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ABSTRACT

Single-angle compression members are simple structural elements that are very
difficult to analvse and design. These members are usually attached to other members by one
leg only. Thus the load is applied eccentrically. To further complicate the problem. the
principal axes of the angle do not coincide with the axes of the frame or truss of which the
angle is a part. Although it is known that the end conditions affect the ultimate load carrying
capacity of these members. procedures have not been developed to do this as it is difficult to
evaluate the end restraint in many practical cases.

Different design practices were presented and evaluated using experimental test
results obtained from previous research. The two generally accepted design procedures. the
simple-column and the beam-column approaches. in general. underestimate the load carrying
capacity of single-angle compression members attached by one leg to a gusset plate. There
is a great variation between different design practices in the prediction of the compressive
resistance of single-angle members. With that great variation it is difficult to determine the
most appropriate design procedure to follow.

The major objective of this research is to obtain a better understanding of the
behaviour and load carrying capacity of single-angle compression members attached by one
leg to a gusset plate. An experimental investigation was carried out and verified through the
use of the finite element analysis. The effect of the gusset plate width. thickness and the

unconnected length were studied. The effect of the weld length and pattern used in

vl



connecting the angle to the gusset plate was studied as well. It was found that the thickness
and width of the gusset plate significantly affect the load carrying capacity, but the
unconnected length has only a minor effect. The effect of the length of weld and the weld
pattern used in the connection on the ultimate load carrying capacity can be neglected.

It was found that the finite element method can be used, with a reasonable degree of
accuracy, to predict the behaviour and load carrying capacity of these members. The finite
element method was used to study some 1800 different combination of parameters. It was
found that out-of-straightness, residual stresses, Young’s modulus of elasticity, and the
unconnected gusset plate length do not have a great effect on the load carrying capacity. The
most significant parameter is gusset plate thickness with the gusset plate width being the
second most important parameter. An empirical design equation is proposed and illustrated

by two design examples.
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CHAPTER |

INTRODUCTION

1.1 General

Single angles are the most basic shape of hot rolled steel sections. They are being
used extensively in many structural applications, as web members in trusses or steel joists, as
bracing members, and as main members in communication towers. Because of the simplicity
of their cross-section and their relative ease of construction, steel angles are widely available
and designers like to use them. Steel angles can be very conveniently joined at their ends to
gusset plates. webs of tees, or other structural elements as shown in Figures 1-1 and 1-2.
Currently, these joints are usually either shop welded or field bolted or welded. Welded
gusset plate connections are widely used in braced steel frames in commercial and industrial
tuildings.

Welds are probably used more often than bolts in making connections between angles
and other members. Welding has become more popular in recent years because it is faster,
often cheaper, requires less fabrication, and results in a better connection than any other
method of making joints. Welded design and construction offer the opportunity to achieve
more efficient use of materials. The speed of fabrication and erection can help compress
production schedules. Welds offer the best method of making rigid connections resulting in

reduced member size and weight.



In spite of the apparent simplicity of single-angle compression members, they are
among the most complex structural members to analyze and design. When attached by one
leg the problem gets more complicated as the load is applied eccentrically to the angle. An
example of a typical gusset plate connection to a single-angle bracing member is shown in
Figure 1-2. To further complicate the problem, the principal axes of the angle cross-section
do not coincide with the axis of the frame or truss of which the angle is a part. Since angles
are cornected to gusset plates or other structural members, the problem is further complicated
by the fixity that exists at the ends of the angle. This fixity, in most practical cases, is hard
to account for since the magnitude of the end restraint is not known. The magnitude of this
restraining end moment for a given angle size is a function of the gusset plate thickness,
width, and length. All these factors make the analysis and design of these compression

members perhaps the most difficult of all structural members.

1.2 Design Practices

In Canada and the United States there are several design practices for the design of
single-angle compression members. The CISC Handbook of Steel Construction (1995)
provides no explicit guidance as to a preferred design procedure for these compression
members. The past practice in Canada seems to be to neglect the load eccentricity about the
principal axes and to design such members as concentrically loaded pin-ended columns that
buckle about the minor principal axis of the cross-section, the z-axis as shown in Figure 1-3.
The effective length factor is commonly taken as 1.0 but values as low as 0.9 have been used.

The AISC Manual of Steel Construction, Load and Resistance Factor Design (1986.

1994), more explicitly recommends that such members be designed as beam-columns. A
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numerical example is given in the Manual to outline this procedure. The load is assumed to
act at the centre of the gusset plate and the moments about the principal axes are calculated,
as shown in Figure 1-4.

Although the AISC-LRFD beam-column approach seems to reflect the expected
behavior of single angles as beam-columns, it can underestimate the load carrying capacity
resulting in a very conservative design. This seems to be due, in part, to neglecting the end
fixity. This end fixity could be of the type shown in Figure 1-2 where the angle is welded to
a gusset plate.

It can be seen that the simple-column approach is not a rational approach. The
assumptions used in this approach do not reflect the behavior of single angles observed in
experimental testing. The assumptions that the angle is pin-ended and loaded at the centroid
are not true. The angle does not buckle about the weak axis as it is connected by one leg.

With the great variation between different design practices in the prediction of the
compressive resistance of single-angle compression members it is difficult to determine the
most appropriate design procedure to follow.

To further complicate the design of single angles attached by one leg to a gusset plate,
the load carrying capacity of these single-angle compression members vary significantly when
the gusset plate dimensions are changed. The ultimate load carrying capacity increases
considerably if, for example, the gusset plate thickness or width is increased. Changing the
gusset plate dimensions changes the restraining moments provided by the gusset plates to the
ends of the angle. This changes the apparent location of the load in such a way that it is much
closer to the centroid. That is why the simple-colurmn approach yields results that are in much
better agreement, in many cases, than those predicted using the AISC beam-column approach.
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1.3 Weld Patterns

In many cases, angles are connected at their ends by welds which are not balanced
about the projection of the centroid on the connected leg. This type of weld may be used
when there is not enough room to place a balanced weld.

A balanced weld on an angle member is one in which the forces at the connection of
the angle are balanced about the projection of the centroid on the connected leg through the
distribution of fillet welds (Figure 1-5). If a load is applied, the sum of the moments at the
connection about the projection of the centroidal axis on the welded leg is equal to zero. An
equal weld is a weld balanced about the centre of the welded leg. An unbalanced weld or an
equal weld therefore are distributed in such a manner that they cause a moment about the
centroidal axis.

Both the Canadian Standard CAN/CSA-S16.1-94 (1994) and the American
Specification, AISC. Load and Resistance Factor Design Specification for Structural Steel
Buildings (1994) do not require the welds to be balanced about the centroid of the angle
members under static loads. This is based on a study carried out by Gibson and Wake (1942).
In this study a few angles were tested in tension under different weld patterns. It was found
that there was no need to balance the end fillet welds about the projection of centroidal axis
on the attached leg. Based on this research, it was assumed that the same conclusion applies
to compression members.

Sakla (1992) carried out eighieen ultimate strength compression tests to study the
effects of balanced, equal, and unbalanced welds on the load carrying capacity of single-angle
compression members connected to torsionally stiff members. The angles were welded to

HSS's at their ends. It was concluded in that research that the effect of unbalanced welds
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seemed to be beneficial for slender angles but had a detrimental effect on the load carrying
capacity of angles of intermediate length. The effect of different weld patterns on angles
connected at their ends to more flexible elements such as gusset plates or webs of tees has not

been studied.

1.4 Research Objective

The main objective of this research is to obtain a better understanding of the behavior
of single-angle compression members welded to gusset plates by one leg so a more efficient
design approach can be obtained. As can be noted from the discussion above, none of the
current design procedures accurately predict the ultimate load carrying capacity of single-
angle compression members welded by one leg to a gusset plate. There is no published
research that relates the gusset plate dimensions to the ultimate load carryirg capacity of
single-angle compression members. Such a study is crucial to define the most influential
design parameters that affect the ultimate load carrying capacity.

To achieve this goal, an experimental investigation was carried out and verified
through the use of a finite element analysis. Once good agreement between the experimental
tests results and finite element analysis is confirmed, the latter is used to carry out a
parametric study. In this research the effects of the following variables on the behavior and
uitimate load carrying capacity of single-angle compression members welded to gusset plates
by one leg only were studied:

1. The effects of changing the unconnected length, width and thickness of the
gusset plate. The unconnected length of the gusset plate is defined as the

distance from the end of the angle to the section at which a plastic hinge
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forms.

2. The effect of the length of weld used in the connection.

3. The effect of using different weld patterns (balanced, equal, and unbalanced)
used to connect angles to gusset plates.

Using a finite element analysis allows the study of the effect of some parameters. such
as initial out-of-straightness and residual stresses, that cannot be studied economically by
experimental testing. Finite element analysis was also used to generate a wide range of
numerical models in order to obtain enough data for use in the development of design curves
or equations. This empirical equation will help the CISC and AISC to produce load tables

for single-angle compression members that are welded by one leg to a gusset plate.

1.5 Research Program

An experimental program was carried out to obtain data that was used to verify the
theoretical results obtained from the finite element model. It consisted of 51 ultimate strength
tests of single-angle members connected to tee sections. Three different column lengths were
used in this investigation. Twenty-one slender specimens were tested. Thirty specimens of
intermediate length were tested with nine of the specimens being longer than the other
twenty-one.

A commercial finite element analysis package ABAQUS (Hibbit et al. 1994) was used
to predict the load carrying capacity and behavior of these compression members. It was used

subsequently to conduct a parametric study so that a design procedure could be obtained.



CHAPTER 1Ii

LITERATURE REVIEW

2.1 Previous Research

A lot of research has been conducted on structural steel angles. The following
literature review is not complete, but contains only those studies that provide information
related to the behaviour and design of single-angle compression members attached by one leg.

Studies that are of significant importance to this research are highlighted.

2.1.1 Stability of Axially Loaded Single Angles

The end connection of single-angle compression members causes load eccentricity and
both torsional and flexural rotational restraint. The elastic stability of axially loaded single-
angle compression members can be treated as a special case of the stability of thin-walled
members as shown in many references (e.g., Timoshenko and Gere, 1961; Bleich, 1952). The
warping constant can be reasonably assumed to be zero as the shear centre is located at the
intersection of the two legs.

The elastic buckling load of an unequal-leg column which is loaded through the

centroidal axis is the lowest root of the following cubic equation (Galambos, 1968).
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where P_ is the buckling load, w, and z, are the coordinates of the shear centre with respect

to the w and z axis, respectively,
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and the z, w refer to the principal axes of the angle as shown in Figure 1-3. The warping

constant C can be conservatively taken as zero.

2.1.2 Eccentrically Loaded Single Angles

When an angle is attached by one leg, the load is applied with eccentricities €, and e,
with respect to the principal axes of the angle, as shown in Figure 1-4. In addition, the gusset
plate provides end restraints against rotation. Thus, the problem is not a bifurcation buckling
problem but a beam-colurmm problem where lateral deformations occur at any level of loading.

Trahair (1969) studied the elastic problem of eccentrically loaded and end-restrained
single-angle struts, for the special case of end restraint provided by tee stubs which represent
the chords of a truss. This was done for the elastic case where the maximum stresses were
limited to the yield stress. Usami and Galambos (1971) studied the inelastic case. Good
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agreement was achieved between test results and the numerical predictions in both cases.

2.1.2.1_Leigh and Galambos (1972)

Leigh and Galambos (1972) carried out tests on compression webs of long span steel
joists. It was observed that the dominant deflection of the angle was perpendicular to the
connected leg. They proposed two design procedures. The first design procedure was based
on a simplified ultimate strength interaction equation. The authors suggested that the problem
should be treated as a uniaxial bending beam-column problem and that the slenderness ratio
should be based on r,, where y is the geometric axis parallel to the connected leg (see Figure
1-4). The AISC beam-column interaction expression would be used to evaluate the axial

capacity as follows.

P c. M |
Pom n-£y
' E

(2-2)

where P is the axial compressive load; P, is the axial load carrying capacity in the absence of
bending: M, is the moment about the y axis required to produce compressive yielding in the
extreme fibre when the axial load is zero; M, is the largest bending moment acting at the end
of the member taking into account the end restraint caused by the truss chords; C,,= 0.6 -
0.4(M.,/M,) where M, and M, are the member end moments and M, is numerically greater
than M,, the ratio (M,/M,) is positive for double curvature and negative for single curvature;
and P is the Euler load about the y axis.

It was found that this equation gave satisfactory, if somewhat conservative,
predictions of the actual load carrying capacity provided that the end eccentricities were
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reduced to account for the end restraint. The problem is that it is difficult to account for this
reduction in end eccentricity since the end restraints are not easy to evaluate. This procedure
has not been accepted by practising engineers since it involves the use of the beam-column
equation., a fairly lengthy procedure for what appears to be a simple structural element.
The other empirical design equation proposed by Leigh and Galambos (1972) is a
simplified form of the uniaxial bending beam-column approach. This procedure sets the
applied compressive stress equal to the Column Research Council (1966) stress from the
equation in effect at that time. The applied compressive stress is the sum of the stress due to
the axial load and due to the flexural stress caused by the eccentricity of the applied load. The
flexural stress. as mentioned before. is based on bending about the geometric axis parallel to

the attached leg. the v axis. This equation is written as

C M v
F-u - _ﬂ - m 1 - ¢ (2-3)
1, I
and
F (KLr y
F('RL‘ = F; [ I - 1 ,""'. ] (2-4)

where F, is the applied compressive stress due to the axial load and bending: A, is the cross-
sectional area of the angle: y. is the distance from the centroid of the angle to its compressive
edge: I, is the moment of inertia about the y axis: F¢g 1s the Column Research Council basic
column strength formula: F, is the yield stress: K is the effective length factor: L is the length

of the angle: and E is Young’s modulus of elasticity.
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2.1.2.2 Woolcock and Kitipornchai (1986)

Woolcock and Kitipornchai (1986) suggested a design procedure that uses the
uniaxial beam-column interaction equation for designing of web compression members in
trusses. They further suggested use of a specific eccentricity e, (e, = c,-'4t ) for the case
when all the angles are placed on the same side of the steel joist or truss where c, is the
perpendicular distance from centroid to contact face of gusset and t is the thickness of the
angle leg. They indicated that this procedure cannot be used for unequal single angles if the

long leg is the welded leg.

2.1.2.3 Elgaaly et al. (1991, 1992)

Elgaaly et al. (1991, 1992) tested 50 stocky single-angle struts as part of a truss. The
testing program included testing members with single- and double-bolted connections.
Results were compared with AISC-LRFD and ASCE Manual 52, Guide for design of steel
transmission towers (1988). The test results indicated that ASCE Manual No 52 can yield

an unsafe design while the AISC specification resulted in a conservative design.

2.1.2.4 Adluri and Madugula (1992)

Adluri and Madugula (1992) compared the results of experimental data on
eccentrically loaded steel single-angle struts with the AISC-LRFD (1986) and AISC-ASD
(1989) specifications. The current design practice interaction equations were derived for
doubly symmetric sections used in frames. These interaction equations when applied to
eccentrically loaded single-angle struts yield very conservative results and thus need
reevaluation. The following modification for the current interaction equations was proposed.
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The moment interaction factors could be changed to 2/3 from the present value of 8/9 for the

range of P, /¢P, between 0.5 and 1.0 as shown below:

P P, 2 M, M,
For 2 > 0.5, + = + ) < 1.0
(bc Pn d)c Pn 3 cbb M, b (bb Mnu
(2-5a)
u M > Muw
For < 0.5, + ( + ) < 1.0
c " n 2 d>4': Pn d>b Mn: d>b Mnu
(2-5b)

where P, is the required compressive strength; P, is the nominal compressive strength for a
concentric axial load; M, and M,, are the nominal flexural strengths about the z and w axes,
respectively; M, and M, are the required flexural strengths about the z and w axes,
respectively; and ¢, and ¢, are the resistance factors for flexure and compression,

respectively.

2.2 Design Practices

There are several design practices used in Canada and the United States. These

practices will be reviewed.

2.2.1 Simple-Column Design Practice

In Canada and the United States there are two approaches to the design of single-
angle compression members attached by one leg. One approach is to treat the angle as a
concentrically loaded column, which will be referred to as the "simple-column” design

approach.
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In Canada, the CISC Handbook of Steel Construction (1995) provides no guidance
as to a preferred design approach for these members. Past practice seems to be to ignore the
eccentricity of the load about the principal axes. The angle is designed as if it is a
concentrically loaded member that buckles about the z axis, the minor principal axis of the
cross section (Figure 1-3). The effective length factor is usually taken as 1.0 but some
engineers use an effective length factor as low as 0.9. This approach, although not widely

used in the United States, is gaining acceptance in that country.

2.2.2 Beam-Column Design Practice

The AISC Manuals of Steel Construction (1986, 1994) have consistently
recommended that bending about both axes be accounted for in the design of single-angle
struts. Design examples for single-angle struts have been presented illustrating the application

of the biaxial bending-axial load interaction expression shown below.

P, P, 8 M, . M,
For > 0.2, —_—r = ( — + ) < 1.0
d)c Pn (bc Pn 9 d)b Mn: d)b an
(2-6a)
P, P M, M,
For < 0.2, - + (—m—— + = )< 1.0
cbc Pn 2 cbc Pn ¢b Mn- d)b Mnu
(2-6b)

In addition to the numeric effort involved, the difficulty with the biaxial bending
approach is in determining where the load acts. It is common to assume that the load
transferred to a web strut in a truss acts at the mid-plane of the gusset or at the mid-plane of
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the Tee chord (Figure 1-4). The location of the load in the plane of the chord is less well
defined, but is often assumed to act either at the centre of the bolts or at the centre of
resistance of the welds or at the centre of the attached leg.

The design examples use a specific effective length KL, but do not suggest that an
effective length factor of less than one should be used. There is considerable restraint about
the x axis (Figure 1-4) due to the bending stiffness of the chord and undoubtedly also some
restraint about the y axis due to the torsional stiffness of the chord. It is very difficult to
evaluate this end restraint numerically in order to obtain an appropriate effective length. This
is further complicated by the fact that the principal axes of the angle do not coincide with the
x and y axes.

In addition to the above noted difficulties in evaluating the location of the load and
the effective length factor. there is the problem related to application of the interaction
expressions which were developed for doubly-symmetric sections. For a doubly-symmetric
section the sum of the terms of the interaction expression represents a stress condition
occurring at one of the four corners of the section, whereas for single angles, summation of
the absolute value of the terms will only reflect the critical stress condition when the moments
are applied in a particular direction. Thus, simply adding the flexural terms to the axial term
in the interaction expression for a section which is singly-symmetric or non-symmetric can
lead to extremely conservative solutions.

