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Abstract

Current design criteria for steel columns reinforced with welded steel plates,
usually based on the SSRC column curve 2, have noi been verified. Considering
the complexity of different influencing factors of the reinforced columns, the use
of current design criteria may not be appropriate. A better understanding of the

parameters associated with reinforced columns is therefore required.

A parametric study, using 317 finite element models of reinforced steel
columns with varying parameters, was conducted. The study showed that column
slenderness and initial out-of-straightness remain the important factors for
reinforced columns. The interactions of the orientation of the reinforcing plates
and the buckling direction were observed to affect the strength of reinforced
columns. These observations require further experimental confirmation. A detailed
statistical analysis was then conducted to determine the factored resistance of
reinforced columns and to evaluate their performances. The results showed that the

current design approach of using the SSRC column curve 2 is appropriate for use

with a resistance factor of 0.9.
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Chapter 1
Introduction

1.1 General Background

It might be necessary to strengthen steel columns many years after construction. Most
columns in existing structures carry some load at the time of reinforcing. Common
reinforcement of a steel column is welding or bolting cover plates on the column. In
bridges, for example, the cover plates would preferably be bolted since welding would
introduce potential fatigue problems, while columns in other structures have been

reinforced by welding cover plates.

There are no specific design criteria for reinforced columns in Canada up to now. In

practice, many engineers would use the same design criteria for reinforced columns as

those for rolled W section columns.

Since the limit states design method was employed in Canada in 1974 (Canadian
Standards Association, 1974), the design criteria for steel columns have been used based
on the SSRC multiple curves. CSA standard CAN3-S16.1-M84 — “Steel Structures for
Building - Limit States Design” (Canadian Standards Association, 1984) adopted the
SSRC curve 1 and the SSRC curve 2 for the design of steel columns. Each curve presents
the behaviour and strength of different kinds of steel columns. The lower curve of clause
13.3.1 (based on the SSRC curve 2) is used for hot-rolled W section columns. Kennedy
and Gad Aly (1980) suggested that the higher curve of clause 13.3.2 (based on the SSRC
curve 1) was appropriate for class H hollow structural sections. Based on the study of

Chemenko and Kennedy (1989), clause3.3.2 is also used for Canadian WWF columns.

In the current Canadian standard the five-part equation developed by the SSRC was
replaced by a double exponential representation with a single parameter, which was
proposed by Loov (1996). The column curve described by the expression corresponding
to the SSRC curve 1 is CSA curve 1, and the column curve described by the expression
corresponding to the SSRC curve 2 is CSA curve 2. The CSA curves were demonstrated

to accurately approximate the corresponding SSRC curves.
1



1.2 Statement of the Problem

In the columns reinforced with welding cover plates, welding can introduce tensile
residual stresses at the flange tips of the rolled section and the edges of the reinforcing
plates. Since yielding begins at the tips and progresses inwardly, these tensile residual
stresses may be beneficial to the column strength by delaying the deterioration in minor

axis stiffness.

Out-of-straightness, more specifically called camber or sweep depending about which
axis the out-of-straightness occurs, is generally understood to be an important influencing
factor for any column. The current S16.1 column curve (CSA curve 2) for rolled W
sections is based on a maximum allowable out-of-straightness of L/1000 for both axes
(Bjorhovde, 1972). It is more acceptable for S16.1 column curve to be based on statistical

quantities, that is, on the mean values and associated coefficients of variations.

Furthermore, more influencing factors exist in reinforced columns, such as orientation
of reinforcing plates, welding residual stress, geometric and material properties of the
rolled section and plates, comparing to rolled W sections. The addition of reinforcing
plates may affect the behaviour and strength of reinforced columns a lot. These

parameters may have individual and combined effects on the prediction of reinforced

column strength.

The differences between reinforced columns with welded cover plates and rolled W
sections affect column strengths over the full range of column lengths, and suggest that
reinforced columns with welded cover plates may be unnecessarily penalized with the
CSA curve 2 (or SSRC curve 2) along with rolled W sections. Different column curves

shouid be used for the two types of sections.
1.3 Objectives and Scope

In order to understand the uncertainty problems in reinforced columns with welded

cover plates, the research was designed with the following objectives:

2



1. To review the existing literature on reinforced columns.

!\)

To develop a finite element model for reinforced columns under load.

