G + 0.70 (5.18)
h o w :

Combining equations 5.17 and 5.18 results in a

relationship between h /Fy and P/Py. This estimate of the
_ i , |

boundary of the failure limit due to simultaneous web and

flange buckling is:

'h /Fy = 690 [1.0 - 0.425 (P/Py)0-385] (5. 19)
w

" This equation has been plotted in Figure 5.10, along with
Perlynn and Kulak's theoretical prediction for compact

members (Equation 5.16).
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5.4 Analysis of Present Investigation Test Results-Method II

Analogous to Method I, Method II is similar to the
second procedure used by Perlynn and Kulak(S) to determine

the maximum web slenderness limits.

First, the values of o for the specimens
(including the non-compact beams of Holtz and Kulak(9)) wvere
calculated. For the beam-columns, this was done by
calculating the average strain of the web strain gauge
reﬁdings closest to the web to compreésion flange junction,
and then converting this strain to stress ﬁsing
E = 29600 ksi. If the strain was greater than the yield
‘strain, o was taken to be equal to 0.58. For the speciméns
where this averaged strain vas less than the vyield strain,
the appropriate value of a was calculated using either
Equation 5.7 or 5.8. It was felt that these strain readings
would not be adversely affected by the presence of residual
strains, because the assumed residual strain distribution is
small vhere these two strain gauges were located on the web.
For the beams, the values of a were calculated by choosing
the maximum compressive stress in the web as obtained by
adding up the total stress due to the sum of the assumed
residual stress, the stress due to the moment, and the
St:ess due to the axial load. Once the maximum stress in the
web was determined, it was substituted into Equation 5.7 and
the o value was calculated. These data are also tabulated

in Table 5.1, and are plotted in Fiqure 5.11.
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After the values of o were calculated, they were
substituted into Equation 5.8 and a new value of K, called
K', was calculated for each specimen. This K' parameter was
then plotted against g'/F“, to obtain a relationship between
these parameters. Th?s relationshiﬁ is also élotted in
Figure 5.9. In this figure, the solid line represents the
results of the present investigation (E = 29600 ksi), and
the dotted 1line represents the test results considered by
Periynn and Kulak which did not fail by web buckling
(E = 30000 ksi). The points plotted which are not near the
curves are the four specimens considered in this

investigation which buckled in the web. The remaining four

specimens are plotted on the curve.

‘From this plot, it'is' possible to conclude two
things. The first conclusion is fhat the plots for K' versus
h /§§ from the separate investigations are coincident within
prerimental error. This indicates that K' is not a function
of  the cross—-sectional proportions of. the specimens
involved. Indeed, Perlynn and Kulak originally used the
results from three other testing programs as well as their
own to obtain the curve. The second thing of note is that
any specimen vwhich <failed by web buckling plots above the:
curve. It is, fdr example, reasonable to assume that
specimen 2 Dbuckled in the web, because it is comnsiderably

above the curve. Perlynn and Kulak represented their test

results with Equation 5.13, which is a linear approximation
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to the curved line they obtained by plotting the points
corresponding to the specimens they were considering which
did not fail by web buckling. A better representation of the

curve, using a parabolic approximation, is:

K* = 0.000111 (h /Fy)?2 (5.20)
W

It is considered +that this curve represents a
‘reasonable approximation to the maximum web slenderness
which a specimen may have (in terms of K') before a specimen

will fail by web buckling.

Next, substitution of +the results of Method I
(Equation 5.19) into Equation 5.20 will give a relatiomship

between K' and P/Py:

K* = 0.000111 [ 690 - 293.1 (P/Py)o0-3857]2 (5.21)

Substitution of Equation 5.21 into Equation 5.8
should result in another expression to determine the maximunm
limit of web slenderness, provided a suitable value for o
can be chosen. Perlynn and Kulak had o = 0.58 for all their
specimens not failing by web buckling. For the present

investigation, however, o varies, although it is equal to
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0.58 for all the specimens not failing by web buckling.
Hence, it was decided to use o = 0.58, and see 1if the
results uoﬁld be meaningful. Assuming o = 0.58, E = 29600

ksi, and V = 0.3, this results in:

h /FYy = 690 [1.0 - 0.425(P/Py)O0-385] (5.22)
W

Note that this equation is identical to Equation
5.19, and both methods therefore yield the same result. This
expression is tﬁought_to be a reasonable estimate of maximum
'veb slendetness for nomn—-compact beam-columns. The plot of
this expression along with the test.specimens is shown in

Figure 5.12.