The AISC Manual of Steel Construction, Load and Resistance Factor Design (1986),
includes a numerical example in which a single angle, attached by one leg, is treated like a
beam-colurmn. The load is assumed to act at the centre of the gusset plate and approximately
at the centre of the attached leg. The LRFD beam-column interaction equation is used to
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determine the axial capacity of the angle.

The AISC Manual of Steel Construction, Allowable Stress Design (1989) has a similar
example that illustrates the use of the ASD beam-column interaction expression.

The AISC Manual of Steel Construction, Load and Resistance Factor Design (1994),
once again included a numerical example in which the eccentricity of the load about the
principal axes was considered. There were some changes, however, from the procedure used
in the 1986 Manual of Steel Construction. These changes are
(a) the upper limit of the single-angle flexural strength is taken as 1.25 the yield moment

when the width-to-thickness ratio is less than some specified values,

(b) the resistance factor for compression has increased from 0.85 to 0.9,

(c) torsional-flexural buckling is not considered,

(d) the sense of the flexural stresses in the combined force interaction equation may be
taken into account although this has not been done in the example in the Manual. and

(e) C_.. the coefficient applied to the bending term in the interaction formula to account
for the fact that not all members will be subjected to uniform moment throughout the

length, was taken as 0.85. This, in fact, is an error and C,, should be taken as 1.0.
These changes result in a slight increase in the compressive resistance as will be discussed

later.

2.2.3 The ASCE Standard, Design of Latticed Steel Transmission Structures

(1991)

The ASCE Standard, Design of Latticed Steel Transmission Structures (1991), uses

a different approach for the design of single-angle compression members connected by one
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leg. The design approach is to consider the angles as "simple columns”, but to use a modified
slenderness ratio when calculating the compressive resistance. The slenderness ratio is
modified, empirically, to account for both the end eccentricity and end restraints. For angles
with a low slenderness ratio, the eccentricity of the end connections is considered to be the
predominant factor. For slender angles, the rotational restraint is considered to be more
importar:t.

This standard specifies that for members with normal framing eccentricities at both

ends of the unsupported panel

A _60-0s5L 0 <&

r r r

<120 (2-7)

A normal framing eccentricity is defined as when the bolts lie in between the centre
of the leg and the projection of the angle centroid on the connected leg.
For members unrestrained against rotation at both ends of the unsupported panel. i.e.

attached using a single bolt at each end:

120 <—=<200 (2-8)

r

For members partially restrained against rotation at both ends of the supported panel,

i.e. attached by welding or by two or more bolts that are close to the centroid of the angle:

KL _ 4620615 %

r r r

<250 (2-9)

The CSA Standard S37-94, Antennas, Towers, Antenna-Supporting Structures (1994)
uses the same design approach, considering the angles as "simple columns”, and uses the same
equations for modifying the slenderness ratio of the single-angle member. This modified
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slenderness ratio is then used to find the load carrying capacity using the same equations given

in Clause 13.3.1 in CAN/CSA-S16.1-94.

2.2.4 Evaluation of Design Practices in Light of Trahair et al. (1969) Test

Resuits

The experimental study carried out by Trahair et al. (1969) was used to evaluate
current design practices and design procedures proposed in previous research. It also
provided a means to measure how good the agreement is between the finite element modelling
of the specimens and the experimental results. This would give confidence in using the finite
element method to predict the behaviour and ultimate load carrying capacity of single-angle
compression members. The study included testing 45 eccentrically loaded equal and unequal
single-angle struts. The angles were welded to tee sections thus representing a truss chord
or gusset plates in a braced frame. The loads were applied to the tees and hence eccentrically
to the angles. A detailed description of the test specimens used in Trahair et al. (1969) study
is given in the section below. Discussion and comparison of the results of different design
approaches is given in Chapter VI. A comprehensive comparison with Trahair et al. (1969)

test results is also provided in Chapter VI.

2.2.5 Trahair et al. Test Program

Trahair et al. (1969) tested 45 eccentrically loaded single-angle struts. The specimens
covered a wide range of slenderness ratios, three different steel types, and three different end
conditions. This wide range of these three variables made these test results very suitable for

the assessment of current design practices and previous research findings.
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A typical test specimen consisted of a 51 x 51 x 6.4 mm (2 x 2 x % in.) angle welded
to structural tee sections representing the chords of a truss or a gusset plate in a braced frame.
The loads were applied through the tees and hence eccentrically to the angles. A typical test
specimen is shown in Figure 2-1.

Three end conditions were used in these tests. Only two of these end conditions were
considered in this study as the third one has no practical application. The first end condition,
as shown in Figure 2-2, was fixed-ended where the displacements and rotations at the ends
of the specimen were prevented. The second was a hinged condition where the angle could
deflect in the direction of the outstanding leg, an out-of-plane deflection. An example for the
first end condition would be the case where the gusset plate is firmly attached to a beam and
column. Another example for the fixed end condition would be the case if the chord of a truss
is embedded in, or firmly attached to, a concrete floor or where the chord of the truss is
torsionally stiff like a heavy HSS. The pin-ended condition is similar to the case where the
chord of a truss is a very light and torsionally weak, hence provides small bending restraint
to the angle.

The test specimens were divided into three different groups of which only the results
of two of these are discussed in this study. For Series A, the 51 x 51 x 6.4 mm (2 x 2 x Y in.)
angles were made of ASTM A242 steel. Series B were identical to Series A but the angles
were made of A36 steel. Series A consisted of nineteen tests of which eleven were fixed-
ended and eight were hinged such that out-of-plane buckling was allowed. Series B included
six tests of which three were fixed ended and three were hinged.

In all the specimens, the ends of the angle were welded to a 203.2 mm (8 in.) length
of ASTM A36 ST 61 17.5 structural tee section. Two 114.3 mm (4.5 in.) lines of 6.4 mm (Y%
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in.) fillet welds were used along the toe and heel of the angle.

2.3 Balanced and Unbalanced Weld Patterns

2.3.1 Previous Work

There is little published research on the effect of balanced and unbalanced welds for
angle compression members. Gibson and Wake (1942) published the first paper found in the
literature related to this subject. They carried out fifty-four ultimate strength tension tests
with angles welded to flat plates. Fifteen different weld patterns were used in that
investigation. The tests included eccentric single-angle as well as double-angle tests. The
specimens were designed to fail in the welds themselves. It was concluded in that research
that the arrangement of the welds in the connection has very little effect on the behaviour of
single-angle tension members at working loads. The conventional practice of balancing the
welds about the projection of the centroid of the angle on the connected leg is not essential
to maintain a good design. Little difference (3%) was noted between the strength of the
angles when connected with balanced or unbalanced welds.

Sakla (1992) carried out eighteen ultimate strength compression tests to study the
effects of balanced, equal, and unbalanced welds on the load carrying capacity of single-angle
compression members connected to torsionally stiff members. The tests included two
different column lengths which could be classified as slender and of intermediate length,
respectively. The angles were welded to HSS's that were fixed at their ends.

It was concluded in that research that the effect of unbalanced welds seemed to be
beneficial for slender angles but had a detrimental effect on the load carrying capacity of
intermediate length columns. Using unbalanced welds reduced the load carrying capacity of
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intermediate length columns by about 10% when compared to the load carrying capacity of
the same specimen with balanced welds. The flexibility of the angles increased as the weld

pattern was changed from a balanced to an unbalanced weld.

2.3.2 Standards and Specifications

Before the Gibson and Wake research, the designing and detailing of welded
connections of angle members was often complicated by the conventional practice of using
welds that are balanced about the projection of the centroid on the connected leg in the
connection.

The Canadian Standard CAN/CSA-S16.1-94, Clause 21.7 states that "Except for
members subject to repeated loads, disposition of fillet welds to balance the forces about the
neutral axis or axes for end connections of single-angle, double-angle, or similar types of
axially loaded members is not required.™

The American Specification, AISC LRFD (1986, 1994) and the British Standard
“Structural use of steel work in building. Part 1: Code of practice for design in simple and

continuous construction; hot rolled sections™ (BSI 1985) have basically the same requirement.

2.3.3 Comparison

In the Gibson and Wake study (1942) the specimens were designed to break in the
weld under tension. In the research carried out by Sakla (1992) the angle compression
members were attached to torsionally stiff members fixed at their ends. In the experimental
portion of this dissertation the single-angle members were attached to tee section fixed at their
ends. The stem of the tee section provided less bending restraint than HSS's.

20



CHAPTER 1l

EXPERIMENTAL PROCEDURE

3.1 General

An experimental program was carried out to obtain data that was used to verify the
theoretical results obtained from the finite element model. The experimental program was
designed to study the effects of gusset plate dimensions. balanced and unbalanced welds. and
the amount of weld used to attach the angle to the gusset plate on the ultimate load carrving
capacity and behaviour of single-angle compression members attached with welds to a gusset
plate by one leg. These variables were not included in Trahair et al. (1969) experimental
studv. The experimental program consisted of 51 ultimate strength tests of single-angle
members connected to tee sections. The webs of the tee sections were used to simulate
gusset plates. A typical test specimen is shown in Figure 3-1. The angles were designed
according to CAN CSA-S16.1-M89. “Limit States Design of Steel Structures™ (1989). In
order to reduce the number of variables in this research the same size angle was used for all
tests. Three different lengths of angles were used. This resulted in slenderness ratios that fell
in the slender and intermediate length ranges. Twenty-one slender specimens were tested.
Thirty specimens of intermediate length were tested with nine of the specimens being longer
than the other twenty-one.

For the slender specimens and for the shorter intermediate length specimens five
different variables were investigated. The variables were:
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(1) the unconnected length of the gusset plate, L,,

(ii) the gusset plate width, B,

(i) the gusset plate thickness t,,

(iv)  the length of weld used in the connection L, and

(iv)  aweld balanced about the projection of the centroid on the connected leg, a
weld balanced about the centre of the leg, which will be referred to as an
equal weld, and a weld that is unbalanced about the projection of the centroid
of the angle on the connected leg.

For the longer intermediate length specimens, only the effects of the gusset plate width

and thickness were investigated.

3.2 Test Specimens

Three different lengths of angle members, 2100, 1550, and 990 mm, were used in this
study. The specimens had slenderness ratios, L/r,. of 170. 125, and 80 which means that the
three types could be classified as slender, and as of intermediate length. Typical specimens,
as shown in Figures 3-1 and 3-2, consisted of a single-angle member welded to a tee section
at each end. The compression members were made from 64 x 64 x 7.9 mm (2'2 x 2}2 x 5/16
in.) angles and the tee sections were cut from either a W530 x 82 (a W21 x 55 in Imperial
units) or a W530 x 123 (W21 x 83) depending on the required gusset thickness. Tables 3-1
gives a full description of the dimensions of all the specimens tested in this study. The
centroidal x axis of the angles coincided with the centre of the tee sections.

A 6 mm fillet weld was used to weld the angles to the tee sections. Weld lengths used

in different specimens are listed in Table 3-1. An effective length factor of 1.0 was used to
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predict the compressive resistance of the angle member according to CAN/CSA-S16.1-M89
(1989) except for the specimens used to study the effect of weld length, specimens L-D and
S-D. where an effective length factor of 0.8 was used to design the welds. Using an effective
length factor of 1.0 to predict the compressive resistance means that welds were designed as
if the angles were concentrically-loaded and pin-ended. This is a common design practice to
assume an effective length factor and calculate the ultimate load carrying capacity of the
compression member. The weld length is then designed to transfer the predicted ultimate load
carrying capacity to the gusset plate. As explained later, the minimum length of fillet welds,
as given by CAN/CSA-W59-M89 (1989), was not used. Different weld patterns were used
in this study to determine their effects on the ultimate load carrying capacity. The weld
patterns used for the slender and shorter intermediate length specimens are show in Figures
3-3 and 3-4, respectively. Equal welds placed on the angle sides only were used for all the

nine longer intermediate length specimens.

3.3 Comparison Between Trahair et al. (1969) Test Specimens

and the Specimens Used in This Study

Trahair et al. (1969) used the same size structural tee section for all their test
specimens. In other words, the same gusset plate was used throughout the entire study. As
gusset plate dimensions have a significant effect on the load carrying capacity, the current
study included a wide range of different gusset plate dimensions to relate the ultimate load
carrying capacity of single-angle compression members to the dimensions of the gusset plate.

The Trahair et al. test specimens had the same weld length and pattern in spite of

different angle length used. The weld length of the specimens in this study was different for
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each angle length. The effect of the assumed effective length factor used for designing the
weld was studied as well as different weld patterns used for connecting the angle to the tee

section.

3.4 Preparation of Test Specimens

The angle members were cut to proper length from 6.1 m (20 ft.) lengths of angles.
The tee sections were prepared by splitting the W sections longitudinally into two equal
sections using a plasma arc cutter. The obtained tee sections were then cut to the proper
length. The tee sections were machined at both ends to ensure that they were the same length
and that the ends were perpendicular to the longitudinal axis of the tee section. The final
length after machining was either 150 or 225 mm depending on the specimen type. Four
guiding holes of 12.7 mm (*: in.) in diameter and ! 14.3 mm (4.5 in.) apart. were drilled in the
flanges of the tee sections to accommodate countersunk bolts as shown in Figures 3-2 and
3-5. These holes were located as precisely as possible since they were used for the alignment
ot the specimens.

The tee sections. in all specimens. were attached to the upper and lower platens ot the
testing frame and held firmly in position by the countersunk bolts. The angle was then welded
to the tee sections. This procedure follows. as close as possible. the procedure used to
fabricate trusses or to erect bracing members in frames. The welding was done by an
experienced certified welder using E480XX electrodes. Flux and slag were removed from
all welds after welding. After welding the specimen was removed from the test frame to

measure the out-of-straightness and to apply the whitewash.



3.5 Test Setup and End Fixtures

All the tests were carried out in the Civil Engineering Structural laboratory at the
University of Windsor. The Gilmore Load Fatigue Frame was used for testing as it could be
adjusted to accommodate the different lengths of test specimens. The test setup is shown in
Figures 3-6 and 3-7 for a shorter intermediate length specimen and slender specimen,
respectively.

Fixed end conditions were created at the ends of the specimen. This was achieved by
bolting the tee sections directly to the base and top platens of the Gilmore Load Fatigue
Frame. These end fixtures were designed to eliminate lateral displacements and rotations
about each of the three global axes at the ends of the specimen. Only displacement in the
vertical direction at the lower end of the specimen was allowed to apply the load. Details of
the setup at the bottom are shown in Figures 3-6 and 3-7. This end condition corresponds
to the case where an angle is used as a bracing member and is welded to a gusset plate which
in turn is welded to the intersection of a column and a beam. It is also about the same as an
angle welded to a tee section embedded in a concrete floor.

Each of the upper and lower plates had four holes 12.7 mm in diameter. The
countersunk bolts were used to firmly fix the specimen to the end plates. This achieved three
main purposes. First, they were used to guide the specimen into the upper and lower plates
which were fixed to the upper and lower platens of the Gilmore Load Fatigue Frame to ensure
that the centroid of the specimen coincided, as closely as possible, with the load applied to
the specimen by the hydraulic jack. Second, tightening these bolts ensured the elimination of
any gap that might exist between the specimen and the loading plates . Third, this procedure
ensured fixed end conditions at the ends of the specimen as there were four points which were
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prevented from any displacement during the application of the load to the specimen. In
addition to these main purposes, the countersunk bolts also prevented the ends of the

specimens from slipping or kicking out during testing.

3.5.1 Loading Jack

At the base, the load was applied to the specimens through a computer-controlled
hydraulic jack with a capacity of 448 kN (100 kips). A steel plate was fabricated with four
12.7 mm diameter guiding screwed holes. The plate was attached directly to the piston of the
loading jack by means of a steel collar to prevent rotation of the plate about the axes

perpendicular to the direction of loading.

3.5.2 The Load Cell

A Strainsert flat load cell with a 448 kN (100 kips) capacity was used to determine
the applied load and was attached to the top platen of the Gilmore Load Fatigue Frame. The
load cell was connected to a data acquisition system that converted the voltage readings to
a load at any instant during the application of the load.

A steel plate similar to the one attached to the loading jack was fabricated and
attached to the underside of the load cell with guiding holes to provide a connection to the
top of the test specimen. The specimen to be tested was placed in between the upper and
lower platens of the Gilmore Load Fatigue Frame. The upper crosshead was used as the
upper support for the specimen. The lower plate resting on the loading jack was used as the
lower support. Figures 3-6 and 3-7 show the complete setup of mechanical jack, lower plate,
specimen, upper plate, load cell and the top bracket. This setup was used for all the

26



specimens.

3.5.3 Instrumentation

The most critical aspect of the experiment was to acquire sufficient data so that the
behaviour of the single-angle compression member using different gusset plate properties, and
balanced and unbalanced weld conditions could be accurately studied and then compared to
the results from a finite element analysis.

Due to the simple buckled shape of the single-angle specimens, obtaining data for
lateral displacements was not complicated. Three dial gauges were placed at the mid-height
of the specimen, as shown in Figure 3-8, to measure displacements and rotations. Two other
dial gauges were placed on the web of the tee section at the upper end of the angle. The
purpose of these dial gauges was to measure the lateral deflection and rotation of each angle
to determine the effect of each gusset plate or weld variable on both the magnitude of the
deflection and the position of the failure axis.

In order to test the precision of the finite element model in predicting the behaviour
and ultimate load carrying capacity of single-angle compression members. one slender
specimen, L-A-3, and one shorter intermediate length specimen, S-A-3, were strain gauged
as shown in Figure 3-9. The strain gauges were located so that the behaviour of the ends of
the gusset plate and the angle cross section at mid-height could be studied and checked with

the finite element model results.

3.6 Test Procedure

First, the specimens were measured to determine their out-of-straightness prior to the
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application of the load. Two steel blocks, of known thickness, a thin wire and a digital
calliper were used. The steel blocks were clamped at the ends of the same side of an angle
leg and a wire was tightly stretched over the steel blocks as shown in Figure 3-10. The blocks
and the wire were clamped to the angle leg. The digital calliper was then used, at mid-height
and at the two quarter points of the angle, to measure the distance between the leg of the
angle and the wire. This procedure was repeated for each leg of each angle in each specimen.
The thickness of the steel blocks was then subtracted from the distance measured between the
wire and the leg of the angle to give the initial out-of-straightness of the angles in both x and
y directions.

All the specimens were coated with a thin layer of whitewash before testing in order
to detect the yield pattern as the load was increased. Coating the surface of the angles with
a thin whitewash coating, which was allowed to dry before testing, resuited in a brittle coating
that flaked off when yielding occurred. This provided an economical way of detecting the
yield pattern.