3. To select the parameters influencing the behaviour and the strength of reinforced
columns and to study the effects of parameters on reinforced columns.

4. To investigate statistically the resistance of reinforced columns produced in
Canada by evaluating resistance factors appropriate for use with existing column
curves for reinforced columns with welded cover plates under load.

5. To assess existing design criterion for reinforced columns with welded cover

plates under load.

In the research, the analyzed rolled W section columns were only reinforced with
welding cover plates because there is a potential for the welding residual stresses to
improve the strength of welded reinforced columns. The beneficial effect of the welding

residual stresses is not present when the reinforcing plates are boited on the column.

A finite element program, ABAQUS (Hibbitt er al, 1997), was used to assess the
effects of variations in parameters on the behaviour and the strength of reinforced
columns. Out-of-straightness was restricted to a superposition of four buckling modes of
the column. The study was limited to centrally loaded, pin-ended columns, buckling
about the major or minor centroidal axis, and laterally supported about the other axis
when required. Local buckling, buckling about both axes simultaneously, and lateral
torsional buckling were not considered. Resistance factors were evaluated for values of
the slenderness parameter, A, of 0.4, 1.1 and 1.5 in two categories, in respect of the
design criteria of CAN3-S16.1-M84 and CAN/CSA-S16.1-94, respectively. The first
category includes columns reinforced with plates parallel to the flanges with buckling
about the strong axis of the W shape and columns reinforced with plates parallel to the
web with buckling about the weak axis of the W shape. The second category includes
columns reinforced with plates parallel to the fianges with buckling about the weak axis
of the W shape, and columns reinforced with plates parallel to the web with buckling
about the strong axis of the W shape.



1.4 Organization of the Thesis

A literature review is presented in Chapter 2. This outlines the research done for
parameters influencing the behaviour and strength of reinforced columns. A design
method for reinforced columns is also discussed. Chapter 3 presents a description of a
finite element model setup and analytical procedure for reinforced columns with welding
cover plates. Parametric studies to assess the effect of the parameters on the reinforced
columns are presented in Chapter 4. Based on a review of the principle of limit states
philosophy associated with the column design process, the statistical analysis to give the
resistance factor for the design of a reinforced column and to verify which design curve
given in the code is appropriate to the reinforced column design is treated in Chapter 5.

Finally, a summary, conclusion and recommendations for further research are presented

in Chapter 6.

Initial geometrical, material and load conditions of all the finite element analytical
models are tabulated in Appendix A. Appendix B presents the results of the analytical
models. The statistical analysis data for the columns in category 2 (columns reinforced
with plates parallel to the flanges and buckling about the weak axis of the rolled section
and columns reinforced with plates parallel to the web and buckling about the strong axis

of the rolled section) are presented in Appendix C.



Chapter 2

Literature Review

2.1 Factors Influencing Column Strength

2.1.1 Introduction

A seemingly simple structural column in fact functions as a complex individual

structural member because of the effects of various parameters such as the interaction

between the responses and characteristics of the material, the cross-section, the method of

fabrication, the imperfections and other geometric factors, and the end conditions.

Geschwindner er al. (1994) suggested that the following parameters affect column
strength:

1.

5]

Material properties

(a) Stress-strain relationship

(b) Yield strength

Shape of cross-section

(a) Area of steel

(b) Shape of the cross-section (W, C, WT, etc.)
(c) Buckling axis

Length

End support conditions

(a) Without sway, pinned or otherwise

(b) With sway, pinned or otherwise

5. Residual stress magnitude and distribution

Initial imperfections
(a) Magnitude
(b) Distribution along column length

It is generally accepted that the yield strength and the modulus of elasticity are the
most important material properties. For very short columns, the load carrying capacity

may reflect a strength increase due to strain-hardening, but for hot-rolled structural



shapes, other factors such as local buckling may limit this strength increase. Therefore,
the yield strength represents the practical limit of capacity of a very short column. For
long columns, the capacity is influenced more by stiffness, which is a function of the
magnitude of the tangent modulus and the cross-section moment of inertia (Galambos,
1998; Geschwindner ez al., 1994).