5.5 Discussion of Analytical Results

In spite of the difficulty of reducing the data
obtained from specimen 2, whiéh had a difficult failure
mechanism to interpret, the analyses did indicate a
vteasonable prediction of the expected 1limit of simultaneous

web and flange buckling.

Because the curve for K' vs h /Fy corresponded to

g

that of Perlfnn and Kulak's(S?, which in itself utilized

data from four separate investigations, it was safe to
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assume that any points which plotted above this line failed
by web buckling. This aided the analysis especially with
regard to specimen 2, and substantiated ¢the opinion that

this specimen failed by web buckling.

Since the expressions for maximum web slenderness
turned out to be identical using the +two methods of
analysis, it appears that a choice of o= 0.58 in Method IT
for specimeﬁs not failing by web buckling is justified.
Indeed, if Equation 5.20 is substituted into Equation 5.8
with o = 0.58, Vv = 0.3, and E = 29600 ksi, Equation 5.8
reduces to the trivial identity 0 = 0. Hence the results of
Method I will always be the solution of Method II, provided
aA = 0.58. Therefore Perlynn and Kulak's conclusion that web
buckling invariably occurs before flange buckling or
simultaneous web and flange buckling if 0o is greater than
0.58 seems to be extendable to the case of non-compact

beam-columns.

It. should be noted that the curve determined by
the analyses (Figure 5.12) appears to be .slightly
non-conservative in the region of P/Py = 0.15. In
particular, it appears as if the curve indicating the 1limit
for simultaneous web and flange failure 1lies above a
specimen known to have failed by web buckling. This is due
to the shape of the curve used to predict'simultaneous web
and flange buckling (Figure 5.8). In this figure, the curve

of expected simultaneous web and flange failure is on the
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unqonservative side of specimen 2. Since both methods of
analysis wutilized the results of this plot, and its
aschiated relationship (Equation 5.18), the fesults of the
'theoretiCAl analyses will also appear unconservative in the
‘regioqvneaf specimen 2. A reéommendéd design approximation
‘should then be reduced slightly in this region to take care

. of this inconsistency.

The two methods used in the analysis portion of
~this investigatibn yield what appears to be identical
results. Although Method II appears to be similar to Method
I ?nd‘utilizes_the results from Method I, it is essentially

based upon Haaijer and Thurlimann's web buckling theory.'

buring the tests, it was noted that the greatest
valué of thé ratio of the averaged maximum strain to the
- yield strain (€m/€y) at the web to compression flange
junction was 2.5 (Specimen 6). It appears as if the
compression flanges strained approximately the same amounts
as those in Perlynn and Kulak's investigation. Since o is
a function of the critical strain (ecr), and the amount of
straining is reasonably consistent in both investigations,
it appears as if using o = 0.58 can be Jjustified by this
consideration for this investigation, as it was used
successfully by Perlynn and Kulak to predict the web

slenderness limit for compact members.
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It appears as though Haaijer and Thurlimann'sC(®8)
reconmendation of o = 0.58 for uniform compression of web
plates up to strain-hardening is also applicable to the case
of compact and non-compact beam-columns subjected to axial
load and moment which did not fail by web bhckling. This is
due to the behaviour of the material, because it yields in
slip-bands(1S), Since the material cannot be at strains
between the yield strain 8y, and the strain at the start of
strain-hardening €st (Figure 5.1), o = 0.58 appears to
apply to any web where the yield strains Have been.

surpassed.

The maximum value of the strain ratio (*m/fy) at
approximately h/4 of the web was 0.81 (Specimen 6). Hence
the - supposition that the y/h ratio would not be
substantially affected if the effects of the yield stresé
having been attained at some location in the web were
ignored seems to be Jjustified. This is because, for the
worst case, the web has not reached the yield stress closer
than O.4h to the point where the total stress is zero. Tt
also appears as if the web in non-compact beam—-columns does
not have to be stocky enough to prevent failure until the
yield Stress has been surpassed to a depth of h/4, but

rather to a depth of h/6 or h/8.