The specimen was now ready to be placed in the test frame. A small load of
approximately 8 kN was applied to the specimen at the beginning to ensure that the top and
lower plates were in complete contact with the ends of the specimen. The countersunk bolts
were inserted and tightened. The preload was then released to almost zero. Dial gauges were
positioned and set to zero before loading started.

The load on the specimens was applied slowly in increments of 5 kN for slender
specimens and 10 kN for intermediate length specimens. This load increment was then
reduced to 2 kN for slender specimens and 3 kN for intermediate length specimens after
reaching 70% of the expected failure load.
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In all cases, the system was allowed to reach equilibrium, the point at which the lateral
displacements stopped increasing, within acceptable limits, at a given load, prior to reading
the dial gauges. In all tests, the failure load was taken as the load at which a small increment
of applied load caused large displacements. A typical test took an average of two hours to

complete both the setup and testing.

3.7 Data Reduction

3.7.1 Load

The hydraulic jack of the Gilmore Load Fatigue Frame was controlled by a computer.
The required jack displacement was input to the computer which in turn controlled the
hydraulic jack to displace a specified amount. A data acquisition system retrieved the strain
readings of the calibrated load cell and converted them into loads that were displayed on a
computer screen. The load cell was calibrated only once as the variation in the calibration
factor, within a short period of time, was found, from previous experience, to be extremely

small.

3.7.2 Displacement

The lateral displacements of each angle in both the x and y directions and rotation of
the cross section were recorded and analysed. The lateral displacement and rotation of the
gusset plate were recorded as well. An aluminum strip, attached to the angle by C-clamps,
was used to determine the displacement at two points so that the rotation could be
determined.

The major displacement occurred in the x direction, perpendicular to the plane of the
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welded leg. The ratio between the displacements in both the x and y directions was used to
determine the axis about which the angle buckled so that the effect of the weld pattern on the
position of this axis could be determined. The displacements versus the corresponding load

were plotted for all the tested specimens.

3.7.3 Strain

In order to verify the accuracy of the finite element model used throughout this study
to predict the ultimate load carrying capacity and behaviour of single-angle compression
members, foil strain gauges were used. Strains were measured at ten points at the mid-height
of the angle and at the ends of the gusset plates. Due to the time and cost associated with
using strain gauges, two specimens only were strain-gauged to verify the finite element

results.

3.7.4 Locations of Yield Points

All the specimens were coated with a thin layer of plaster coating before testing in
order to detect the yield pattern while loading. The surface of the steel members was covered
by a thin whitewash coating and allowed to dry completely before testing. This brittle coating
flaked off at the point of yielding exposing the steel surface below and this provided a very

economical solution for detecting zones in which yielding has occurred.

3.7.5 Out-of-Straightness

The measured out-of-straightness was used to describe the geometry of the test

specimens in the iterative-incremental procedure to predict the theoretical load-deflection
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curves. The out-of-straightness of an angle was prescribed at mid-height and the two quarter

points.

3.8 Ancillary Tests

3.8.1 Tension Test

Three tension tests were conducted on specimens taken from the same stock as that
of the test specimens in order to determine the yield stress and Young's modulus of elasticity.
Three tension test specimens were prepared, each one cut from a different length of angle.
The specimens were prepared according to the CAN/CSA-G40.20-M92 Standard (1992). but
their dimensions were adapted to suit the dimensions of the angles and the grips of the testing
machine. The thickness of the specimen was that of the angle. The dimensions of these
specimens are shown in Figure 3-11.

In order to determine Young's modulus of elasticity, two electric resistance strain
gauges were used to determine the strain in the specimen, one on each side at the centre of
the reduced cross section.

The tension tests were carried out in the universal testing machine. The strain was
measured by a strain indicator which was connected to a switch and a balance unit. Average

values of yield stress were used in the computations.

3.8.2 Calibration Test

A calibration test was carried out for the 448 kN load cell used in the compression
tests. This test was also carried out in the universal testing machine. The calibration test
results were then fed to the computer that controlled the loading process.
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CHAPTER IV

THEORETICAL ANALYSIS

4.1 General

It is always desirable to predict the behaviour of various structures and structural
members under different applied loads by using a numerical model. Thus, the experimental
and theoretical results can be compared and, if in good agreement, the numerical model can
be used extensively to conduct an comprehensive parametric study. Numerical modelling is
a faster and cheaper means of collecting data about a certain problem than depending entirely
on an extensive, and expensive, experimental investigation.

The recent rapid development in digital computers made the application of the finite
element method a common practice in structural engineering research. The finite element
method can handle structural engineering problems that cannot be effectively solved using
classical methods or for which a closed form solution is inconceivable to obtain. The finite
element method is the most powerful and flexible method capable of providing a complete
description of the structural behaviour within the elastic and post-elastic loading stages.

Although a single-angle member might be looked at as a very simple member, the
complexity of determining its strength by either experimental investigation or finite element
method should not be underestimated especially if the angle is subjected to compressive loads

and attached by one leg. Angle members are sensitive to the load position and end conditions.

32



A commercial finite element package, ABAQUS (Hibbitt et al. 1994), was used to
perform a nonlinear static analysis. Both material and geometric nonlinearity were considered
in the analysis of the specimens. Residual stresses due to the manufacturing process of the
angles were considered to determine their effects, but residual stresses due to the welding of
the specimen were excluded from the analysis due to the difficulty of determining such
stresses. The steel was modelled as a linear elastic, perfectly plastic material. Different weld

patterns were modelled by changing the boundary conditions.

4.2 Finite Element Program

ABAQUS is designed as a flexible tool for the numerical modelling of the structural
response in both linear and nonlinear analyses and is run as a batch application. In order to
use ABAQUS to analyse a structural problem, a data deck describing the problem has to be
prepared. The data deck consists of two parts : the model data and the history data. The
model data describes the nodes. elements, nodal constraints. elements properties. material
description and the data required to define the model itself. ABAQUS also has a large library
of elements from which plate elements were used in the analysis process. Two different nodal
constraints were used (i) boundary constraints: in which a specific boundary condition is
defined for a node, and (ii) equations: which are linear relationships between certain degrees
of freedom of certain nodes.

The history data defines what happens to the model. In other words, the history data
describes the order of loading for which the model's response is sought. The history data also
includes the control parameters for the nonlinear solution procedures, and the output

requests. This history is divided into a sequence of steps within which, in addition to the
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imposed loading, adding or removing of model elements is permitted.

In the nonlinear analysis the load is applied in increments. The nonlinear procedures
in ABAQUS offer two approaches to obtain a convergent solution at minimum cost. The first
option is a direct user control of increment size. The user specifies the increment scheme.
This is useful in repetitive analysis where the user has a very good feel for the problem. This
option was used throughout the course of this study. The second option is automatic control
in which the user defines a period of history and at the same time specifies certain tolerances
or error measures. ABAQUS then automatically selects the increments to model the step.

In this study, static loads were applied and the nonlinear static response was
computed. The applied loads were assigned up to fifty increments, as an upper bound, to
reach the ultimate load. Each increment was assigned up to 15 iterations to converge or the

increment was automatically reduced.

4.3 Finite Element Procedure

In the next two sections, a brief discussion of the finite element analysis of structures
and the incremental-iterative procedure is described. This method gives the theoretical load-

deflection curves which in turn can be used to determine the ultimate load carrying capacity.

4.3.1 Basics of Finite Element Analysis

A three-dimensional nonlinear finite element analysis was used to study the behaviour
and ultimate load carrying capacity of the test specimens using eight-node plate elements.

The first step in a finite element analysis is to discretize the problem into sets of
structural components. Each finite element is interconnected with the adjacent elements by
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the nodal points. Nodal forces act at each nodal point which, in turn, is subjected to
displacements and rotations. A standard set of simultaneous equations can be written to
relate these physical quantities. Assembling these elements to form the whole structure is
equivalent physically to superimposing these element equations mathematically. The result
is a huge set of simultaneous equations that can be solved using computers.

From the potential energy formulation, the following equation in a matrix form is

obtained:

I, - -;-{U‘rr K] U - %{U}T (K] WU - (U7 P @-1)

where IL is the potential energy of the system; {U} is the global displacement vector: {P} is
the global load vector; [K.] is the global elastic stiffness matrix; and [K] is the global
geometric stiffness matrix. The geometric stiffness matrix is included in the analysis to
account for the deformed geometry of the elements in the equilibrium equations since the
problem of angle members under a compressive load is a large deflection problem.
Differentiating with respect to the displacement and equating the result to zero to
determine the minimum potential energy of the system results in the following:
(K] U} + [KG] (U = {P) (4-2)
Which can be simplified to the following basic finite element equation relating the
global displacements and the global loads
(K] (U} = (P} (4-3)
where [K] = [K,] + [Kq]-
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4.3.2 Nonlinear lterative-Incremental Analysis

Nonlinearity of structural members may arise from large displacement effects, material
nonlinearity and boundary nonlinearity.

In a linear problem, loads are applied to a model and the response can be obtained
directly. In a nonlinear finite element analysis several linear steps are taken to solve the
problem. This is done because the stiffness matrix itself is a function of displacements and
the displacements are unknown which makes the one step solution of the nonlinear structure
impossible.

Geometric nonlinearity is caused by the difference between the stiffness matrix of the
reference structure and that of the deformed structure under a load increment. Many solution
procedures have been proposed to solve nonlinear problems. ABAQUS uses the well known
Newton's method as a numerical technique for solving the nonlinear equilibrium equations.

The nonlinear solution of the problem is obtained iteratively by solving a series of
linear problems. For any displaced state of the structure, let u be the vector of nodal
displacements; R, the vector of internal resisting loads (i.e. the vector of loads in equilibrium
with the internal forces of the structure); R_ the vector of external applied loads; and K the

current tangent stiffness matrix of the structure. The vector of unbalanced loads, R,, is given
by

R, =R, - R, (4-4)

and provides a measure of the solution error.

The iterative sequence for Newton-Raphson iteration is as follows :

R/ =R, - R/ (4-5)

u
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Au’ = (k)" R] (4-6)

ul D =yl + Au’ (4-7)

RY™" = function (uY™") (4-8)

in which j is the iteration number

The loading is divided into several increments and at each load increment the nonlinear
equations are solved using either Newton's method or variations of it which are referred to
as quasi-Newtonian techniques.

Using an estimated load, as an upper load limit, automatic load increments were
applied. The automatic scheme for the procedure is based on the convergence of the iteration
process of each increment, until the specified load tolerance in R} was achieved.

If the number of iterations exceeded the maximum allowed, the increment size was
reduced by a factor of four. If this resulted in a smaller increment than was specified as a

minimum in the input, the run was terminated.

4.4 The Finite Element Model

In the following sections, the steps and assumptions considered in the modelling are
reviewed. The review includes considerations in choosing the mesh, the verification of the
model, material modelling, modelling of the initial out-of-straightness, modelling of residual

stresses, and the modelling which is the boundary conditions.

4.4.1 Choice of Mesh

A convergence study was carried out in order to choose the proper finite element

mesh. The choice of the three-dimensional finite element mesh is conventionally based on
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pilot runs and is a compromise between economy and accuracy. Several element types were
tested in the pilot runs. The number of elements used in the angle and gusset plate meshes
was varied as well. Models of a whole specimen were compared with similar models
considering only half the specimen with appropriate boundary conditions to reflect symmetry.
In order to save time, it was also decided to model only half the specimen as no significant
difference in the results was noted.

As the load transters to the angle member, first through the gusset plate, through the
welds to the connected leg and then to the entire cross section, it was crucial to choose a
mesh with a finer grid at the gusset plates and at the ends of the angle in order to model, more
accurately, the distribution of stresses that takes place in this zone. Refinement of the mesh
at the ends of the specimens was also necessary to model different weld lengths. The global
axes were taken such that the cross-section of the angles was in the x-y plane. Finite element
meshes used to model all the test specimens are shown in Figures 4-1 to 4-14.

The load was applied at the ends of the gusset plate in the form of concentrated nodal
loads. In order to allow for a uniform stress distribution at the end of the gusset plate. which
is line 2 in the model, the loads were applied through a layer of fully linear elastic elements
which are bounded between lines 1 and 2 in Figures 4-1 to 4-14. These fully linear elastic
elements were added to the model to prevent local yielding at the points where the
concentrated loads are applied and to transform these point loads to uniform distributed
pressure at the end of the gusset plate. The distance between lines 1 and 2 was taken equal
to the gusset plate unconnected length, L.

While modelling Trahair et al. test specimens, it was found, through the testing of
several models, that residual stresses had no significant effect on the ultimate load carrying
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capacity of the single-angle member connected by one leg. Thus, only two eight-node plate
elements with six degrees of freedom assigned at each node were used in the analysis of
Trahair et al. test specimens. A typical finite element model of Trahair et al. test specimen
A-1-1 is shown in Figure 4-135.

During the course of this research, the University Computer Centre Mainframe was
upgraded. The speed and capacity of the new system permitted the use of a more refined
mesh, doubling the number of nodes, while keeping the computer run time about the same.
For that reason it was decided to use a finer mesh for the modelling of the test specimens and
for the parametric study.

For the angles, it was decided to use eight four-node plate elements per leg.
Discretizing the leg into eight strips of elements along the length enabled the modelling of
residual stresses (although these were neglected later). From the pilot runs, it was found that
an element aspect ratio less than three had to be maintained for all the elements in order to
have consistent results.

Thus the procedure followed to choose the relevant mesh for this problem was as
follows: (i) a convergence test was carried out for the regular mesh and the appropriate
number of elements was selected, and (ii) then more refined meshes were created at the end
elements of the angle and the gusset plate to make it possible to model the stress distribution

and the exact lengths of the welds.

4.4.2 Material Modelling

The simple linear elastic, perfectly plastic stress-strain relationship was used for
modelling the mechanical properties of the steel. ABAQUS uses the Von Mises yield
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criterion for isotropic metals in the plasticity modelling of the material properties. In that
model the yield surface acts as a failure surface with no strain hardening parameters. Both
Young's modulus of elasticity and the yield stress obtained from the tension tests were used
in the analysis of the experimental test specimens. Fully linear elastic material was used for
the elements bounded by lines 1 and 2 at the end of the gusset plate, as shown in Figures 4-1

to 4-14.

4.4.3 Initial Out-of-Straightness

The coordinates of the nodes of the model were defined taking into consideration the
initial out-of-straightness of the angle. When modelling the experimental test specimens, the
actual measured initial out-of-straightness was used. For Trahair et al. test specimens and for
the parametric study, an assumed ideal initial out-of-straightness was used. This ideal initial
out-of-straightniess was assumed to have a parabolic shape with maximum value of L/1000

at the mid-height of the angle.

4.4.4 Boundary Conditions

Boundary conditions were imposed on two different groups of nodes in the model.
The first group included all the nodes on lines 1 and 2 at the end of the gusset plate, shown
in Figures 4-1 to 4-14. At these nodes, the displacements in both the x and y directions were
prevented but the vertical displacements in the z-direction were allowed. The three rotations
about the global axes were prevented to represent the fixed end conditions at the end of the
test specimen. The second group of nodes with imposed boundary conditions were the nodes
at mid-height of the angle. For these nodes the displacement in the z-direction, as well as the
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rotations about the x and y axes, were prevented. These boundary conditions represent the
plane of symmetry at mid-height of the test specimen.

A literature survey was conducted to determine if there is any published research in
which a finite element model was used to model a weld subjected to both shear forces and
bending moments perpendicular to the plane of weld. This survey revealed that the weld is
either neglected and the material is considered to be continuous, or the weld material is
assumed to be very rigid (Girard et al. 1995; Lipson et al. 1978). The latter assumption was
used in this study.

The modelling of the weld was performed using the multi-point constraints (MPC)
feature in ABAQUS. This option allows the imposing of constraints between specified
degrees-of-freedom in the model. A BEAM MPC was used between all the welded nodes on
the gusset plate and the corresponding nodes on the angle. This option connected two

adjacent weld nodes together with a very stiff beam.

4.4.5 Verification of the Mesh

In order to verify and validate the nonlinear finite element models presented in this
chapter, an extensive experimental study was conducted. The finite element models presented
herein were validated and substantiated using the results of the 51 ultimate strength tests
carried out through the experimental part of this research. The nonlinear finite element model
was also verified using Trahair et al. (1969) test results as mentioned in Chapter 2. The
results obtained from ABAQUS showed a very good agreement with all experimental test

results as discussed later in the following chapters.
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4.4.6 Residual Stresses

Residual stresses develop in hot rolled sections as a consequence of the differential
cooling process. Residual stresses affect the ultimate load carrying capacity by initiating
yielding of some parts of the member before the others. It has been shown previously
(Elgaaly et al. 1992; Usami and Galambos 1971) that the residual stresses affect the ultimate
load carrying capacity of single-angle compression members connected by one leg by about
five percent or less. In spite of this, it was decided to check the effect the initiation of yielding
of some parts of the angle before others has on the load carrying capacity of the angles being
studied. The residual stresses were modelled as an initial stress in the angle plate elements
in the z-direction. As part of the analysis procedure, ABAQUS performed an equilibrium
check on the model to ensure that the model was in equilibrium under the imposed mitial
stresses. The ECCS (1985) recommendations regarding residual stresses were adopted in this

study and are illustrated in Figure 4-16.
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CHAPTERYV

EVALUATION OF DESIGN PRACTICES

5.1 General

In this chapter, the Trahair et al. (1969) experimental test results are presented and
compared to the compressive resistances calculated in accordance with different accepted
design approaches and the requirements of the CSA steel standard, the AISC specification,
and the ASCE standard for transmission towers as well as other design methods
recommended by previous research. The background of these design approaches was
discussed in detail in Chapter II. The objective of this chapter is to show the great variance
in the approach used and in the load carrying capacities obtained using different design
practices. It will be shown that there is a significant difference between the experimental
results and the computed load carrying capacities. The experimental test results were also

used to verify the finite element model.

5.2 Properties

5.2.1 Geometric Properties

Only Series A and Series B of Trahair et al. (1969) experimental test specimens were
considered in this study. Series A specimens were 51 x 51 x 6.4 mm (2 x 2 x 1/4 in.) angles

of ASTM A242 steel, Series B specimens were the same size angles but A36 steel. The
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geometric properties of the angles were calculated based on the idealized rectangular cross
section in which the toe and the fillet radii are omitted. The following formulae were used

to calculate different cross section properties using the values tabulated in the CISC

Handbook (see Figure 1-4).
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where A, is the gross cross-sectional area; b, and b, are the widths of the two angle legs

parallel to the x and y axes, respectively; t is the angle thickness; I, I, I, and I, are the
moments of inertia about the x. y, w, and z axes, respectively; C,, is the warping constant; r,.
I, I,.. and r, are the geometric radii of gyration about the x, y, w, and z axes, respectively. J
is the torsional constant, [ is the product of inertia about the x and y axes; and w is the angle

between the z axis and the y axis.