The shape of a cross-section is obviously important. For a given stress level, the load-
carrying capacity will be larger for a column of larger area. The distribution of the area in
the cross-section is expressed as the moment of inertia, which affects the capacity of
columns that fail by buckling. The buckling axis is another factor influencing the
behaviour of columns. The buckling capacity of columns about different axes is governed
by different moments of inertia and corresponding slendemess ratios, which are defined
as ratio of the effective column length to the radius of gyration. The geometry of the

cross-section also influences the residual stress distribution.

The effective length concept has been introduced to account for the effect of column
length and boundary conditions on the capacity of columns (Galambos, 1968). Euler first
developed an analytical model based on the assumption that both ends of the column
were completely free to rotate as the column reached its buckling strength. This situation
will sometimes arise. For other end restraint conditions, the actual length of the column,
L, is replaced by its effective length, KL, that is, the length of a pin-ended column of the
same capacity as the column with other end restraint conditions. This effective length
corresponds to the distance between points of inflection (points of zero bending moment)
on the buckled shape. As a parameter of the effective length, the end support condition
also has been generally understood as a column strength parameter.

The influence of column effective length is explicit in design calculations, whereas
the influence of other factors such as initial imperfections and residual stresses may be
hidden in the design approach, although they may also be important. In design practice, a
non-dimensional slenderness parameter, A, has been found to be the most important
factor (Chen and Lui, 1987). This parameter is taken as the square root of the ratio of the

yield stress to the elastic buckling stress, which is expressed as:

6
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F, r \n"E

where F. is the elastic buckiing stress, E is the modulus of elasticity, r is the radius of
gyration of the cross-section, and F, is the yield strength of the column. With respect to
their slendemess, columns are generally referred to as short columns, intermediate
columns or slender columns. Slender columns buckle when the cross-section is still
elastic. Intermediate columns buckle when part of the cross-section has yielded under the
combined action of the applied axial load and the residual stresses. Short columns usually

fail by local buckling after yielding of the full cross-section.

Residual stresses, formed during the cooling process after hot rolling, are influenced
by the distribution of material in the cross-section. It is commonly accepted that the
flange tips of a rolled I-shape section are subjected to residual compressive stresses
because these areas, which possess less material and more exposed surface area, cool
down faster than the flange to web junctions, which possess a larger volume of material
to surface area ratio. This differential cooling gives rise to compressive residual stresses
at the flange tips and tensile residual stresses at the flange to web junctions. Residual
stresses have a major impact on the load-carrying capacity of a steel column. The
investigation conducted by Huber (1956) demonstrated that the strength of a column
could be reduced by the presence of residual stresses. Residual stresses also cause non-
linearity of the stress versus strain relationship as soon as any part of the cross-section
starts to yield due to the combination of the applied stresses and the residual stresses. The
tangent and reduced modulus theories developed by Engesser (Galambos, 1968) are
commonly applied for these inelastic columns. The critical loads computed by these

theories correspond closely to experimental results.

Initial out-of-straightness has long been recognized as a significant column strength
parameter. It has been found that the effect of initial out-of-straightness is different for
columns of different lengths (Galambos, 1998). Short and slender columns are not
affected much by initial out-of-straightness, but intermediate columns are significantly
affected (Galambos, 1998). The magnitude of initial out-of-straightness in any member is

limited by manufacturing tolerance limits set by CSA standard G40.20-92 (Canadian
7



Standards Association, 1992), which reflects standard mill practice. Thus, the maximum
value of out-of-straightness for rolled wide-flange shapes is set at L/1000, where L is the
member length, with some minor modifications for longer sections and certain

geometries (Canadian Standards Association, 1992).