At  this point, it is useful to compare the
analytical results with those expected vwhen the specimen

design was done. In Appendix I, the specimens were expected
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to have a value of o of approximately 0.8, while in the
analysis, the 1limit of wveb slenderness was shown to be
o = % = 0.58. This can be resolved by taking a closer look
at the equations used for these calculations. In gehneral,

the equations have the following form:

X
h YFy = C [1.0 - D(P/Py)0-385] (5-23)
w . :

where x = 0.5 if Perlynn and Kulak's approximation for K' vs
h /Fy is used (Equation 5.13), and x = 1.0 if Eguation 5.20
W
is used.

When the specimen design was done, Peflynn and
Kulak's equation was used, where C = 690 and 750, D = 0.695,

and x = 0.5. This value of D led to the prediction of o

being approximately equal to 0.8.

The analysis, however, indicates that a close
approximation to the same curvé can be generated by wusing
different values of 0 and D, for é given value of x.
Therefdre, the apparent change in values of o Dbetween that
expected and that obtained can be explained by noting that
the value of D in Equation 5.23 varies for the two
investigations, for a consistent use of either Equation 5.13

or 5.20.
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It is useful to note that the differences in
slenderness ratio between P/Py = 0 and P/Py = 1 is
approximately the same for both compact and non-compact
| beém-coluhns (Figure 5.10). This difference'is approximately

1280'and can be expressed mathematically by:
CD = 280 ' (5.24)

The - cohstants C and D are thus related and seem to be

reasqnably independent of flange slenderness.

Hence, it appears possible that any flange'
cross-section (plastic design, compact, non-compéct, or
6ther) can have the appropriate web slenderness 1limit
calculated by using Equation 5.23, provided the value of C
has been estabiished from an appropriate beam test, and D
has been obtained from Equation 5.24. Therefore, once the
bflahge slenderness has been chosen on the basis -of the
desired amount of rotation, it should be possible to predict

any-heam—column veb slenderness limit by this procedure.
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SPECIMEN

P/Py |Mu/My | y/h [Tcr/Oy| « K" h/Fy |FAILURE
w
1 0.15 | 1.16 | 0.74| 0.98 |0.76 | 26.46 | 639.4 W
2 0.15 | 0.99 | 0.76| 0.96 |0.82 | 15.87 | 534.2 W
3 0.30 | 1.12 | 0.82| 1.00 |0.58 | 38.77 [ 590.7| W&F
4 0.30 | 1.20 | 0.81| 1.00 |0.58 | 26.48 | 488.2 F
5 0.70 | 0.79 | 0.97| 1.00 |0.58 | 27.91 | 501.2| WE&F
6 0.70 | 1.53 | 0.95| 1.00 |0.58 | 17.87 | 401.1 F
Nc-1®¢ | 0.00 | 1.04 | 0.70] 0.75 |1.13 | 13.33 | 674.8 W
0.00 | 1.C2 | 0.70| 0.74 [1.14 | 15.41 | 732.0 W

NC=2¢

TABLE 5.1

®From Holtz and Xnlak(9)

SPECIMEN TEST DATA
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CHAPTER VI

SUMMARY, CONCLUSYIONS, AND RECOMMENDATIONS

 6-1_Summary

In order to determine whether or not the web
slenderness limits for non-compact beam-columns could be
revised upwvards, a total of six specimens were tested. All
of the specimens had flanges proportioned such that the CSA
Standard_ S16-1969 specification for non-compact flanges was
just satisfied, and had webs that were more slender than
permitted by the current S16.1 and S516.2 standards. Two
tests were conducted at each of three P/Py ratios, to

encompass a wide range of beam-column design.

The deflections, rotations, loads, and strain
gauge readings vere ali taken by a minicomputer serving as a
data acquisition device. These data were then used to
eﬁaiuate the specimen behaviour, including the determination
of which plate element of the specimens buckled first,

causing specimen failure.

The specimens failed by web buckling, flange
buckling, or a combination of both. Failure itself is caused
by the first plate to deflect significantly with resultant

unloading of the member.