5.2.2 Mechanical Properties

Two tension tests and two stub column tests were carried out to determine the
mechanical properties of the material in the angles. The tension and compression tests gave
comparable results. The average modulus of elasticity of Series A was found to be 202 700
MPa (29,400 ksi) and the average yield stress was 351 MPa (50.9 ksi). For Series B the
corresponding values were 206 200 MPa (29,900 ksi) and 294 MPa (42.7 ksi). These

average values were used in the calculation of the failure loads.

5.3 Comparison of Design Approaches

5.3.1 Finite Element Analysis

Figure 5-1 shows the experimental failure loads for the fixed and hinged Series A
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specimens. Also shown are the finite element failure loads for these specimens calculated
using ABAQUS for the fixed and hinged end condition cases. It can be observed from the
Figure 5-1 that there is very good agreement between the experimental and the theoretically
predicted finite element results for both the fixed and hinged end condition cases. The
differences between the finite element and experimental failure loads are within 7% for the
hinged specimens. For the fixed specimens, these differences were within 6% except for two
test results where the difference was 16%. The experimental test results for these two
specimens are not consistant with the others. It can be concluded that the finite element
analysis is a good tool for predicting the ultimate load carrying capacity of this type of

structural elements.

5.3.2 Simple-Column Approach

The ultimate load carrying capacities were determined using the simple-column
approach assuming the angle to be a concentrically loaded pin-ended member. The ultimate
load carrying capacities were calculated in accordance with Clause 13.3.1 of the Canadian
Standard CAN/CSA-S16.1-M89 (CSA 1989) using a resistance factor, ¢ , of 1.0. The
effective length factor was taken as 1.0 and the minimum radius of gyration, r,, was used to
determine the slenderness parameter, A. The computed load carrying capacities are in a
reasonable agreement (within 12% difference) with the experimental results of the very
slender hinged specimens, A>2.0, but greatly underestimate the load carrying capacity of the
fixed ended specimens for the same slenderness parameter range. This reasonable agreement
is expected since, for slender pin-ended columns, the load eccentricity becomes less significant
and end conditions become the most significant factor affecting the load carrying capacity.
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For the remainder of the slenderness parameters the compressive resistances lie between the
results obtained for the two limiting cases of end conditions, except for the very short fixed-
ended specimens. The simple-colurnn approach tends to be unconservative at low slenderness
ratios. It overestimates the load carrying capacity by about 12% for A =0.75. The fact that
the simple-column design approach overestimates the experimental failure loads of short
angles has been noted before in the literature (Woolcock and Kitipornchai 1986). Engineers,
when designing short angles, must be aware of the fact that the simple column approach

overestimates the load carrying capacity of these angles.

5.3.3 AISC Beam-Column Approach

Also shown in Figure 5-1 are the ultimate load carrying capacities computed using the
beamn-column procedure outlined in the AISC Manual of steel construction, load and
resistance factor design (1986, 1994). In this procedure the member is considered to be
pinned, the effective length factor is equal to 1.0, and the absolute sum of interaction terms
was used. The resistance factor, ¢, was taken as 1.0 for both bending and axial compression.
The procedure outlined in the 1994 Manual gives a higher compressive resistance than the
procedure used in the 1986 Manual, but not significantly higher. The predicted load carrying
capacity is higher by about 3% for A = 2.67. The increase in the load carrying capacity
becomes more significant as the column gets shorter. For A = 0.74. the AISC 1994 Manual
gives a compressive resistance that is higher by about 16% than that predicted by using the
1986 Manual. It can be noted from the figure that the AISC beam-column procedure
significantly underestimates the ultimate load carrying capacity when compared with the

experimental test results. The approach outlined in the 1994 AISC Manual underestimates
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the load carrying capacity of the hinged specimens by about 50% for the entire range of the

slenderness parameter, A.

5.3.4 ASCE Standard

Figure 5-2 shows a comparison between the experimental failure loads of Series A and
the compressive resistances calculated in accordance with the ASCE standard “Design of
latticed steel transmission structures” (ASCE 1991). The equations used to calculate the
ultimate load carrying capacity are based on the results of a large number of experimental
results obtained from tests on steel transmission towers. As can be observed. the ultimate
load carrying capacities obtained by using ASCE standard fall between the experimental
failure loads obtained for Series A fixed specimens and those that have pi.nned end conditions.
Falling between the two limiting cases of boundary conditions is expected since fixed end
conditions in transmission towers cannot be achieved as nevitable rotations occurs at the ends
of the angle members that are usually connected to flexible members. For very slender angles
the ASCE standard estimation of the failure load is in reasonable agreement with the
experimental results of the hinged case while for very short angles a reasonable agreement is

achieved for the fixed case.

5.3.5 Woolcock and Kitipornchai Procedure (1986)

Woolcock and Kitipornchai (1986) suggested a procedure that uses a uniaxial beam-
column interaction equation for buckling and bending in the plane perpendicular to the
connected leg of an angle in trusses. The out-of-plane bending moments at the ends of the
strut are considered. They suggested the use of a specific eccentricity which was to the centre
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of the connected leg as explained in Chapter II. The following interaction equation was used:

P, (C_,.-é)
+ < 1.0
(b‘- Pn d)b MIL(

(5-1)

Figure 5-3 shows the load carrying capacities calculated using this procedure. In that
figure, the calculated compressive resistances are plotted against the length of the Series A
specimens instead of the slenderness parameter, A. This was done since for the same angle
specimen the slenderness ratio is not the same for the simple-column approach and for the
Woolcock and Kitipornchai method. Woolcock and Kitipornchai procedure is based on the
geometric radius of gyration about the y-axis, r,, while the simple-column approach is based

on the radius of gyration about the minor principal axis. r,.

5.3.6 Series B Specimens

The results were essentially the same for Series B specimens. Figure 5-4 shows the
experimental results compared against those predicted by the simple-column, AISC. and
ASCE design approaches. The same conclusions can be drawn from the comparison of these

results and hence will not be discussed further.

5.4 Evaluation of Current Design Practices

As can be noted from above, the computed ultimate load carrying capacities values
vary greatly according to the approach used. In most cases, the predicted load carrying
capacities also differ significantly from the experimental test results.

The simple-column approach is not correct although it gives a much better estimate
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of the load carrying capacity in some cases. It does not reflect the behavior of this type of
structural members. The single-column approach tends to be unconservative at low
slenderness ratios when compared to all other design approaches. The angle is not
concentrically loaded and the effective length factor is not 1.0. The slenderness ratio should
be modified to reflect the eccentricity of the load and the restraining moment at the ends of
the angle as is done with the ASCE procedure.

The assumption that the angle bends about the minor axis of the angle is another
incorrect assumption as the angle is attached by one leg. At the ends of an angle member
attached to a gusset plate, for example. the bending must take place about an axis parallel to
the welded leg. At the mid-height of the specimen, the bending takes place about an axis that
lies in between the minor z-axis and the axis parallel to the welded leg. The location of that
axis is dependent on the angle length and the restraining moment provided by the gusset plate.
As noted from previous research, the deflection in the x-direction, perpendicular to the
attached leg, have been measured in the laboratory and have been determined to be about 2.5
to 5 times the deflection in the y-direction. The location of the axis of bending of the angle
also varies along the length of the angle member from one that is parallel to the welded leg
to one that gets closer to the minor z axis. The angle is not concentrically loaded. The angle
does not buckle about the minor axis, the z axis, since it is connected by one leg.

Although the AISC beam-column approach seems to reflect, more logically, the
behavior of single-angle compression members connected by one leg since it considers the
eccentricity of the applied load, it greatly underestimates the load carrying capacity of this
type of structural member. It underestimates even the load carrying capacities of the hinged-
ended specimens by about 50% over the entire slenderness parameter range. This occurred
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although the hinged-ended match to a great extent the assumption provided to use the
interaction beam-column equation.

The AISC beam-column interaction equation was developed for a wide flange section,
a doubly symmetric section, where one of the four corners is critical for moments about both
principal axes simultaneously. For singly symmetric and unsymmetric sections, the points of
maximum stress for bending about both the principal axes moments usually do not coincide.
Adluri and Madagula (1992) suggested a modification to the AISC LRFD beam-column
interaction equation to be used with single-angle compression members to reduce this
problem. They recommended the use of 2/3 rather than 8/9 as a modifier to the flexural terms
of the interaction expression as explained in Chapter II. This flexural terms modifier was
evaluated using a resistance factor, ¢, of 0.9 although it should have been evaluated using a
resistance factor of 1.0. Figure 5-5 shows a comparison between the load carrying capacity
obtained using the interaction equation in AISC Manual of Steel Construction (1986, 1994)
and the modification suggested by Adluri and Madagula (1992) applied to the interaction
equations of the 1994 AISC Manual of Steel Construction. The modification suggested by
Adluri and Madagula to the interaction equation resulted in compressive resistances that are
slightly higher (6-14%) than those obtained using the AISC Manual (1994) for the entire
slenderness parameter range. The computed compressive resistances are still significantly
lower than the experimental results.

Woolcock and Kitipornchai’s suggested design procedure assumes a certain value for
the eccentricity to be considered in a uniaxial interaction equation. Obviously, this is incorrect
as the eccentricity of the load is a function of the end restraints. The end restraints, in turn,
depends on the properties of the gusset plate or tee section connected to the angle.
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On the other hand, the load carrying capacities of fixed-ended single-angle members
vary significantly by changing the gusset plate dimensions. Changing the gusset plate
dimensions changes the restraining moments provided by the gusset plates at the ends of the
angle. This changes the apparent location of the load in a way so that it gets closer to the
centroid. That is why the simple-column approach yields results that are much better in many
cases than those predicted using the AISC beam-column approach. The ultimate load
carrying capacity would increase considerably if, for example, the gusset plate thickness or
width is doubled. This would shift the experimental test results curve higher. The difference
between the fixed-ended and hinged-ended specimens test results would be reduced if the
width and/or thickness of the gusset plate of the fixed-ended specimens is decreased.

It can be concluded that none of the current design practices can predict accurately
the ultimate load carrying capacity of single-angle compression members connected by one
leg. There is no published research that relates the gusset plate dimensions to the ultimate
load carrying capacity of single-angle members. Such a study is crucial to define the most
influential design parameters. These parameters would eventually be extensively studied to
determine their effects and to include them in a design procedure. This will be the scope of

the remainder of this research.
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CHAPTER VI

EXPERIMENTAL STUDY AND VERIFICATION OF THE

FINITE ELEMENT MODEL

6.1 General

The experimental program was carried out to study the behavior of single-angle
compression members welded by one leg. The experimental program was designed to study
the effect of gusset plate dimensions, the amount of weld and weld pattern used in connecting
the angle to the gusset plate on the behavior and ultimate load carrying capacity of single-
angle compression members welded by one leg to a gusset plate. The mode of failure, lateral
deflections and cross-sectional rotations at mid-height were observed. The experimental
program was also used to verify the results obtained from the nonlinear finite element model
so that the latter could be used for an extensive parametric study and to develop design curves
and design equation for this type of structural element. In this chapter, the experimental
results obtained from the 51 ultimate strength tests discussed earlier in Chapter III are
presented and discussed. The ultimate load carrying capacities and load-deflection and load-
strain curves obtained from the finite element analysis are presented and compared with those

obtained from experimental test results.
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6.2 Properties

6.2.1 Geometric Properties

Steel angles of nominal dimensions 64 x 64 x 7.9 mm (2Y2 x 22 x 5/16 in.) were used
to build the specimens. The angles were cut to proper lengths from 6.1 m (20 ft.) long pieces.
For the theoretical computations, the geometric properties of the angles were calculated based
on the idealized rectangular cross-sectional elements in which the toe and the fillet radii were
omitted. The formulae given in Section 5.1 were once again used to calculate cross-sectional
properties.

The actual dimensions, measured in the laboratory, varied from the nominal
dimensions by -0.2 to 1.1% for the angle leg widths and by -2.5% to 2.2% for the angle leg
thicknesses. For convenience the nominal dimensions of angles were used for all theoretical
and finite elements calculations. Tables 6-1 to 6-3 show the actual dimensions of the test

specimens along with the number of the 6.1 m (20 ft.) angle piece from which they were cut.

6.2.2 Mechanical Properties

A total of fifteen pieces of angles, 6.1 m (20 ft.) long, were used to fabricate the test
specimens. Fifteen tension tests were carried out to determine the mechanical properties of
each of the angles used in this experimental investigation. The tension specimens were
prepared in accordance with the requirements of CAN/CSA-G40.20-M92, “General
requirements for rolled or welded structural quality steel” (1992). The dimensions of these
tension test specimens are given in Figure 3-11. Young's modulus of elasticity of the angles
was determined by using strain gauges, one on each side of three tension test specimens. The
actual cross section dimensions of the tension specimens were measured before testing and
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were used to calculate the mechanical properties of the angles.

Table 6-4 shows the tension test data obtained for the tension specimens cut from
each of the fifteen angle pieces. As can be seen from Table 6-4, the average Young's modulus
of elasticity was found to be 207 000 MPa and was used in all the theoretical computations.
The yield stress varied from 344.8 to 417.1 MPa. Due to the significant difference in these
values, the actual yield stress for each individual angle was used in the theoretical analysis.
Three tension test specimens were taken from the webs of each of the W530 x 82 (W21 x 55)
and the W530 x 123 (W21 x 83) split to make the tee sections used in the specimens to
represent the end gusset plates. As can be seen from Tables 6-5 and 6-6, the average yield
stress was 413.4 and 386.6 MPa, and the Young's modulus of elasticity was found to be 203
400 and 204 100 MPa for the W530 x 82 (W21 x 55) and the W530 x 123 (W21 x 83),

respectively. These values were used in all the theoretical computations.

6.2.3 Initial out-of-straightness

The initial out-of-straightness of each angle leg was measured as explained earlier in
Chapter III. Tables 6-7 to 6-9 list the measured initial out-of-straightness for the slender.
longer intermediate length, and shorter intermediate length specimens, respectively. The
initial out-of-straightness ranged from L/930 to L/9130 for the slender specimens, L/1000 to
1/4960 for the longer intermediate length specimens, L/1830 to L/4125 for the shorter
intermediate length specimens. For the angles used in the test specimens in the experimental
program, the out-of-straightness, in general, decreased as the length of the angle decreased.
The out-of-straightness of an angle leg was, in most cases, in a direction towards the angle
centroid.
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6.3 Experimental and Theoretical Results of Test Specimens

6.3.1 Ultimate Load Carrying Capacities

Tables 6-10 to 6-14 list the ultimate load carrying capacities obtained from the
experimental program and from the finite element analysis. Although the theoretical failure
loads obtained from the finite element analysis are, in general, higher than the experimental
failure loads, the agreement is quite good. For the slender specimens the difference ranged
from +2.6% to +8.5%, for the longer intermediate length specimens from -1.1 to +6.1%. and
for the shorter intermediate length specimens from -3.8% to +8.7%. It can be concluded that
the finite element analysis can be used to predict, with a reasonable degree of accuracy. the
ultimate load carrying capacity of single-angle compression members welded by one leg to
a gusset plate.

Tables 6-15 to 6-17 make a comparison of the experimental failure loads and the
compressive resistances as predicted by using the two generally accepted design approaches,
the simple-column approach and the beam-column approach. The simple-column approach,
as explained before, assumes that the angle is a concentrically loaded column that buckles
about the minor principal axis of the angle, the z axis. The effective length factor is usually
assumed to be 1.0 and this assumption is used in all calculations. The resistance factor, ,
was taken as 1.0. In the beam-column approach the load was assumed to act at the centre
of the gusset plate and, once again, the resistance factors were taken as 1.0.

For the slender specimens the simple-column approach underestimates the ultimate
load carrying capacity by about 32 to 44%. For the longer intermediate length specimens, the
simple-column approach underestimates the load carrying capacity by about 20 to 30%, but
for the shorter intermediate length specimens the simple-column approach overestimates the
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load carrying capacity by as much as 16%. The beam-column approach predicts a load
carrying capacity that is only about 50%, or less, of the actual experimental load carrying
capacity. This approach is not widely used by design engineers since it provides a very
conservative estimate of the load carrying capacity and since it involves tedious calculations

for a structural member that is considered by most practicing engineers to be a very simple

member.

6.3.2 Failure Modes

All the specimens failed in a similar manner. Increasing the compressive load caused
some yielding to occur at the ends of the gusset plate. This was followed by the development
of a plastic hinge at the ends of the gusset plates as the applied load increased. A typical
plastic hinge after the completion of testing can be seen in Figures 6-1 and 6-2 for specimens
S-D-1 and L-I-3, respectively. The yielding of the gusset plate was followed by some yielding
near the angle ends. Large lateral deflections of the angle at mid-height caused yielding near
the toes of the angle legs which soon propagated toward the heel and then towards the ends
of the angles. However, for slender angles, yielding of the angle was limited to the tips at
mid-height only and occurred due to the large lateral deflections that developed after reaching
the ultimate load carrying capacity. Figure 6-3 shows the deflected shape of Specimen L-D-2
during testing. For the shorter intermediate length specimens, yielding of the angle at mid-
height started before the ultimate load was reached and kept propagating toward the ends of
the angle until the ultimate load was reached. This behavior was observed during the
application of the load by watching the cracking of the whitewash. This failure mechanism
was confirmed by the finite element analysis and by the load-strain curves discussed later in
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this chapter. Figure 6-4 shows the yielding of the connected leg of Specimen S-D-2. Figures
6-S to 6-7 show the deflected shape at ultimate load, predicted using the finite element

method, of Specimens L-A-1, M-A-1, and S-A-1, respectively.

6.3.3 Load-Deflection Curves

Figures 6-8 to 6-10 show the mid-height load-deflection and load-rotation curves
obtained from experimental testing and finite element analysis for specimens L-A-1, M-A-1,
and S-A-1, respectively. These are typical for all the specimens. The same curves are shown
in Appendix A for all the 51 specimens tested in this study. This is a convenient method to
represent and to make a comparison of the experimental and finite element results. As can
be observed, there is a good agreement between the experimental and theoretical results. It
is interesting to mention that the agreement between the theoretical and experimental lateral
deflections is better than that observed between the theoretical and experimental rotations.
It is easier to model the more slender angles than the shorter angles as material nonlinearity
becomes more predominant in shorter columns. Figure 6-10, however, indicates that good
results were obtained for even the shorter specimens. All the load versus deflection and
rotation curves indicate a typical biaxial beam-column behavior where deflections in the x and
y directions and the cross-sectional rotation start increasing from the early stages of loading
and increase excessively as the load is increased. There is no bifurcation of the equilibrium,
that is, no buckling occurs, but failure occurs due to inelastic instability after some yielding
have taken place. The amount of yielding depends on the angle slenderness ratio.