The studies show that the influence of above parameters is more severe for
intermediate length columns than for short or slender columns (Kulak and Gilmor, 1998;
Galambos, 1998; Kennedy et al., 1976). The effect on the reinforced column also has to
be studied to verify their importance.

Tall (1989) suggested that other factors influence the strength of reinforced steel
columns as follows:
1. The orientation of the cover plates welded to the column;

2. Different grades of steel for cover plates and rolled section.

Reinforcement is usually understood to be the welding or bolting of cover plates to
the flanges or the web of the cross section (Tall, 1989). The orientation of cover plates
welded to the flanges can be either parallel to the flanges or to the web, as shown in
Figure 2.1. Different reinforcing plate orientations for the same size of cross-section will
introduce different moments of inertia and slendemess ratios for the reinforced column,

both of which can affect the strength of the reinforced column significantly.
2.1.2 Initial Out-of-straightness

Although not perfectly straight, structural shapes are expected to satisfy the
straightness requirements of the applicable materials delivery standard, CSA standard
G40.20-92. Before the limit states design philosophy was developed, the effects of any
initial imperfections were covered through the factor of safety (Geschwindner et al.,
1994). The strength of the straight member was used as the actual criterion. With the
limit states design philosophy, all of the major parameters have to be accounted for.
Therefore, the influence of initial out-of-straightness must be reflected in the strength

equations.



Initial imperfections are the result of the cooling process for the shape once the
column has been rolled to its final dimensions. When the column is left on the cooling
bed to cool in air for a period of time, other members are also placed on the bed, and the
heat dissipation from the member is not uniform neither throughout the cross section nor
along the length or around its sides. As a result, heat is usually retained longer in the
midlength portion of the column and in the parts of the cross section exposed most

directly to the heat of the adjacent members on the cooling bed.

The resulting non-uniform cooling leads not only to residual stresses but also a steel
member in a curved configuration along its length. The amount of curvature or initial out-
of-straightness is difficult to predict because of a number of uncontrollable factors. The
maximum out-of-straightness is limited typically based on the length of the member by
CAN/CSA-G40.20-92. The maximum values are set as & = L/1000 for column length
less than 14 m and §; = 10 + (L -14000)/1000 for column lengths larger than 14 m. The
value is different for different cross sections. A column that does not meet this
straightness requirement is rotorized or gag-straightened to bring it into compliance with
the code. Bjorhovde (1972) found that the mean value of initial out-of-straightness of
rolled W sections, is L/1500, which is less than the code limit.

It was found that the shape of the initial imperfections, i.e., their variation along the
length of the column, differs from the commonly assumed haif sine wave (Bjorhovde,
1972). However, if it is assumed that the initial shape of the axis of the pinned-ended
column is sinusoidal, the resulting average stress at which the maximum stress in the
column equals the yield stress can be obtained by the Perry-Robertson equation

(Johnston, 1976). This average stress gives a conservative estimate of the strength of an

initially curved column.

Geschwindner er al. (1994) suggested that the combined effect of residual stresses
and initial out-of-straightness could not be obtained merely by combining the two terms.
In some cases, and for certain slenderness ratio ranges, the strength of a column with

residual stresses and initial out-of-straightness is less than what would be found if the



effects of both were added. In other cases, it is not as critical as the sum would seem to

indicate.
2.1.3 Residual Stresses

The manufacturing method is one of the primary factors influencing the distribution
and magnitude of initial residual stresses in the cross-section. The research in this paper
is limited to hot-rolled sections with welded reinforcement. Therefore, the review of the

literature was limited to factors related to these specific manufacturing processes.

Under the combined action of residual stresses and applied axial loads, yielding of a
column will start when the sum of the applied stress and the maximum compressive
residual stress reaches the yield strength of the material. Beyond this point, the column
becomes inelastic. Considering the inelastic behaviour of columns, Engesser presented
the tangent modulus theory (Galambos, 1998). According to this theory, once the column
has become inelastic, its behaviour is dictated by the tangent modulus. The tangent

modulus column strength equation can be expressed as:

P,=— Lt a 2.2]
(KL/1)"

where P is the column strength, E, is the tangent modulus, and A is the gross area of the

Cross section.