In two of the three test series at the different
P/Py ratios, the more slender specimen of the two failed at
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a lover Mu/My ratio than did the stockier section. However,
for the specimens tested at P/Py = 0.15, the more slender
specimen failed at a higher Mu/My ratio than the stockier

section. This discrepancy has not been resolved.

The two web buckling theories pre#iously presented‘
for compact beam-columns¢(5) were re-developed, using the
results of the present investigation. The theories, allowing
for the differences between compact and non-compact members, .
adequately describe both types of beam-column behaviour.
Furthermore, some of the conclusions previously postulated

for compact members vwere extended to non-compact members.

A generalized web buckling theory has been
developed which makes it possible to determine any
beam-column web.slenderness limit, provided the maximum web
slenderness is known for a beam with the same flange

proportions.

6.2 _Conclusions

The main conclusion that +this investigation has
brought_ forward is that the web slenderness of non-compact
beam-colunns may be relaxed significantly. Hence;
non-compact members will be used more efficiently in the

future.
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An important theoretical conclusion relates to the
earlief work of Perlynn and Kulak in which it was noted
that, fof compact beam-columns, if o , the plate bucklihg
modulus, is greater than 0.58, web buckling will invariably
occur before flange buckling or simulfaneous web and flange
buckling. This investigation has shown that this conclusion
is also valid for non-compact members. Extending this
conclusion, if a specimen has not failed by 1local buckling
vhen the strain (including the residual strain) at any point
in the web has reached-fhe yield strain, it appears that it
will not fail by web buckling. This is equivalent to
defining o.°o as the value of o .at the first occurrence of

yielding.

 Another conclusion of interest is the apparent
lack of effect the specimen's proportions have on the
revised plate buckling coefficient, K'. six separate
studies, four of which were considered by Perlynn and Kulak,
and . the other two in this investigation, all indicated that
specimens failing by web buckling plotted erratically above
a smooth curve formed.by joining the points plotted for the
specimens failing by simultaneous web and flange buckling or
flange buckling. This smooth curve is another representation
of the straight line corresponding to o = 0.58 in Figure

S5.11.
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6.3 Recommendations

Since it has been determined that the web
~ slenderness 1limits of non-compact beam-columns may be
increased, it reﬁains to present the theoretical resuit,
(Equation 5.22), such that it may be easily used for design

purposes. This equation is repeated here:

h JFY = 690 [1 - 0.425 (P/Py)0-385] (6.1)
w .

As previously noted, it is considered that this curve is
slightly unconservative in the region of specimen 2. This
will  be taken into account in proposing a limitation

suitable for design use.

To maintain continuity between this investigation
and the previous design approximations, a bi-linear design
approximation will be proposed. This approximation is:

For 0 < P/Py < 0.15,

690 [1 - 1.69 (P/Py) ] (6. 2)

3

=

For 0.15 <€ P/Py < 1.0,

h /FY = 535 [1 - 0.28 (P/PY)] (6.3)
W ' N
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It is hoped that equations of this kind, based on
this investigation, will be incorporated into future
buildingv standards. These equations, along with the
thedretical 1imit, (Equation 6.1), and the present web
slenderness limitations for non-compact beam-columns are

shown in Figure 6.1.

AN,
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NOMENCLATURE

A = constant

'A = totallspecimen area

Av = Specimeﬁ veb area

b = width of flange

B = constant

c = consiant

C = paximum beam web slenderness for a given flange

51enderﬁess

D = cbnstant

D = EI/(1 - v2) for idealized plate buckling model
bx = Ex/(1 - “xy) |

Dy = Ey/(1 - VxVy)

Dxy = VyDx

Dyx = VxDy

e = eccentricity of eccentric load (P?