Table 6-18 shows the x to y deflection ratios obtained from experimental testing, refer
to Figure 6-11 for the definition of the x and y directions, for all the test specimens at ultimate
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loads and at working loads, using a load factor of 1.4. Table 6-19 lists the same results
obtained from finite element analysis for the theoretical specimens using an initial out-of-
straightness of L/1000 and a 300 MPa yield stress. As can be observed from the load-
deflection curves and from Tables 6-18 and 6-19, the predominant deflection is the one in the
direction perpendicular to the gusset plate, the x direction. The deflection in the plane of the
gusset plate was relatively small but did increase once the ultimate load was reached. For
slender specimens, the lowest x to y deflection ratio observed at ultimate load was that of
specimen L-F-2 and was 5.1. At a working load, using a factor of 1.4, the lowest x to y
deflection ratio observed was that for specimen L-I-1 and was 6.3. For shorter intermediate
length specimens, the lowest x to y deflection ratio observed was that of specimen S-H-3 and
was 9.7 at ultimate load. At a working load, using a factor of 1.4, the lowest x to y deflection
ratio observed was for specimen S-I-1 and was 8.1. Figure 6-12 shows the location of the
deflected cross-section, as obtained from finite element analysis, at mid-height and quarter
point for Specimens L-A-1, M-A-1, and S-A-1, respectively. It can be seen that the
predominant deflection is the one that is perpendicular to the gusset plate. Figure 6-1 3 makes
a comparison between the finite element analysis and experimental results for the location of
the deflected cross section at mid height for Specimens L-A-1, M-A-1, and S-A-1.
respectively. Good agreement is again observed between the finite element analysis and

experimental testing.

6.3.4 Load-Rotation Curves

Load-rotation curves are plotted for all the test specimens and shown in Appendix A.
As can be observed, there is a good agreement between the experimental and theoretical
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results. The rotation always occurred in the positive direction shown in Figure 6-11.
Rotation of the angle cross-section at mid-height was very small until the ultimate load was
reached. At the ultimate load, the experimentally measured rotations ranged from 2.8° to 5.3°
for slender specimens, 2.8° to 4.0° for the longer intermediate length specimens, and 1.7° to
2.8° for the shorter intermediate length specimens. This small rotation of the cross section
at mid-height can be observed in Figure 6-13 which shows the location of the experimental
and finite element deflected cross-section at ultimate load at mid-height for Specimens L-A-1,

M-A-1, and S-A-1, respectively.

6.3.5 Failure Axis

As can be concluded from the discussion above, all the specimens failed by flexural
buckling about an axis falling between the minor principal axis, the z axis, and the geometric
axis parallel to the gusset plate, the y axis. However, the failure axis is always very close to
the y axis. The failure axis is illustrated in Figure 6-14. The location of the failure axis can
be obtained from Table 6-18 which shows the x to y deflection ratios for all the test specimens
at ultimate loads and at working loads, using a load factor of 1.4. For slender specimens. the
angle « is always less than 11° at working loads and decreases to 7° or less at ultimate loads.
The decrease is due to the increase in the y deflection as the ultimate load is approached. For
shorter intermediate length specimens, this angle is always less than 5°. Figure 6-15 shows
the location of the failure axis, as obtained from the finite element analysis, with respect to
the y-axis along the angle height for Specimens L-A-1, M-A-1, and S-A-1. This failure axis
changes along the specimen height from one that is parallel to the connected leg at a section
adjacent to the weld to one oriented as shown in Figure 6-14 at mid-height.
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Table 6-19 shows the x to y deflection ratios for all test specimens obtained from the
finite element modeling of specimens taking the initial out-of-straightness as L/1000 and the

yield stress as 300 MPa. In general, the angle o is smaller than those observed in the tests.

6.3.6 Load-Strain Curves

In order to get more confidence in the finite element model, one slender specimen,
L-A-3, and one of the shorter intermediate length specimens, S-A-3, were strain gauged as
shown in Figure 3-9 to study the behavior of the gusset plate and the angle cross section at
mid-height. This was also done to confirm the mode of failure observed by watching the
cracking of the whitewash.

Figures 6-16 to 6-18 show the experimental strain measured at the end of the gusset
plate of Specimen L-A-3 by strain gauges 5 to 10 which are located as shown in Figure 3-9.
The strain at the same points as calculated by the finite element method is also shown in the
same figures. There is 2 good agreement between the experimental and finite element results
up to a load of about 75% of the experimental ultimate load. Beyond 75% of the ultimate
load, the experimental strains are much higher than those obtained using the finite element
method. This might be due to residual stresses in the gusset plate which are developed as a
result of the welding and manufacturing process. No attempt was made to measure these
residual stresses or account for them in the finite element analysis. It can be noted from the
results that the gusset plate yielded first before the angle and developed a plastic hinge.
However, the development of a plastic hinge did not take place until a load was reached
which is near the ultimate load for slender specimens.

Figure 6-19 shows a comparison between the experimental and finite element strains
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at points where strain gauges 1 and 4 are located at mid-height of the specimen L-A-3, as
indicated by Figure 3.9. Comparing the finite element and experimental strains it can be
observed that there is the same trend of high strain near the toe of the outstanding leg while
the strain in the welded leg is almost linear. The high strain at the toe of the outstanding leg
is due to the excessive large deflections observed at mid-height near the failure load after the
development of the plastic hinges in the gusset plate. The angle failed due to geometric
instability caused by large deflections at mid-height. This is be expected as the specimen is
a slender specimen with a slenderness ratio, L/r,, of 170.

Figures 6-20 to 6-22 show a comparison of the experimentally measured strains and
those computed by the finite element method at the end of the gusset plate of the shorter
intermediate length Specimen S-A-3 at the location of strain gauges 5 to 10. Good agreement
exists between the experimental and finite element strains until the load reaches about 95%
of the ultimate load except for strain gauge 6 where the experimental strains are about 30%
higher than the finite element results. It can be noted also from the results that the gusset
plate yielded first on the compression side at about 60% of the ultimate load and then on the
tension side at about 80% of the ultimate load. The plastic hinges developed in the gusset
plate of the shorter intermediate length specimens at a lower ratio of load to ultimate load
than with the slender specimens.

Figure 6-23 compares the experimental and finite element strains for strain at locations
of strain gauges 1 and 4 located at mid height of Specimen S-A-3, as indicated by Figure 3-9.
The finite element strain is lower than the experimental strain when the load approaches the
ultimate load. Excessive strains, due to large deflections, are observed near the failure load
after the development of the plastic hinges in the gusset plate. From these curves the yielding
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in the attached leg can be observed at mid-height. The angle failed inelastically due to the
excessive deflections at mid-height.

From Figures 6-16 to 6-23 it can be concluded that a finite element analysis can be
used to predict, with a reasonable degree of accuracy, the strains in the angles and in the
gusset plates. This is true for all slenderness ratios studied in the experimental program. The
good agreement between the experimental and finite element strains makes the finite element
model a good, and economical, tool for studying the behavior of this type of compression
member. Finite element analysis also eliminates the need for the time consuming and costly

installation of strain gauges for further studies of this type of member.

6.4 Effect of Gusset Plate Dimensions

One of the objectives of the experimental program was to get some data to determine
the effect of gusset plate dimensions and weld pattern on the behavior of single-angle
compression members connected by one leg. Three different gusset plate parameters were
investigated: the unconnected length of the gusset plate L,, the gusset plate thickness t,. and
the gusset plate width B,. As these specimens vary in their yield stress and initial out-of-
straightness, a finite element modeling of these specimens was conducted using a yield stress
of 300 MPa and a sinusoidal initial out-of-straightness of L/1000 about the z-axis so that the
effect of the parameter under consideration can be assessed. These specimens will be referred
to as “theoretical specimens.” In the following sections the effect of changing gusset plate

dimensions on the ultimate load carrying capacity and behavior of single-angles are discussed.
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6.4.1 Effect of Gusset Plate Unconnected Length, L

The effect of changing the gusset plate unconnected length can be observed by
comparing the results of Type A and Type B specimens where the unconnected gusset length
is 20 mm and 40 mm, respectively. Tables 6-10 and 6-13 show the ultimate load carrying
capacities of these specimens. Increasing the unconnected gusset plate length from 20 mm
to 40 mm reduced the average experimental ultimate load carrying capacity by about 3.5%
and 3.9% for the slender and the shorter intermediate length specimens, respectively. For the
theoretical specimens, shown in Column 7 of Tables 6-10 and 6-13, the finite element analysis
indicated a reduction of 2.8% and 1.7% in the ultimate load carrying capacity of the slender
and the shorter intermediate length specimens, respectively. This indicates an insignificant
decrease in the ultimate load carrying capacity.

Figures 6-24 to 6-26 show the effect of changing different gusset plate dimensions on
the behavior of the theoretical test specimens. As can be seen from these figures, increasing
the unconnected gusset plate length weakened the end restraint provided by the gusset plate.
This resulted in a small increase in lateral deflections and cross-sectional rotations of the
single-angle. The same observations can be noticed from Figures 6-27 to 6-29 for the shorter
intermediate length specimens.

As increasing this parameter increases the size of the gusset plate and decreases the
angle strength, the 40 mm unconnected length in Type B specimens provided a reasonable
upper limit for studying this parameter. As already observed, doubling the unconnected
gusset length reduced the load carrying capacity by less than 3.3%. Since this reduction is
insignificant, the effect of the unconnected gusset length on the ultimate load carrying can be
neglected as long as it remains within practical limits. The gusset plates of Type A and Type
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B specimens yielded and a plastic hinge developed and was observed.

An unconnected gusset plate length of 20 mm is a reasonable minimum value for this
design parameter as enough room must be provided to allow the weld to be placed at the end
ofangle. The 20 mm dimension also satisfies the seismic design recommendation of Astaneh-
Asl et al. (1986). In that research it was recommended that an unconnected gusset plate
length of at least two times the gusset thickness should be provided to ensure the free
formation of plastic hinges and to improve the ductility of gusset plates used with double-

angle bracing members.

6.4.2 Effect of Gusset Plate Thickness, t;

The effect of increasing the gusset plate thickness was studied using Type A and Type
F test specimens. Type F specimens had the same dimensions as Type A specimens except
for the gusset plate thickness which was taken as 12.7 mm instead of 10.2 mm. Tables 6-10,
6-12. and 6-13 show the ultimate load carrying capacities for Type A and Type F specimens.
For slender specimens, increasing the gusset plate thickness from 10.2 mm to 12.7 mm
increased the averaged experimental failure loads by about 16%. The finite element analysis
of the theoretical specimens indicated an increase of about 12.7%. For the longer and shorter
intermediate length specimens, the increase in the experimental failure load was 8.5% and
6.6%, respectively. The increase in the ultimate load of the theoretical specimens was 9.9%
and 7.4% for the longer and shorter intermediate length specimens, respectively. Increasing
the gusset plate thickness increased the gusset plate stiffness and hence the restraining
moment provided by the gusset plate at the ends of the angle. The increase in the ultimate
load carrying capacity becomes greater as the angle slenderness parameter increases. This
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increase is of a significant value, especially if a wider range of gusset plate thicknesses is
considered, and should be an explicit term in any design equation for this type of compression
members. This conclusion is confirmed by the results of a parametric study presented and
discussed in the following chapter. From experimental observation and finite element results
it was noticed that the gusset plate yielded first and a plastic hinge developed in Type F
specimens as well as in Type A specimens.

Figures 6-24 to 6-32 show the effect of changing the gusset plate thickness on the
behavior of the theoretical test specimens. As can be seen from Figures 6-24 to 6-26. for
slender specimens. increasing the gusset plate thickness increased the end restraint provided
by the gusset plate. This decreased all lateral deflections and cross-sectional rotations of the
single-angle member. The same observations can be noticed from Figures 6-27 to 6-32 for

the shorter and longer intermediate length specimens.

6.4.3 Effect of Gusset Plate Width, B

The effect of increasing the gusset plate width was studied using Type A and Type J
test specimens. Type J specimens were similar to Type A specimens except for the gusset
width which was take as 225 mm instead of 150 mm. Tables 6-10, 6-12, and 6-13 show the
ultimate load carrying capacities for Type A and Type J specimens. For slender specimens,
increasing the gusset plate width from 150 mm to 225 mm increased the experimental failure
loads by about 12.9%. The finite element analysis of theoretical specimens indicated an
increase of about 7.4%. For the longer and shorter intermediate length specimens, the
increase in the experimental averaged ultimate load was found to be 5.5% and 9.9%,
respectively. The increase in the ultimate load carrying capacity for the theoretical specimens
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was 4.5% and 7.9% for the longer and shorter intermediate length specimens. respectively.
This increase is significant, especially if a wider range of gusset plate widths is considered,
and hence should be considered in any design equation for this type of compression members.
From experimental observation and finite element results it was noticed that the gusset plate
yielded first and a plastic hinge developed in Type J specimens as well as in Type A
specimens. The yielding of Type J specimens was more localized toward the angle than
toward the gusset plate ends.

Figures 6-24 to 6-32 show the effect of changing gusset plate width on the behavior
of the theoretical test specimens. As can be seen from Figures 6-24 to 6-26. increasing the
gusset plate width increased the end restraint provided by the gusset plate. Asa result, all
lateral deflections and cross-sectional rotations of the single-angle decreased. The same
observations can be noticed from Figures 6-27 to 6-32 for the shorter and longer intermediate

length specimens.

6.5 Effect of Weld Length, L,

The effect of increasing the weld was studied using Type A and Type D test
specimens. Type D specimens were exactly the same as Type A specimens except that the
weld length was designed to attach an axially loaded angle with an assumed effective length
factor of 0.8 instead of 1.0. Tables 6-10 and 6-13 show the ultimate load carrying capacities
for Type A and Type D specimens. As can be seen from Columns 4 and 7 in these tables. the
increase in the ultimate load carrying capacity was insignificant and may be neglected. For

slender specimens, increasing the total weld length from 70 to 104 mm increased the
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experimental failure loads by about 1.6%. The finite element analysis indicated an increase
of about 0.6% in the theoretical specimens. For the shorter intermediate length specimens.
the increase in the experimental failure loads and ultimate loads obtained from the finite
element analysis for the theoretical specimens was in the order of was -0.1% and 2.5%.
respectively. The change in the ultimate load carrying capacity due to increasing the weld
length is insignificant and can be neglected in any further parametric study. The failure
mechanism occurred as in all specimens by developing a plastic hinge in the gusset plates
followed by excessive deformation at mid-height and the development of yielding in short
specimens which. with increasing the load. propagated toward the angle ends. The increase
if the weld length reinforced the angle slightly by strengthening the angle cross-section in a
zone that is not critical in the failure mechanism.

For the slender specimens. no effect of the weld length was observed on the lateral
deflections and cross-sectional rotations at mid-height as shown in Figures 6-33 to 6-35. For
the shorter intermediate length specimens. referring to Figures 6-36 to 6-38. no effect on the
angle deflections and rotations was noticed until a load of about 65% of the ultimate load was
reached. The cross-sectional deflection and rotation was slightly decreased when the weld
length increased.

As for the gusset plate unconnected length. increasing the weld length increases the
size of the gusset plate. This increase in the weld length is accompanied by a veryv slight
increase in the ultimate load carrying capacity which makes the connection more expensive.
Therefore. the minimum weld required to sustain the ultimate load carrying capacity of the

angle should be used.
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6.6 Effect of Weld Pattern Used in the Connection

The effect of changing the weld pattern was studied using Type F, Type H, and Type
I test specimens. Type F specimens had weld that was balanced about the centre of the
connected leg, referred to as “equal weld”. Type I specimens were exactly the same as Type
A specimens except that the weld was arranged such that it was balanced about the projection
of the centroid on the connected leg, refer to Figures 3-3 and 3-4. Type H specimens were
identical to Type I specimens except for the weld pattern which was unbalanced about the
projection of the centroid on the connected leg. Tables 6-11 and 6-14 show the ultimate load
carrying capacities for Type F, Type [, and Type H specimens. As can be seen from Columns
4 and 7 in these tables, the increase in the ultimate load carrying capacity was insignificant and
may be neglected. For slender specimens, using balanced welds in the connection increased
the experimental failure loads by about 2.7% when compared with using equal welds. Using
unbalanced welds instead of equal welds increased the experimental failure loads by about
1.1% . The finite element analysis of the theoretical indicated an increase of about 1.9% and
2.4%, respectively. For the shorter intermediate length specimens, using balanced welds in
the connection instead of equal welds resulted in an increase in the experimental failure loads
and ultimate loads obtained from the finite element analysis for the theoretical specimens in
the order of 4.0% and 1.8%, respectively. The increase was 2.5% and 1.8% when unbalanced
welds were used instead of equal welds. The change in the ultimate load carrying capacity
due to using balanced or unbalanced welds is insignificant and can be neglected in any further
parametric study. Using different weld patterns did not affect the failure mechanism.

Changing the weld pattern affects the load eccentricity in the plane of the guss:
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takes place in the plane perpendicular to the gusset plate, any eccentricity in the plane of the
gusset plate has an insignificant effect on the ultimate load carrying capacity.

Figures 6-39 to 6-44 show the effect of using different weld patterns on the lateral
deflections and cross-sectional rotations at mid-height for the slender and shorter intermediate
length specimens. For slender specimens, no effect of the weld pattern was observed on the
lateral deflections and cross-sectional rotations at mid-height as shown in Figures 6-39 to
6-41. For the shorter intermediate length specimens. referring to Figures 6-42 to 6-44. no
effect on the angle deflection in the x direction and rotations was noticed. The weld pattern
affected only the lateral deflection in the y direction at the beginning of loading.

As the weld pattern does not have a significant effect on the ultimate load carrying
capacity or behavior of single-angle compression members connected by one leg. the weld
should be arranged in a way that makes the gusset plate area as small as possible to reduce

the cost of such structural element.
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CHAPTER VII

PARAMETRIC STUDY AND DESIGN EQUATION

7.1 General

It was shown in Chapters V and VI that the ultimate load carrying capacity of a single-
angle compression member welded to a gusset plate by one leg is, in general, considerably
higher than that predicted by using the two generally accepted design approaches, the simple-
column and the beam-column approaches. Both approaches neglect several important design
parameters of the members being considered. The most important of these parameters are
the dimensions of the gusset plate. The dimensions of the gusset plate affect the end restraint
provided at the ends of the angle.