Huber (1956) measured residual stresses in a series of hot-rolled W-shapes ranging
from a light section: 4WF13 (W100x19) to a heavy section: 36 WF150 (W920x223). The
results showed that there are significantly different patterns for different sections. In
rolled sections the residual stresses at the flange tips and the middle of the web are
compressive stresses, while the residual stresses in the flange to web junctions are tensile.
It was also observed that in most hot-rolled W sections the maximum compressive

residual stress is approximately 30% of the yield strength (Chen and Atsuta, 1976).

Residual stress patterns and magnitude also vary widely in steel plates. According to
CSA standard G40.20-92, plates are classified as universal mill (UM) plates, sheared
plates, or flame cut plates. The initial residual stresses are significantly different in the
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three types of plates. The edges of a UM plate or a sheared plate are in compression and
the edges of a flame cut plate are in tension (Geschwindner er al., 1994). Tall (1961) and
Nagaraja Rao and Tall (1963) investigated residual stress patterns for UM plates ranging
from 150 x 6 mm to 300 x 18 mm. All the plates investigated had almost the same initial
residual stress pattern with different maximum magnitudes at the edges of the plates. The

measured maximum compressive residual stresses were about 30% of the yield strength.

The welding of built-up shapes is an even greater contributor to residual stresses than
the differential cooling of hot-rolled shapes (Nagaraja Rao er al., 1964). Nonuniform
cooling and restrained shrinkage of welds cause high residual stresses. Masubuchi (1980)
observed that the maximum magnitude of tensile residual stress at the weld center is as
high as the yield strength of the weld metal. Tall (1961) presented residual stress patterns
measured in plates after welding of the plates to wide flange sections. Plate sizes ranged
from 150x6 mm to 300x18 mm. The zone of tensile residual stresses resulting from
welding along the plate edges was observed to extend from 18 mm to 37.5 mm. The
thicker plates have wider zones of tensile residual stresses. The welding residual stresses

were observed to reach the yield point value only at and in the vicinity of the weld.

2.2 Research on Reinforced Columns

Very little research has been conducted on reinforced steel columns, although many
structures have been strengthened. The processes used to reinforce columns were simply
presumed to be safe. Nagaraja Rao and Tall (1962) reported on the work of Wilson and
Brown who conducted tests on the strengthening of columns of a viaduct in 1935. Cover
plates were welded to the existing sections. It was observed that in some cases the

residual stresses in reinforced columns after welding might reach the yield point.

Sparagen and Grapnel (1946) presented an early review of all the literature on
structures reinforced under load. They concluded that residual stresses, although high, did

not seriously affect the ultimate strength of a column.
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2.2.1 Work of Tall and Co-workers

Nagaraja Rao and Tall (1963) conducted an experimental investigation of the effect
of welding cover plates to a wide flange column under load. The program consisted of
residual stress distribution determination, tension coupon testing, stub column tests, and

column tests.

Three pin-ended columns were tested: an unreinforced column, a column reinforced
under load, and a column reinforced under no load. Ancillary tests were conducted to

investigate the residual stress distribution and the yield strength of the columns.

In the investigation, a 8WF31 (W200x46) shape was selected as the core column and
180x9.5 mm plates were used for the cover plates. The rolled shape and the cover plates
were of ASTM A7 steel. Because the selected rolled shape has one of the lowest shape
factors (the area, the moment of inertia and so on) and b/t ratio in available rolled
sections, the results of tests would be conservative for other sections. The preload at the

time of welding was fixed to 405 kN (the stress on the section was 69 MPa).

For convenience in testing and in comparing results, all the three pin-ended columns
were tested with boundary conditions that allowed buckling about the weak axis. The
column specimens were 2440 mm long, resulting in a slendemess ratio of about 48. The
reinforced columns had an out-of-straightness of 0.51 mm (L/4880) for the column
reinforced under load and 0.77 mm (L/3190) for the column reinforced under no load,

whereas the unreinforced column had an out-of-straightness of 4.335 mm (1L/560).