E = foung's Modulus = 30000 ksi for Perlynn and Kulak(s?
E = Young's Modulus = 29600 ksi for present investigation
Ex = Young's Modulus in x-direction

Ey = Young's Modulus in y~-direction

Fy = 44.33 ksi = yield stress of web material

Gt = tangent shear modulus

h = width of plate in plate buckling model

h = height of web

ht = total height of specimen = 2t + h

H = (Dx + Dy + 4Gt)/2
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moment of inertia

Timoshenko's(2) plate buckling coefficient

Haaijer and Thurlimann's¢®) plate buckling
cbefficient for a fully—plastified wide-flangé section
modified plate buckling coefficient taken from
beam-column tests

length of plate in plate buckling model

moment pef unit length required for a unit rotation
for plate buckling model

appliéd moment = P2 X e

plastic moment (reduced for axial load)

yield moment (reduced for axial 1load)

ultimate moment held by specimen

2(®p - %) /(%p(¢p2z - 1))

applied axial load = P; + Py

concentric load applied by testing machine
eccentric load applied by eccentric load jack

Fy X A ='specimen yield load

thickness of flange

plate mid-point deflection in plate buckling model
thickness of plate in plate buckling model
thickness Qf specimen webs

constant

Cartesian coordinate

Cartesianlcootdinate

distance to neutral axis from compression side of web

distance to neutral axis of fully-plastified
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.uide-flange section from compression edge of web

plate buckling modulus

0.58 =.a1pha at the first occurrence of yieldiﬁg.
alpha at the point of strain-hardening

/Oy /Op = aléha at the proportional limit

B/A = Mh/2DyI = coefficient of restraint against
roﬁatidn | -

maximum initial web defleétion

maximum strong-axis deflection of specimen at Ma
maximum strain in web when the ultimdte moment is
reached

ﬁaximum compressive strain in web

maximum compressive strain in flange

'sftain at the beginning of the strain-hardening range

as knovwn on a stress-strain diagram

yield strain of web plate material

maxiﬁum stress in wéb when ultimate moment is reached
(ﬂot greater than 0y)

Gy - 9r = stress at proportional limit

15 ksi = maximum compressive residual stress in web
uniform compressive stress applied to edge of plate
elastically restrained against rotation along the
unloaded edges

44,33 ksi = Fy

0.3 = Poisson's ratio for steel

Poisson's ratio in the x-direction

Poisson's ratio in the y-direction
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APPENDIX I

ﬁESIGN OF THE TEST SPECIMENS

It was decided, that because of the availabilify
of test results for compact beam-columns¢S), and test
results for non-compact beams(9), testing two specimens at
each of three different P/Py ratios would be sufficient to
‘closely determine the maximum web slenderness limits for

non-compact beam-columns.

The test results for the non-compact beans
provided a meané for estimating the maximum web slenderness
ratio. Thié was done by determining the value of o from
Pgrlynn and Kulak's(S) Equation 5.16 corresponding to the

non-compact beam results. This equation is:

o = __h_VFy 0.01241 _ (A1. 1)
100w 1 - 0.695(P/Py)0-3846

For P/Py = 0, Equation A1.1 becomnes:

o = 0.001114 h/Fy (21.2)
: w

Substituting Holtz and Kulak's test result for

non-compact beams of h V/Fy = 690 in Equation A1.2 yields
w
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o = 0.77. This is the same value recommended bvaaaijer and
Thurlimann(®&) +to guarantee that web buckling will not occur

for plates uniformly compressed up to the yield stress.

v Having this value gives a reasonable indication of
where the limit of web buckling ﬁight be. However, it was
expected that the value of g would be somewhat higher than
this for the case of non-compact beam-columns because of the
effects of residual stresses, and the fact that not all the
web is subjectedAto the yield stress. Somewhat arbitrarily,

‘a vilue of h /Fy = 750 was chosen for P/Py = 0 to obtain a
w

second value of . Using the same procedure as before

results in g = 0.84.

-By back-substituting the value of o in Equation
Al. 1, a unique relationship can be obtained for web
slenderness as a function of P/Py. Figure A1.1 shows the two

 boundaries which are obtained by this procedure.