It was shown in Chapters V and VI that the finite element method gives results that
agreed reasonably well with the experimental results. This good agreement was a green light
to conduct a parametric study using that method. In this chapter, the results of a detailed
parametric study that involved more than 1800 models of single-angle compression members
attached by one leg to gusset plates is presented and discussed. The parametric study
involved a study of the effect of initial out-of-straightness, residual stresses, Young’s modulus
of elasticity, and the width, thickness and unconnected length of the gusset plate. A study of
the effect of varying these parameters is required to get a better understanding of the behavior

of these members so that a design equation can be developed for this type of structural
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element.

For the parametric study a 64 x 64 x 7.9 mm (2% x 22 x 5/16 in.) angle was used in
all cases. A gusset plate with a width of twice the angle leg width and a thickness of 0.2 times
the angle leg width was used when studying the effect of varying the initial out-of-
straightness, residual stresses, Young’s modulus of elasticity, and the unconnected length of
the gusset plate. The thickness of the gusset plate was expressed as a function of the angle
width because of the significant effect that property has on the bending stiffness of the angle.
The thickness of the 64 x 64 mm (2%2 x 2'2 in.) angle was varied from 3.2 mm (0.125 in.) to
12.7 mm (0.5 in.) to produce a large database of angles with different design parameters so
that a design equation that covers all width-to-thickness ratios. b/t, of angles listed in the
CISC Handbook (1995) could be developed. The yield stress of the angle and the gusset
plate was taken as 300 MPa in all cases. The projection of the centroid of the angle on the
gusset plate was aligned with the centroid of the gusset plate. The parametric study will be

discussed in detail in the following sections.

7.2 Slenderness ratio

The slenderness ratio is the most important parameter in predicting the strength of a
single-angle compression member. The simple-column and AISC beam-column approaches
use the radius of gyration about the minor principal axis to calculate the ultimate load carrying
capacity. In some other cases. Woolcock and Kitipornchai (1986) for example, the load
carrying capacity was calculated using the radius of gyration about one of the geometric axes.
the one that is parallel to the connected leg. It should be pointed out that the use of this

slenderness ratio requires some explanation since it does not conform to the normal concept
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of a slenderness ratio. The slenderness ratio is calculated using the radius of gyration about
an axis of bending which is the same axis at all cross sections in the compression member.
This is not true for angles attached by one leg to a gusset plate. The axis of bending in the
angle adjacent to the welds must be about an axis parallel to the gusset plate. Considering
that the axis of bending is determined from the deflections in the x and y directions at other
cross sections away from the connection, it was explained in the previous chapter that the
failure axis rotates until at mid-height it would be something like the axis shown in Figure 6-
14. As cross sections that range from a section adjacent to the connection to one at mid-
height of the compression member are considered, the failure axis rotates towards, but never
coincides with, the z axis. The location of the failure axis at mid-height depends on the
restraint provided to the angle by the element to which the angle is attached and on the angle
length. The gusset plate in this study provides a lot of restraint to the angle and therefore the
failure axis is close to the y axis. Thus it is not possible to calculate a slenderness ratio for
a single-angle attached by one leg to a gusset plate in the traditional sense. With the gusset
plates providing enough end restraint to the angle to buckle about an axis close to the y-axis,
it is suggested that the slenderness ratio be calculated about the geometric axis parallel to the
gusset plate, the y axis.

As for all structural columns, the slenderness ratio is a very significant factor in
determining the ultimate load carrying capacity. Figure 7-1 shows the failure load versus
slenderness ratio for an equal-leg angle with a leg width of 64 mm (2%2 in.). The angle
thickness was varied to plot the curves for different width-to-thickness ratios. Decreasing the
slenderness ratio, L/r,, from 300 to 50 increases the load carrying capacity by 277, 258, and
230% for angles with width-to-thickness ratios of 5, 12, and 20, respectively.
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7.3 Parametric Study on Angle Properties

The objective of this section is to study the influence of different parameters related
to the strength of equal-leg single-angle compression member to determine whether or not

their effect on the ultimate load carrying capacity should be considered in a design procedure.

7.3.1 Effect of the Initial Out-of-Straightness

The effect of an initial out-of-straightness on the ultimate load carrying capacity was
studied and the results are shown in 7-2. The initial out-of-straightness, sinusoidal in shape.
was taken in a direction perpendicular to the minor principal axis, the z axis. Four different
slenderness ratios, L/r,, ranging from 80 to 300, were used in the study. A maximum
slenderness ratio of 300 was used although Clause 10.2.1 of CAN/CSA-S16.1-94, “Limit
states design of steel structures™ (CSA 1994), limits the slenderness ratio of a compression
member to 200. As explained above, it is a common practice to calculate the slenderness
ratio based on r,, the radius of gyration about the minor principal axis. For angles welded to
gusset plates by one leg, as has been shown in Chapter VI, the predominant deflection is in
the x direction, a direction perpendicular to the connected leg. Thus it might be argued that
a slenderness ratio based on r,. the radius of gyration about the geometric axis parallel to the
gusset plate, should be used for this type of angle members. For equal-leg angles the ratio
ofr,tor,is 1.5. Thus if L/r, is 300, L/r, would be 200, the maximum allowed by S16.1

As can be seen from Figure 7-2, changing the initial out-of-straightness from L/4000
to L/250 decreases the load carrying capacity by about 13%, 12%, 11%, and 8% for L/, of
300, 200, 140, and 80, respectively. The reduction in the ultimate load carrying capacity
varies almost linearly with the magnitude of out-of-straightness. The effect of initial out-of-
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straightness becomes more significant as the slenderness ratio of the angle increases. Initial
out-of-straightness of L/4000 to L/1000 covers most of the initial out-of-straightness
measured in the experimental study. As can be shown from Figure 7-2, changing the initial
out-of-straightness from L/4000 to L/1000 affects the load carrying capacity by only 3% for
the slendemess ratios, L/r,, ranging from 80 to 300. This small reduction in the ultimate load
carrying capacity is negligible when compared to the effect of changing other parameters.
The initial out-of-straightness was taken as L/1000 in the rest of this parametric study and its
effect on the ultimate load carrying capacity was not explicitly included in the proposed
design equation. However, it must be emphasized that the load reduction that occurs due to
an initial out-of-straightness of L/1000 is included in the equation but because of the small
effect of changing the out-of-straightness the design equation does not include the out-of-

straightness as a specific term.

7.3.2 Effect of Residual Stresses

The exact distribution of residual stresses depends on many factors such as the
straightening and cooling processes, etc. In this study, the standard ECCS (1985) residual
stress distribution shown in Fig. 4.16 was adopted to study the effect of residual stresses. As
noted before from previous research, the effect of residual stresses was found to be negligible
for the type of structural member studied in that research. Elgaaly et al. (1992) reported on
the behavior and load carrying capacity of single angles connected by one leg to truss chords
which were tee sections. In order to determine the effect these residual stresses had on the
ultimate load carrying capacity, Elgaaly et al. carried out a sensitivity analysis in which the
maximum value of the residual stresses was varied from 0 to 0.3F,. It was concluded that the
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effect of the residual stresses on the ultimate load carrying capacity was 5% or less. Usami
and Galambos (1971) also concluded that the effect of residual stresses on the ultimate load
carrying capacity was insignificant and negligible since the effect was 4% or less.

Since the gusset plates in this study provided more end restraint than did the end
connection in previous research, it was believed to be advisable to check the effect of residual
stresses on the compression members being considered in this research. The finite element
results indicated that the effect of residual stresses for the angles under consideration was
found to be 3% or less for slenderness ratios, L/r,, ranging from 80 to 300. Thus, the effect

of residual stresses was neglected throughout the rest of this study.

7.3.3 Effect of Young's Modulus of Elasticity

The effect of varying Young's modulus of elasticity for both the angle and the gusset
plate on the ultimate load carrying capacity is shown in Figure 7-3 for four slenderness ratios.
In this figure the modulus of elasticity has been varied over a range that is greater than what
would be expected from results of tension tests. This was done so that the effect of changing
the modulus of elasticity would be more apparent. Figure 7-3 shows that the ultimate load
carrying capacity increases almost linearly as Young's modulus of elasticity increased. As
Young's modulus of elasticity decreases, the lateral deflection increases since both the
rotational restraint provided by the gusset plates and the angle stiffness decrease. Since
slender columns are more sensitive to changes in end conditions, the effect of changing
Young's modulus of elasticity is a little greater for slender angles than for shorter ones.
Changing Young's modulus of elasticity from 180 000 to 220 000 MPa increased the ultimate
load carrying capacity by 13%, 10%. 8%, and 3% for slenderness ratios, L/r,, of 300, 200,
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140, and 80, respectively. As the practical variation in Young's modulus of elasticity for steel
is limited to a range of about 195 000 to 205 000 MPa its effect on the ultimate load carrying
capacity can be neglected. The modulus of elasticity was taken as 200 000 MPa in the rest

of the study.

7.4 Parametric Study on Gusset Plate Properties

Three gusset plate parameters were investigated; the unconnected length of the gusset
plate, and the thickness and width of the gusset plate. Since it is not practical to get sufficient
data from an experimental program, the finite element method was used to extend the

experimental results and this proved to be successful.

7.4.1_Effect of Unconnected Gusset Plate Length, L

The effect of the unconnected gusset plate length on the ultimate load carrying
capacity was studied on an 64 x 64 x 7.9 mm angle (2%2 x 22 x 5/16 in.) connected to a
gusset plate with a width of twice the angle leg width and a thickness of 0.2 times the angle
leg width. The unconnected length of the gusset plate has been defined as the distance from
the end of the angle to the section at which a plastic hinge forms. In the experimental
specimens, this section is the beginning of the fillet at the end of the stem of the tee section.
Figure 7-4 shows that increasing the gusset plate unconnected length decreases the ultimate
load carrying capacity since it reduces the amount of end restraint provided by the gusset
plate to the angle. Changing the gusset plate unconnected length from 10 to 80 mm (i.e. from
0.8t,t0 6.3 t,, where t, is the gusset plate thickness) decreased the load carrying capacity by
about 11, 8, 7, and 7% for L/r, of 300, 200, 140, and 80, respectively. The reduction in the
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ultimate load carrying capacity varied almost linearly with the increase in the magnitude of
the unconnected gusset plate length. Although this reduction seems significant, the practical
minimum unconnected gusset length should not be less than twice the gusset plate thickness.
This minimum distance was suggested by Astaneh et al. (1986) to ensure that a plastic hinge
can develop in the gusset plate to satisfy seismic design requirements. The unconnected
gusset length should also provide enough room for the welder to place the weld at the end
of the angle. This would be in the order of 20 mm. In other words, the practical range of this
parameter is usually two to three times the gusset plate thickness. It can be shown that going
from two to three times the gusset plate thickness reduces the load carrying capacity by about
4% for all slenderness ratios. This is a small reduction in the ultimate load carrying capacity
and therefore can be neglected. The unconnected gusset plate length was taken as three times
the gusset plate thickness in the rest of this parametric study and its effect on the ultimate load
carrying capacity was not explicitly included in the proposed design equation as a specific

term.

7.4.2 Effect of Gusset Plate Thickness, t;

The gusset plate thickness is the most important factor when determining the load
carrying capacity of single-angle compression members connected by one leg to gusset plates.
Figures 7-5 to 7-8 show the effect of changing the gusset plate thickness on the ultimate load
carrying capacity for different slenderness ratios and gusset plate widths. Gusset plate widths
of 1.5, 2, 2.5, 3, and 4 times the angle leg width were considered. The gusset plate thickness
was varied from 0.1 to 0.45 times the angle width. The latter is an extreme value that might
not be practical for a real structure, but it was used to obtain a clear understanding of the
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behavior of these members. For an angle with a slenderness ratio, L/r, of 300, changing the
gusset thickness from 0.1 to 0.45 times the angle width increases the load carrying capacity
by 95% when the width of the gusset plate, B,, is twice the angle width. The increase is 99%,
103%, and 64% for the slenderness ratios of 200, 140 and 80, respectively. When the gusset
plate width is four times the angle width, changing the gusset plate thickness from 0.1 to 0.45
times the angle leg width increases the load carrying capacity by 86%, 90%, 99%, and 66%
for slenderness ratios, L/r,, of 300, 200, 140, and 80, respectively. Figures 7-7 and 7-8 show
that increasing the gusset plate thickness increases the ultimate load carrying capacity
significantly until a certain point. At that point, any further increase in the gusset plate
thickness results only in a slight increase in the ultimate load carrying capacity and the curve
becomes flatter. This indicates that the angle is near a fixed-ended condition. The point at
which any further increase in the gusset plate thickness does not produce a significant increase
in the ultimate load carrying capacity is also dependent on the gusset plate width, angle
length, and the angle leg to thickness ratio. The point after which any increase in the gusset
plate thickness produces less significant increase in the ultimate load carrying capacity can be
clearly seen in Figures 7-5 when the gusset plate width to angle leg width ratio, B/b, is 3.0
or higher and in Figure 7-6 when the gusset plate width to angle leg width ratio, B/b, is 2.5
or higher. For angles with slenderness ratio of 200 and 300, shown in Figures 7-7 and 7-8,
the two regions can be clearly seen for all gusset plate widths.

It must be noted that during the preparation of the design curves, discussed later in
this chapter, for very short angles of slenderness ratio L/r, of 50 and width-to-ratio of 5, that
when the gusset plate is too thin the excessive deformations in the gusset plate resulted in
failure due to local buckling of the gusset plate prior to the failure of the angle. This
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observation was noticed only for the range below the slenderness ratios and width-to-
thickness ratios mentioned. Based on the parametric study, the following minimum gusset
plate thickness is proposed to prevent failure due to local buckling in the gusset plate and to

assure that failure occurs due to excessive deflection at mid-height in the angle:

t, BL,
; > 0.1 Cl CZ (—b— = l) (7'13)
where
80-L/r.
A
8 - bt (7-16)
G, = ( ;) 20

C, and C, must be greater than zero otherwise their value is set to zero. It can be concluded
from the design curves given in Appendix B, for angles with width-to-thickness ratio. b/t, of
8 and higher, no failure due to local buckling is observed. No failure due to local buckling
is also observed for angles with width-to-thickness ratio, b/t, of 5 when the slenderness ratio.
L/r,, is 80 or higher. This fact is considered and included in the two constants C, and C, of
Equation 7-1a. As can be seen from equation 7-1b, it can only be greater than zero if the
slenderness ratio, L/r,, is less than 80 and the width-to-thickness ratio of the angle, brt, is less
than 8. For example, for an angle with a slenderness ratio, L/r,, of 50 and a width-to-
thickness ratio, b/t, of 5, both C, and C, are equal to 1.0. If the gusset plate width to angle
leg thickness ratio, By/b, is equal to 2.0 then t, should be greater than 0.1 times the angle leg
width in order to prevent failure due to local buckling in the gusset plate. If the slenderness
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ratio is 80 or higher, C, will always be zero. That means that t/b must be greater than zero
in order to prevent failure due to local buckling of the gusset plate. As any gusset plate must
have a thickness, which in turn will be greater than zero, failure due to local buckling of the

gusset plate prior to the failure of the angle member will not occur.

7.4.3 Effect of Gusset Plate Width, Bg

The gusset plate width is the second most influential factor that affects the load
carrying capacity. This is confirmed by the experimental study. Figures 7-9 to 7-12 show the
effect of changing the gusset plate width on the ultimate load carrying capacity for four
different slenderness ratios. The gusset plate width was varied from 1.5 to 4 times the angle
width. For an angle with slenderness ratio, L/r,, of 300, changing the gusset width from 1.5
to 4 times the angle width increases the load carrying capacity by 13% for a gusset plate
thickness. t,. of 0.1 times the angle width. The increase is 15%, 18%, and 16% for the
slenderness ratios of 200. 140 and 80, respectively. When the gusset plate thickness is 0.2
times the angle leg width. changing the gusset plate width from 1.5 to 4 times the angle leg
width increases the load carrying capacity by 22%. 26%, 34%, and 24% for slenderness
ratios, L/r,. of 300, 200, 140, and 80, respectively. As can be noted from Figures 7-9 to 7-
12, increasing the gusset plate width beyond a certain value has less effect on the ultimate
load carrying capacity. This is evident in Figure 7-11 and 7-12. As can be noted from the
curves, the maximum gusset width that should be considered in a design equation is 4 times
the angle leg width. The effect of gusset plate width is also dependent on the gusset plate
thickness as these two gusset plate properties have a significant effect on the development of
the plastic hinge in the gusset plate.

81



7.5 Empirical equation for the ultimate load carrying capacity

A huge database of ultimate load carrying capacities as a function of different design
parameters was obtained from the extensive parametric study carried out through this
research. The database included about 1800 combination of properties. The results of this
parametric study are converted to the design curves shown in Appendix B. From the
parametric study it was obvious that the ultimate load carrying capacity of equal-leg single-
angle compression members attached by one leg to a gusset plate is governed by the following
parameters: (i) slenderness ratio with respect to the axis parallel to the connected leg, (ii) the
gusset plate thickness, (iii) the gusset plate width, and (iv) the angle leg width-to-thickness
ratio. By knowing the value of these four parameters the ultimate load carrying capacity can
be obtained by interpolation from the proper design curves given in Appendix B.

With the rapid development of computers, design engineers prefer dealing with design
equations over design curves as they can be easily coded in a computer program to calculate
the ultimate load carrying capacity or develop design curves. Therefore, an empirical
equation was developed using statistical methods to obtain the best fit for the data obtained
from the parametric study. The slenderness ratio is considered with respect to the y axis. the
axis parallel to the gusset plate. This empirical equation is applicable for the following range
of parameters: (i) slenderness ratios, L/r,, of 50 to 200, (ii) ratios of gusset plate width to
angle leg width, B,/b, of 1.5 to 4, (iii) ratios of gusset plate thickness to angle leg width, t/b,
of 0.1 to 0.25, and (iv) angle leg width-to-thickness ratio, b/t, of 5 to 20.

The ultimate load carrying capacity of single-angle compression members connected
by one leg to a gusset plate that satisfy the conditions mentioned above can be predicted using

the following empirical equation:
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C,=K,A,F, 7-2)

where A, is the area of the angle member, F, is the specified yield stress of the angle. and K,

is a non-dimensional constant where

— -3
- Kul KaZ Kal = 10

Ku
K, =a +a (=5) + a, (f)l

(7-3)

1}

t, t,
K, =b +b, (;‘) + b, (;‘)‘

K

7%}

c, *+ G (A) + ¢ (i)2 « 1073
r r

v v

1

the dimensionless constants a,, a,, a,, b;, b,, bs, ¢|. ., and c,, in Equation 7-2, are listed as
a function of the angle leg-to-thickness ratio in Table 7-1; L is the length of the angle; b is the
angle leg width; r, is the radius of gyration of the angle cross-section about the axis parallel
to the connected leg; and t, and B, are the thickness and width of the gusset plate,
respectively. If the yield stress of the gusset plate is higher than that of the angle the design
equation would give a conservative result.

It must be noted that when designing an equal-leg single angle with a width-to-
thickness ratio, b/t, that is not listed in Table 7-1, the equation constants cannot be
interpolated from the values listed in the table. The ultimate load carrying capacity must be
calculated twice for the two width-to-thickness ratio values and then, by interpolation, K can
be obtained for the proper width-to-thickness ratio.

Although this equation seems to be cumbersome, it can be easily programmed and
even for hand calculations it is much shorter and easier to use than the beam-column
approach. Table 7-2 shows some statistics about the errors that results from using the

83



proposed equation compared with the finite element results, the design curves of Appendix
B. It can be noticed from the table that for an angle with a width-to-thickness ratio varying
from 5 to 20 that 72~80% of the results predicted by this equation are within 5% of the finite
element results. More than 91% of all the predictions of the ultimate load carrying capacity
are within an error margin of 8%, and 95% of the results are within an error margin of 10%.

In order to assess the validity of the proposed design equation in predicting the
ultimate load carrying capacity, it was imperative to compare it with experimental test results
reported previously. Figure 7-13 makes a comparison between the experimental test results
(Series A) reported by Trahair et al. (1969) and the ultimate load carrying capacities as
predicted by the proposed design equation. As shown in that figure, the proposed design
equation provides a much better estimate of the ultimate load carrying capacity than other
current design practices discussed in detail in Chapter V. For a slenderness ratio, L/r,, of 84,
the experimental failure load is 108.5 kIN. The ultimate load carrying capacity as predicted
by the simple-column approach is 60.8 kN while the AISC LRFD beam-column approach
(1994) predicts a value of 29.5 kN. The proposed design equation gives a much better

estimate, 104.0 kN, of the ultimate load carrying capacity.

7.6 Gusset Plates of Irreqular Shape

The majority of gusset plates are not rectangular in shape as assumed in developing
the proposed design equation but the proposed design equation is applicable to commonly
used gusset plates. To convert a gusset plate of irregular shape to an equivalent rectangular
one, similar to that used in developing the design curves, the gusset plate width, B,. should

be measured at the location where a plastic hinge can develop. Figure 7-14 shows an angle
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bracing member welded to a gusset plate of a practical shape. It is evident that a plastic hinge
can develop in the region bounded by lines I-I and II-Il. A finite element analysis was
conducted twice for the bracing member shown in Figure 7-14, once for the actual gusset
plate shape and for an equivalent rectangular gusset plate with a width, B,, of 194 mm. This
width was measured at line II-II where a plastic hinge can develop.

Table 7-3 compares the results obtained from the finite element analysis and the
empirical equation for three different lengths of angle. The difference in compressive
resistances of the angles for these three cases is small. It is noted that the finite element and
empirical equation results are in good agreement irrespective of the shape of the gusset plate.

Figure 7-15 shows the variation of the ultimate load carrying capacity with the
unconnected gusset plate length, the distance measured from line I-I to II-II in Figure 7-14.
For all different slenderness ratios, the gusset plate is capable of developing a plastic hinge
as long as the unconnected gusset plate length is greater than the gusset plate thickness. This
observation is in a good agreement with that reported by Astaneh et al. (1986). Astaneh et
al. recommended an unconnected gusset plate length of twice the gusset plate thickness be
used to provide sufficient distance for the plastic hinge to form. For the case of L/r, = 80, the
end restraint has less effect on the load carrying capacity than for slender columns. A sudden
change in the slope of the curve is evident in Figure 7-15 when the unconnected gusset plate
length increased from zero to 1.0 times the gusset plate thickness, which is 9.5 mm. This is
the zone behind which a plastic hinge is difficult to form. If the angle is extended beyond line
I-1, a negative unconnected gusset plate length, the gusset plate does not yield across the
entire width of the gusset plate. As mentioned in Section 7.4.1, the proposed design equation
is developed for the case where the unconnected gusset plate length is three times the gusset
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plate thickness. This satisfies the seismic design requirements. This is also a lower bound for
the ultimate load carrying capacity. Figures 7-16 and 7-17 show the stress distribution in the
gusset plate for the angle with a slenderness ratio, L/r,, of 109 at ultimate load for the tension
side and the compression side, respectively. It can be seen that the gusset plate yielded in
both tension and compression across the entire width on both sides of the gusset plate
between lines I-I and II-II shown in Figure 7-14. Figure 7-18 and 7-19 show the stress
distribution in the angle connected leg and outstanding leg, respectively. It can be shown
from these figures that the angle almost yielded at mid-height in both tension and

compression.

7.7 Design Examples

7.7.1 lllustrative Example |

In this example the application of the recommended design equation to a gusset plates
of an irregular practical shape is demonstrated. Consider the 64 x 64 x 7.9 mm (2Y2 x 2V x
5/16 in.) angle bracing member shown in Figure 7-14. The thickness of the gusset plate is 9.5
mm (3/8 in.).

Consider the length of the angle to be 3725 mm. Thus (i) b/t = 63.5/7.9 = 8.0,
(i) By/b = 194/63.5 = 3.06, (iii) t/b = 9.5/63.5 = 0.15, and (iv) L/r, = 3725/19.3 = 193.0.
Then, K, =4.89 +2.23 x3.06 - 0.27 x 3.06°=9.19

K.=244+50.0x0.15+ 103 x 0.15* = 34.22

K;=2.45-0.0176 x 193.0 + 3.84 x 193.0° x 10° = 0.484

K,=9.19x34.22x0.484 x 10°=0.152
This results in a C,=0.152 x 945 x 300 x 10> = 43.2 kN
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A finite element model was developed to obtain a solution for this example, as
mentioned in Section 7.6, and it resulted in a failure load of 40.9 kN. The value obtained

from using an idealized equivalent rectangular shape is 43.2 kN.

7.7.2 lllustrative Example Il

This example illustrates the interpolation process required when the angle width-to-
thickness ratio, b/t, is not listed in Table 7-1. Consider an angle 64 x 64 x 6.4 mm (22 x 2'2
X Y in.) and 2100 mm in length. The angle is connected to a gusset plate that is 12.7 mm
(0.5 in.) thick and of 190 mm (7.5 in.) width. To determine the ultimate load carrying
capacity of this angle, the four design parameters should be calculated as follows: (i) b/t =
63.5/6.35 = 10, (ii) Byb = 190/63.5 = 3, (iii) t,/b = 12.7/63.5=0.2, and (iv) L/r, = 2100/19.53
=107.5. As b/t=10 which is not listed in Table 7-1, K, will be determined first for b/t = 8 and
then for b/t =12. The constant K, will then be determined for b/t=10 by linear interpolation.
For b/t=8, K, =4.89+223x3.0-0.27x3.0°=9.15

K,.=24.4+50.0x0.2 + 103 x 0.2° = 38.52

K

a.

.=2.45-0.0176 x 107.5 + 3.84 x 107.5° x 10° = 1.00

K,=9.15x38.52x 1.00 x 107 =0.353

Forbi=12, K, =6.64+291x3.0-0.37x3.0°=12.04
K,=20.0+87.0x0.2+21.7x0.2° = 38.27
K., = 2.06 - 0.0146 x 107.5 + 3.06 x 107.5* x 10”° = 0.84
K, = 12.04 x 38.27 x 0.84 x 10~ =0.387

By interpolation K ;=0.370 for b/t = 10.
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Thus C,=0.37 x 766 x 300 x 10° =85.0 kN. This compressive resistance is about 3.6% less
than the value obtained from the finite element solution which is 88.2 kN.

It must be noted that, as mentioned in section 7.5, K, cannot be interpolated from
Table 7-1 to get the constants for a b/t ratio not listed in the Table. It is obviously a simple
matter to program this empirical equation for a computer solution to obtain a solution for any

of the parameters considered in this research.
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CHAPTER VIll

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

In this research the behavior and load carrying capacity of single-angle compression
members attached by one leg to a gusset plate was studied. Several design approaches were
investigated and compared with experimental results from this study and from previous
research. The finite element analysis was also used to predict the behavior and ultimate load
carrving capacity of the experimental specimens. The finite element analysis was further used
to conduct a parametric study on this type of structural member. A database of 1800 cases
of angles with different design parameters was generated using the finite element method and
used to develop design curves and an empirical design equation for this type of structural
member. The following conclusions can be drawn from this research:

1. The simple-column design approach, as adopted by most Canadian engineers. seems
to be based on assumed behavior under load which is not correct.

2. The AISC beam-columnn approach, although more accurately reflects the behavior of
single-angles, greatly underestimates the ultimate load carrying capacity of such
members.

3. The simple-column design approach also underestimates but gives a more reasonable

prediction of the load carrying capacity of such members when compared with the
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10.

AISC beam-colurnn approach. However, it overestimates the load carrying capacity
of single angles with small slenderness ratios. Caution must be exercised when
designing these angles of small slenderness ratio.

The finite element model used in this research can be used to predict, reasonably
accurately, the behavior and ultimate load carrying capacity of single-angle
compression members attached by one leg to a gusset plate.

Failure is primarily due to excessive deflection in a direction perpendicular to a gusset
plate.

The traditional concept of a slenderness ratio is not, in the strictest sense. applicable
to these angles since the axis of bending varies from one cross section to another
along the angle height. The slenderness ratio, for practical reasons. should be based
on the radius of gyration about a geometric axis parallel to the gusset plate as most
of the displacement occurs in a direction perpendicular to this geometric axis.

The effect of residual stress on the ultimate load carrying capacity of these
compression members is not significant (did not exceed 3%).

For the range of out-of-straightness measured in the experimental part of this study,
the effect of the out-of-straightness on the ultimate load carrying capacity did not
exceed 4%.

The effect on the ultimate load carrying capacity of varying Young’s modulus of
elasticity over the range normally determined from tension tests on coupons taken
from angles is insignificant.

Placing the welds at the angle end in such a way that the welds are balanced about the
projection of the centroid on the connected leg is not necessary. The weld pattern
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1.

12.

13.

14.

15.

16.

used in the connection between the angle and gusset plate does not have a significant
effect on the ultimate load carrying capacity.

The minimum amount of weld based on the weld strength should be used at the end
of the connection. Increasing the amount of weld does not have any significant effect
on the ultimate load carrying capacity.

The practical range for the unconnected gusset plate length is usually 2 to 3 times the
thickness of the gusset plate. This distance allows for the formation of a plastic hinge
in the gusset plate prior to the failure of the angle and allows enough room for the
weld to be placed. In this practical range, the effect of the unconnected gusset plate
length on the ultimate load carrying capacity is negligible.

The gusset plate thickness is the most important parameter that affects the load
carrying capacity of this type of structural member. This is due to the effect that the
gusset plate thickness has on the restraining moment provided by the gusset plate at
the ends of the angle member.

For angles with small slenderness ratio and large angle leg width-to-thickness ratio,
the gusset plate thickness should be enough to prevent local buckling of the gusset
plate prior to the failure of the angle member. A limitation on the gusset plate
thickness was developed and proposed. It allows the angle to fail due to large
deflections and not because of the buckling of the gusset plate.

The gusset plate width is the second most important parameter that affects the load
carrying capacity. In general, there is little advantage in making the width of the
gusset plate more than four times the angle leg width.

Design curves and an empirical equation have been developed which can be used to
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predict the load carrying capacity of a single-angle compression member attached to
a gusset plate by one leg. The equation gives a much better estimate of the load
carrying capacity than all other desigri approaches. The equation, although not
difficult to use, may seem lengthy and in a format which a design engineer would find
undesirable. However, the equation is easy to program and much shorter for hand

calculations when compared with the AISC beam-column procedure.

8.2 Recommendations for Further Research

The present study is carried out for equal-leg single angles. Research should be

conducted to expand this work to include unequal-leg angles.
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Table 6-1. Nominal dimensions of slender specimens

le T Gusset
Specimen Taken Width Width Thickness Plate thickness
from piece b, (mm) b, (mm) t (mm) t, (mm)
)] (2) 3) (C) 3 (6)
L-A-1 3 63.82 63.70 7.88 10.20
L-A-2 1 63.84 63.74 7.90 10.24
L-A-3 4 63.92 63.86 7.88 10.18
L-B-1 1 63.90 64.00 7.94 10.22
L-B-2 2 63.84 63.94 7.98 10.18
L-B-3 5 63.38 64.04 7.74 10.26
L-D-1 4 64.02 63.98 7.88 10.22
L-D-2 3 64.00 63.60 7.82 10.14
L-D-3 2 63.80 64.02 7.84 10.22
L-F-1 7 64.02 64.18 8.02 12.46
L-F-2 5 64.18 63.80 7.90 12.48
L-F-3 6 63.52 64.20 7.84 12.28
L-H-1 15 63.82 63.98 7.96 12.64
L-H-2 8 63.50 63.88 7.90 12.52
L-H-3 7 64.21 63.90 7.74 12.66
L-I-1 10 63.88 64.18 7.94 12.48
L-1-2 9 63.64 63.56 7.82 12.44
L-1-3 9 63.72 63.82 7.90 12.68
L-J-1 11 63.82 64.02 7.84 10.38
L-J-2 11 63.84 63.56 8.07 10.18
L-J-3 10 63.94 63.82 7.96 10.28
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Table 6-2. Nominal dimension of longer intermediate length specimens

-

Angle Gusset
Specimen Taken Width Width Thickness Plate thickness
from piece b, (mm) b, (mm) t (mm) t, (mm)
(1) (2) 3) (4) (5) (6)

M-A-1 9 63.58 63.78 8.00 10.18
M-A-2 8 63.74 63.88 7.98 10.20
M-A-3 10 63.88 63.98 7.92 10.22
M-F-1 7 63.76 63.52 7.88 12.44
M-F-2 5 63.68 64.15 7.92 12.34
M-E-3 6 63.94 64.12 7.92 12.58
M-J-1 11 64.10 63.86 7.92 10.34
M-J-2 2 64.06 63.74 7.84 10.14
M-J-3 4 63.98 63.96 7.90 10.26
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Table 6-3. Nominal dimension of shorter intermediate length specimens

Specimen Taken Width Width Thickness Plate thickness
from piece b, (mm) b, (mm) t (mm) t, (mm)
1) (2) 3) 4) (5) (6)
S-A-1 15 64.00 63.74 8.02 10.18
S-A-2 12 63.72 64.00 7.94 10.20
S-A-3 14 63.86 64.02 7.90 10.26
S-B-1 15 63.92 64.08 8.02 10.38
S-B-2 12 63.96 63.70 8.00 10.32
S-B-3 13 64.12 63.78 7.72 10.22
S-D-1 15 64.04 63.82 7.86 10.24
S-D-2 12 63.46 64.12 7.90 10.22
S-D-3 14 63.84 64.12 7.70 10.26
S-F-1 15 63.60 64.20 7.76 12.62
S-F-2 12 63.76 63.92 7.74 12.32
S-F-3 12 64.10 63.48 8.06 12.24
S-H-1 14 63.82 63.98 7.94 12.48
S-H-2 13 63.86 63.98 7.82 12.34
S-H-3 13 63.90 63.82 7.87 12.22
S-I-1 13 63.60 63.74 7.74 12.56
S-1-2 13 63.74 63.82 7.92 12.64
S-I-3 14 63.92 63.94 7.78 12.36
S-J-1 7 63.98 64.08 7.74 10.19
S-J-2 12 64.10 63.96 8.07 10.28
S-J-3 14 63.96 64.00 8.02 10.20
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Table 6-4. Results of angles tensile test coupons

W

Taken from Width Thickness Yield stress Young's modulus
piece No. b (mm) t (mm) (MPa) (MPa)
(1) (2) (3) 4 (5)
1 12.80 7.60 356.7 198 400
2 11.06 7.86 376.2
3 11.09 7.64 349.4 207 400
4 12.96 7.71 376.3 215200
5 11.79 7.65 344.8
6 11.44 7.67 367.0
7 12.91 7.89 390.7
8 11.84 7.87 398.2
9 11.41 7.90 417.1
10 12.18 792 404.3
11 11.24 7.90 382.9
12 11.42 7.83 381.1
13 11.94 7.65 354.7
14 8.30 7.94 400.6
15 11.40 791 374.8
Average 378.3 207 000
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Table 6-7. Initial out-of-straightness of slender specimens

e D e ——

Welded leg Outstanding leg
Yield Top Mid. Btm Top Mid. Btm
Specimen  stress 1/4 1/4 1/4 1/4
(MPa)  (mm) (mm) (mm) (mm) (mm) (mm)
(1) (2) 3) 4) (3) (6) (7N (8)

L-A-1 3494 0.08 0.40 0.14 1.12 1.56 1.22
L-A-2 356.7 0.42 0.68 0.48 1.52 1.8 1.46
L-A-3 376.3 0.06 0.78 0.35 1.10 1.54 1.24
L-B-1 356.7 0.18 0.38 0.22 1.56 1.78 1.60
L-B-2 376.2 0.28 0.56 0.32 0.94 1.08 0.84
L-B-3 344.8 0.74 1.06 0.90 1.58 2.00 1.48
L-D-1 376.3 0.78 0.84 0.50 1.28 1.6 1.16
L-D-2 3494 0.20 0.28 0.28 1.10 1.48 0.80
L-D-3 376.2 0.24 0.30 0.04 0.82 1.50 0.84
L-F-1 390.7 0.28 0.49 0.34 0.68 0.98 0.62
L-F-2 344.8 0.16 0.30 0.10 -0.12 -0.20 0.00
L-F-3 367.0 -0.10 -0.16 0.02 0.10 0.16 0.02
L-H-1 374.8 0.17 0.33 0.23 0.22 0.34 0.16
L-H-2 398.2 -0.38 -0.64 -0.40 -0.24 -0.10 -0.06
L-H-3 390.7 0.33 0.46 0.27 0.74 1.00 0.84
L-I-1 404.3 0.28 0.50 0.08 0.40 0.58 0.38
L-I-2 417.1 0.00 -0.30 -0.06 0.08 -0.12 0.02
L-I-3 417.1 0.00 -0.28 0.08 -0.16 -0.36 -0.08
L-J-1 382.9 0.15 0.21 0.05 1.20 1.54 1.22
L-J-2 382.9 0.50 0.66 0.42 0.85 1.07 0.73
L-J-3 404.3 0.00 -0.15 -0.02 -0.46 -0.30 -0.34
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Table 6-8. Initial out-of-straightness of longer intermediate length

specimens
Welded leg Outstanding leg

Yield Top Mid. Btm Top Mid. Btm

Specimen  stress 1/4 1/4 1/4 1/4
(MPa) (mm)  (mm)  (mm) (mm)  (mm)  (mm)