It was considered that it would be useful to
incorporate the compact beam-column test results into the
specimen design, if possible(S5). An inspection of those test
specimens indicated that specimen RC-9 failed at
M/Mpc = 0.9, or at about the yield moment. While the flanges
of their specimens were compact, and so the test result
could not be used directly for this investigation, this
specimen was still of some interest because it failed by web

buckling, and its slenderness was only slightly below that
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of the curve corresponding to o = 0.77 at P/Py = 0.8. Hence
it .was decided to design three of the specimens to be below
the curve o = 0.77 by the same amount as specimen BC-9 was
| at P/Py = 0.8. Similarly, the other three specimens wvere
designed to be this amount above the curve corresponding to
u = 0.84. 'Ratibs of P/Py of 0.15, 0.30, and 0.70 were used
to obtain results useful for a large range of beam-column
design. The 1location of these test specimens is also shown

in Figuré'n1.1.
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APPENDIX II

THE DEFLECTION MEASURING APPARATUS

A2.1_Introduction

This device made it possible to record many
deflection readings over a short perioa of time and store
them for later processing. As a result, it was possible to
plot accurate deflections of the web and the compression
flange for a number of load increments. This ih turn made
the process of determining which plate element buckled first
easier to do, and minimized‘ the possibility of data

misinterpretation.

The apparatus itself was moved up'and down by a
motorized trolley (Figure 3.6). The £r011ey travelled-about
one inch per second, and was designed to follow the edge of
the specimen's tension flange in such a way that the tension
flange could be considered as datum for the ppsitions of the
grid points of the web. Because the tension flange was used
as datum, this also provided a means for measuring
compression flange deflections. The trolley was moved by a
motor powering a drive gear along a gear rack which was
fastened to ‘the ends of the tension flange by two special
clamps.
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In order to record the vertiéal position of the
trolley, it wvas fitted with a ten-turn potentiometer which
was attached to one of the wheels running along the edge of
the flange (Figuré 3.6). The voltage across the
potentiometer changed as the trolley moved, and the
resulting analog signal was used by the minicomputer to
sénse»qherev the trolley was, and, hence, vhen it was
correctly positioned to take a reading. The trolley was also
equipped with microswitches at both ends which'toﬁched
spring loaded bumpers mounted on the tension flange clamps
and prevented the apparatus from running off the ends of the

specimen.

The trolley carried the side-rack on which the
~ deflection measuring apparatus was mounted. After one
vertical set of readings, the apparatus was moved over to
the next position manually and the next vertical string of
readings taken. After measurement of the web was completed,
the apparatus was turned 90° on a bracket mounted on the
side rack and fhe compression flange readings were taken

(Figure 3.7).

A2.3 The Apparatus

The apparatus itself operates on an optical
feedback system. A 1light powered by a well-filtered power

supply is housed along with a photocell in a container at
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the end of a flexible tube containing many strands of fiber
optics. The light is positioned such that about 85% of the
strands are able to transmit the light. The other 15% of the

'strands are used for the photocell.

The principle of operation is to shine a light via
thé fibe; optics onto the surface being measured. Depending
upon the réfiectivity of the surface and on the angle
between'.the - probe and the Surface, some light is reflected
ba¢kvup_the tube in the 15% of the fiber optics connected to
‘the photoceli. The output of the photocell varies as the
amount of 1light which strikes it varies. This dutput is
amplified and modified by an electronic circuit to control
the motor 6f» the apparatus. The motor operates so as to
éorrect for the reading of the photocell in such a way that
an initial'predetermined analog signal is maintained (Figure
A2.1). This predetermined reading takes the form of deciding
on a suitable distance for the probe to run above the
surface it is measuring before any readings are taken. The
cortection is automatically made by means of a motor moving
'the probe either closer or farther away from the surface
being measured. Hence the probe keeps the same distance

between it and the surface it is monitoring.

The portion of the flexible tubing doing the
actual movement over the deflected surface is housed in a
- small pipe to make it rigid. The shaft of the motor is

connected so as to both mnove the probe and turn a
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potentiometer over which a regulated voltage is maintained.
~This potentiometer acts as a voltage divider and the
resulting change in voltage from it was used to determine

the deflections.

The initial prohe height, and hence the initial

photocéll reading, was adjusted beforehand, aléng. with the
damping of the probe and its sensitivity. Because flat white

'paint. proved to be ideal for making these adjustments, and
for reflecting é reasonable but not excessive amount of
iight, the specimens were painted on the side the
| measurements were taken before the tests were performed. All
readings were read into storage by the minicomputer for

‘later processing.
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FIGURE A2.1

BLOCK DIAGRAM OF DEFLECTION MEASURING DEVICE
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