(M (2) 3) 4) (3) (6) ) (8)
M-A-1 417.1 0.14 0.18 0.12 0.10 0.30 0.14
M-A-2 398.2 0.13 0.20 0.10 0.16 0.24 0.18
M-A-3 404.3 0.11 0.16 0.08 0.24 0.42 0.20
M-F-1 390.7 0.08 0.28 0.08 0.28 0.62 0.34
M-F-2 344.8 0.16 0.26 0.00 0.60 1.50 0.66
M-F-3 367.0 0.02 0.16 0.06 0.10 0.28 0.14
M-J-1 382.9 0.16 0.24 0.18 0.16 0.32 0.20
M-J-2 376.2 0.14 0.32 0.26 0.20 0.40 0.30
M-J-3 376.3 0.14 0.28 0.22 0.18 0.40 0.24
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Table 6-9. Initial out-of-straightness of shorter intermediate length

specimens
Yield Top Mid. Btm Top Mid. Btm
Specimen  stress 1/4 1/4 1/4 1/4
(MPa) (mm) (mm)  (mm) (mm) (mm)  (mm)
@) (2) 3) (4) (3) (6) (N (8)

S-A-1 374.8 0.16 0.30 0.06 0.24 0.32 0.14
S-A-2 381.1 0.18 0.30 0.18 0.20 0.30 0.18
S-A-3 400.6 0.14 0.28 0.12 0.22 0.30 0.20
S-B-1 374.8 0.16 0.31 0.14 0.30 0.40 0.25
S-B-2 381.1 0.18 0.28 0.16 0.19 0.33 0.23
S-B-3 354.7 0.08 0.22 0.14 0.17 0.25 0.17
S-D-1 374.8 -0.06 -0.12 -0.06 0.20 0.30 0.10
S-D-2 381.1 0.01 0.19 0.09 0.12 0.22 0.04
S-D-3 400.6 0.08 0.20 0.06 0.15 0.25 0.17
S-F-1 374.8 0.08 0.25 0.12 0.14 0.48 0.10
S-F-2 381.1 0.16 0.30 0.20 0.11 0.28 0.16
S-F-3 381.1 0.08 0.24 0.10 0.04 0.16 0.02
S-H-1 400.6 0.02 0.24 0.08 0.18 0.36 0.28
S-H-2 354.7 0.14 0.24 0.20 0.14 0.25 0.12
S-H-3 354.7 0.14 0.26 0.08 0.04 0.38 0.14
S-1-1 354.7 0.04 0.10 0.06 0.04 0.22 0.06
S-1-2 354.7 0.08 -0.06 0.02 0.10 0.26 0.04
S-1-3 400.6 0.18 0.22 0.10 0.08 0.16 0.06
S-J-1 390.7 0.04 0.22 0.06 0.24 0.40 0.22
S-J-2 381.1 0.04 0.22 0.10 0.14 0.28 0.08
S-J-3 400.6 0.08 0.24 0.08 0.20 0.36 0.16
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Table 6-15. Experimental results and predicted compressive resistance
of slender specimens using the two design approaches

W

Expt. Simple- Beam-
_ Yield failure column PPy column Pespi-~Poc
Specimen stress load approach P approach | .
F,(MPa) P, (kN) P, (kN) % P, (kN) %
(1) (2) 3) 4) ) 6) (7
L-A-1 349.4 89.3 60.0 +32.8 34.0 +61.9
L-A-2 356.7 90.1 60.1 +33.3 342 +62.0
L-A-3 376.3 89.5 60.5 +32.4 347 +61.2
L-B-1 356.7 85.8 58.2 +32.2 333 +61.2
L-B-2 376.2 86.5 58.5 +32.4 33.8 +60.9
L-B-3 344.8 87.3 58.0 +33.6 33.0 +62.2
L-D-1 376.3 89.1 60.5 +32.1 34.7 +61.1
L-D-2 349.4 92.1 60.0 +34.9 34.0 +63.1
L-D-3 376.2 92.0 60.5 +34.2 34.7 +62.3
L-F-1 390.7 103.7 60.7 +41.5 343 +66.9
L-F-2 344.8 101.2 59.9 +40.8 33.0 +67.4
L-F-3 367.0 105.1 60.3 +42.6 33.7 +67.9
L-H-1 374.8 102.8 60.4 +41.2 33.8 +67.1
L-H-2 398.2 108.7 60.8 +44.1 343 +68.4
L-H-3 390.7 101.8 60.7 +40.4 343 +66.3
L-I-1 404.3 103.5 60.8 +41.3 34.6 +66.6
L-I-2 417.1 106.7 61.0 +42.8 34.8 +67.4
L-I-3 417.1 108.2 61.0 +43.6 34.8 +67.8
L-J-1 3829 99.3 60.6 +39.0 349 +64.9
L-J-2 382.9 100.2 60.6 +39.5 349 +65.2
L-J-3 404.3 104.1 60.8 +41.6 35.4 +66.0
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Table 6-16. Experimental results and predicted compressive resistance
of longer intermediate length specimens using the two design

approaches
Expt. Simple- Beam-
Yield Failure column P...--P. column |

Specimen stress load approach F!apt. approach Popr-

F,(MPa) P, (kN) P, (kN) % Py (kN) %

(D (2) _(3) (4) (3) (6) (7N
M-A-1 417.1 131.4 102.9 +21.7 534 +59.4
M-A-2 398.2 128.7 102.1 +20.7 52.6 +59.1
M-A-3 404.3 132.1 102.4 +22.5 52.8 +60.0
M-F-1 390.7 146.1 101.8 +30.3 50.8 +65.2
M-F-2 3448 135.0 99.4 +26.4 48.3 +64.2
M-F-3 367.0 144.3 100.6 +30.3 49.6 +65.6
M-J-1 382.9 141.0 101.4 +28.1 51.8 +63.6
M-J-2 376.2 137.2 101.1 +26.3 51.5 +62.5

M-J-3 376.3 135.4 101.1 +25.3 51.5 +62.0
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Table 6-17. Experimental results and predicted compressive resistance
of shorter intermediate length specimens using the two design

approaches
W
Expt. Simple- Beam-
. Yield failure column PPy column P -Poc
Specimen stress load approach | S approach Peorr
F, MPa) P, (kN) P_(kN) % P.. (kN) %
(1 (2) (3) 4 (3) (6) (N
S-A-1 374.8 163.3 186.3 -14.1 77.5 +52.5
S-A-2 381.1 161.9 187.6 -15.9 78.4 +51.6
S-A-3 400.6 165.4 191.5 -15.8 80.9 +51.1
S-B-1 374.8 156.0 178.1 -14.2 75.6 +51.5
S-B-2 381.1 160.7 179.3 -11.6 76.5 +52.4
S-B-3 354.7 155.0 174.2 -12.4 73.0 +52.9
S-D-1 374.8 160.0 186.3 -16.4 77.5 +51.6
S-D-2 381.1 163.1 187.6 -15.0 78.4 +51.9
S-D-3 400.6 166.8 191.5 -14.8 80.9 +51.5
S-F-1 374.8 172.9 186.3 -7.8 74.6 +56.9
S-F-2 381.1 179.2 187.6 -4.7 75.4 +57.9
S-F-3 381.1 171.1 187.6 -9.6 75.4 +55.9
S-H-1 400.6 179.3 191.5 -6.8 77.8 +56.6
S-H-2 354.7 176.4 181.9 -3.1 71.9 +59.2
S-H-3 354.7 180.8 181.9 -0.6 71.9 +60.2
S-1-1 354.7 174.1 181.9 -4.5 71.9 +58.7
S-1-2 354.7 179.6 181.9 -1.3 71.9 +60.0
S-1-3 400.6 184.3 191.5 -3.9 77.8 +57.8
S-J-1 390.7 180.6 189.5 -4.9 79.7 +55.9
S-J-2 381.1 176.7 187.6 -6.2 78.4 +55.6
S-J-3 400.6 182.1 191.5 -5.2 80.9 +55.6
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Table 7-2. Errors attained by using the empirical equation compared with
the finite element resuits.

" ______—_________—______ . ___

b/t ratio percentage of results within an error margin of
5% 8% 10%
5 80% 93% 97%
8 74% 91% 95%
12 75% 94% 98%
16 73% 96% 99%

20 72% 94% 99%
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Table 7-3. A comparison of finite element results and those obtained from
the empirical equation.

Angle Slender- Finite element Finite element analysis

Load predicted
length ness ratio  analysis ofreal of equivalent rectangular by the proposed
gusset plate'" gusset plate equation
(mm) L/, C, (kN) C, (kN) C, (kN)
3725 193 409 40.0 43.2
2110 109 82.3 834 87.8
995 52 138.2 143.2 146.6

‘" Gusset plate dimensions are shown in Figure 7-14.
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Figure 1-1. Single-angle web member welded to tee section chords
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Single angle

Figure 1-2. Gusset plate connection in a braced frame
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Figure 1-3. Simple-column design approach
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Figure 1-4. AISC beam-column design approach
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Figure 1-5. Balanced weld

124



— - - ——

!
—_— e -

S T —
]
]
un n4
M~ /
—
—
W x
- (o]
n
X [ e — |
0
! ~
/l SONASNANYN / AANSSNNNAN
N t N
(I N
\
N e e .
N S SRR RN SANNNNNNE

4.5

Figure 2-1. Test specimen (after Trahair et al. 1969)
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Figure 2-2. End conditions (after Trahair et al. 1969):
(a) fixed ended, and (b) pin-ended
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Figure 3-1. Typical test specimen
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Figure 3-2. Details of the specimen ends
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Figure 3-3. Weld pattern, slender specimens

(dimensions in mm)
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Figure 3-4. Weld pattern, shorter intermediate length specimens

(dimensions in mm)
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Figure 3-5. A close-up of one end of a test specimen
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Figure 3-6. Test setup, shorter intermediate length specimen
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Figure 3-7. Test setup, slender specimen

133



L/2

w||||-:i;;|.ilHk.,H.u.,n.Ju,;iulthn ;;;;; . L —
_
w
© ©
; f_ﬁ J‘ -
lllllllllllllllllll s ]
.
g % |

—®
L/2

w
i

|
r

Figure 3-8. Location of dial gauges
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al Steel Block
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Figure 3-10. Out-of-straightness measurement
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Note: All dimensions
are in mm
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Figure 3-11. Tension test specimen
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Note: All dimensions are in mm ®® MPC

R
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L/2 1
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Figure 4-1. Typical finite element mesh for specimens L-A and L-F
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Note: All dimensions are in mm ®® MPC
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Figure 4-2. Typical finite element mesh for specimens L-B
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Note: All dimensions are in mm ®® MPC
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Figure 4-3. Typical finite element mesh for specimens L-D

140



Note: All dimensions are in mm ®® MPC
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Figure 4-4. Typical finite element mesh for specimens L-H
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Note: All dimensions are in mm ®® MPC
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Figure 4-5. Typical finite element mesh for specimens L-I
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Note: All dimensions are in mm ®® MPC
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Figure 4-6. Typical finite element mesh for specimens L-J
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Note: All dimensions are in mm
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Specimen A-1-1

Figure 4-15. Typical finite element mesh for
Trahair et al. test specimen A-1-1
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Load (kN)

200

Series A ' B Expt. fixed h
L 2x2x1/4 in. i
— | E=29 400 ksi | —O— FEM. fixed
:,:goéi kSI2 | o Expt., hinged
g=o-94 In. \ | —&— FEM, hinged
150 —F = -~ = - \ - e — | ———si ]
Expt., fixed | mple co
—ag = == AISC, 1986
AISC, 1994
J

100 —

50 —

0.0 1.0 2.0 3.0

Slenderness parameter, A

Figure 5-1. Comparison of experimental failure loads (Series A) and
compressive resistances calculated in accordance with
the simple-column and AISC approaches, and
by the finite element method (FEM)
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Load (kN)

200 A i
l !f. Expt., fixed N
‘ | | = FEM, fixed

! | .
F,=50.9 ksi . @  Expt, hinged
Ag=0.34 in? | | aemgigme=  FEM, hinged

t |
150 — o= — o= = - - - R —&=  ASCE, fixed i
Expt., fixed ; i ASCE, hinged)

Series A
L 2x2x1/4 in.
=29 400 ksi

Expt., hinged & FEM, fixed

100 — - - - - > - - - - - - - - - -

-] §O ;
\‘O)T—ASCE' ﬂx-ed
FEM. hinge 7 Sy —ASCE, hinged
00—+ - - - - - - - B B
0 | ] ! ] T
0.0 1.0 2.0 3.0

Slenderness parameter, A

Figure 5-2. Comparison of experimental failure ioads (Series A) and
compressive resistances calculated by ASCE Standard
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Load (kN)

200

150 —

100 —

50 —

L 2x2x1/4 in.
E =29 400 ksi

F,=60.9 ksi
Ag=0.94 in?

AISC, 1986

FEM, fixed
FEM, hinged
Simple col.
AISC, 1986
AISC, 1994
ASCE

Simple col.

Woolcock

t
‘

Figure 5-3. Comparison of predicted compressive resistances for

Length (mm)

Series A specimens
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Load (kN)

200.0

150.0 —

100.0 —

50.0 —

Simple col.

"~ AISC, 1994

-

| e
AISC. 1986 —7 . -

Series B i ! Expt., fixed
L 2x2x1/4 in. [ u
E =29 900 ksi 1 | ©  FEM, fixed
FY= 42.7 ksi - Simple col.
Ag=0.94 in? |
] | = = AISC, 1986
———————— . I;E’;ﬂ 1‘1 _d - =7 ] =— = AISC, 1994
o* xe , o Expt., hinged
i A FEM, hinged
' —+— ASCE
AN /
Expt., hinged ° — Expt,, fixed

0.0

0

.0 1.0

T | T ]
2.0

Slenderness parameters, A

3.0

Figure 5-4. Comparison of experimental failure loads (Series B) and

compressive resistances calculated in accordance with

the simple-column and AISC approaches, and

by the finite element method (FEM)
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Load (kN)

L 2x2x1/4 in. ! = = AISC, 1986
E =29 400 ksi [
Fy=60.9 ksi | AISC, 1984
Ag=0.94 in2 —~ A&  Adlur and Madagula
|
.I i
60 — - - - - - - - - - == - - - - - - -
A‘ H !
Na
!
|
40 — - - - - = - NN\ - - - -- - - - - = -
A '
) A Y
AISC, 1986 — ;
- ™ . Adluriand
~  Madagul
. Al gula
-~
20—+ - - - - - - - - e - - - - = - ~— - — -
' SO
1
0 T | —T | l

0 800 1600

Length (mm)

Figure 5-5. Comparison of predicted compressive resistances
calculated by AISC approach, and Adluri and Madugula (1992)
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Figure 6-1. Plastic hinge in gusset plate, Specimen S-D-1
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Figure 6-2. Plastic hinge in gusset plate, Specimen L-I-3

160



Figure 6-3. Deflected shape of Specimen L-D-2 during testing
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Figure 6-4. Yielding of angle leg, Specimen S-D-2
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Height
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0.90
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0.60

0.50

0.40
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20

Figure 6-15. Angle between the failure axis and the y axis

(Specimens, L-A-1, M-A-1, and S-A-1)
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Figure 6-24. Load versus deflection in x direction for Type A, Type B,

Type J, and Type F theoretical slender specimens
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Figure 6-25. Load versus deflection in y direction for Type A, Type B,
Type J, and Type F theoretical slender specimens
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Figure 6-26. Load versus rotation for Type A, Type B, Type J,

and Type F theoretical slender specimens
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Figure 6-27. Load versus deflection in x direction for Type A, Type B,

Type J, and Type F theoretical shorter intermediate

length specimens
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Figure 6-28. Load versus deflection in y direction for Type A, Type B,

Type J, and Type F theoretical shorter intermediate

length specimens
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Figure 6-29. Load versus rotation for Type A, Type B, Type J,

and Type F theoretical shorter intermediate
length specimens
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Figure 6-30. Load versus deflection in x direction for Type A, Type J,

and Type F theoretical longer intermediate

length specimens
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Figure 6-31. Load versus deflection in y direction for Type A, Type J,
and Type F theoretical longer intermediate
length specimens
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Figure 6-32. Load versus rotation for Type A, Type J,
and Type F theoretical longer intermediate
length specimens
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Figure 6-33. Effect of changing the weld length on the deflection

in the x direction of slender specimens
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Figure 6-34. Effect of changing the weld length on the deflection
in the y direction of slender specimens
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Figure 6-35. Effect of changing the weld length on the cross-sectional

rotation of slender specimens
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Figure 6-36. Effect of changing the weld length on the deflection

in x direction of shorter intermediate length specimens
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Figure 6-37. Effect of changing the weld length on the deflection
in y direction of shorter intermediate length specimens
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Figure 6-38. Effect of changing the weld length on the cross-sectional

rotation of shorter intermediate length specimens
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Figure 6-39. Load versus deflection in x direction for Type F,
Type H, and Type | theoretical slender specimens
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Figure 6-40. Load versus deflection in y direction for Type F,
Type H, and Type | theoretical slender specimens
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Figure 6-41. Load versus rotation for Type F, Type H, and Type |
theoretical slender specimens
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Figure 6-42. Load versus deflection in x direction for Type F,

Type H, and Type | theoretical shorter intermediate

length specimens
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Figure 6-43. Load versus deflection in y direction for Type F,
Type H, and Type | theoretical shorter intermediate
length specimens
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Figure 6-44. Load versus rotation for Type F, Type H, and Type |
theoretical shorter intermediate length specimens
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Figure 7-1. Effect of varying the slenderness ratio on the failure load
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Figure 7-2. Effect of varying the initial out-of-straightness

on the failure load
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Figure 7-3. Effect of varying Young’s modulus of elasticity
on the failure load
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Figure 7-4. Effect of varying the unconnected length of

the gusset plate on the failure load
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Failure load (kN)
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Figure 7-9. Effect of varying the gusset plate width
on the failure load, L/r, = 80
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Figure 7-10. Effect of varying the gusset plate width
on the failure load, L/ir, = 140
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Figure 7-11. Effect of varying the gusset plate width
on the failure load, U/r, = 200
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Figure 7-12. Effect of varying the gusset plate width
on the failure load, L/r, = 300
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Figure 7-13. Comparison of Trahair et al. experimental results

and predicted failure loads
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Figure 7-17. Effect of varying the unconnected gusset plate length
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Figure 7-16. Stress distribution in the tension side of the gusset plate at ultimate load

(Exampile Il, LIr, = 170)
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Figure 7-17. Stress distribution in the compression side of the gusset plate at ultimate load

(Example ll, Lir, = 170)
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LOAD-DEFORMATION CURVES OF TEST SPECIMENS
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