Residual stresses were measured both in the unreinforced and in the reinforced
column using the method of sectioning. It was observed that the compressive residual
stresses at the flange tips of the unreinforced section were changed to high tensile

residual stresses as a result of welding of the reinforcing plates.

The effect of welding sequence on residual stresses in a reinforced column was also
investigated. In the experiments, two welding sequences were selected. The welding

methods conformed to ASCE-AWS standards then. The two welding sequences were:
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1) Welding each flange one after another, stage by stage, as shown in Figure 2.2 (a).
2) Welding two diagonally opposite flanges simultaneously, as shown in
Figure 2.2 (b).

The residual stress distributions with different welding sequences were also measured by
the method of sectioning. Welding residual stresses in the flanges and plates were almost
the same under different welding sequences, whereas welding residual stresses in the web
were found to be different. The maximum magnitudes of the residual stresses in the
flanges and plates were close to each other under different welding sequences.
Masubuchi (1980) suggested that as far as residual stresses along the weld are concerned,

the effect of welding sequence is minor.

The test results on the reinforced columns indicated that the stress level in the
reinforced columns at buckling is greater than the buckling stress for the unreinforced
section. A theoretical tangent modulus column curve for the reinforced section was
developed from the stub-column test results (Nagaraja Rao and Tall, 1963). The resuiting
column curve for a reinforced W200x46 fell above the Column Research Council (CRC)
curve, indicating a higher strength from the reinforced section. The CRC curve represents

an average curve for bending about either the strong or the weak axis (Huber, 1958).

The following observations were made from the test results:

1. The pin-ended column showed that the reinforced sections had a higher capacity.
One of the pin-ended columns tested reached 98% of its yield strength. The stub
column tests and the pin-ended column tests showed that welding for shorter
reinforced columns did not reduce the buckling stresses.

2. The influence of welding is confined to a very small area in the vicinity of the
weld. The properties of the material in the major portion of the section are not

affected enough to change the strength of the reinforced section.

A later paper presented by Tall (1989) extended the discussion of the welded
reinforcement based on the previous investigation. Further discussion of the residual

stress magnitude and distribution was presented.
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The initial compressive residual stresses in W-shapes would contribute to a reduction
of compressive strength. To minimize the loss of compressive strength, it is desirable to
change the compressive residual stresses to tensile stresses at the critical portion of the
rolled section, i.e. the tips of the flanges, to delay yielding of this portion under a
compressive load. Welding of cover plates to the flanges or simply laying a weld bead on
the flange tips are two ways to achieve this. The change of residual stress distribution
resulting from welding alone was demonstrated to result in a marked improvement in
column strength (Fujita, 1960). Tall (1989) proposed that the increase in strength
resulting from welded cover plates on a rolled section is substantially greater than for
welding alone because of the combined effect of the additional material and welding

residual stresses.

The test results presented by Nagaraja Rao and Tall (1963) showed a 10% increase in
strength after reinforcement. Because the non-dimensionalized strength is defined with
respect to the yield strength of the total cross section, which differs before and after
reinforcement, the actual absolute increase in strength would be considerably higher.
Therefore, the reinforcement of a column may result in the column being assigned a

higher column curve if the concept of multiple column curves is considered.

It has been shown (Alpsten and Tall, 1970; Brozzetti et al., 1970; Bjorhovde et al.,
1972; Kishima et al., 1969) that welding has a greater influence on the overall
distribution of residual stresses in small and medium-size shapes, than in the case of
heavy shapes. Tall (1989) therefore proposed that welding alone on the flange tips would
improve the strength of rolled sections of light and medium size more than for heavy

rolled shapes.

Tall (1989) suggested that the width of the cover plate should not be smaller than the
width of the flange less the size of two fillet welds -- this ensures that the weld is as close
as possible to the flange tips so as to be effective in changing the residual stresses at the
flange tips from compression to tension. The maximum effect of reinforcement is
obtained when the reinforcing weld is as close as possible to the edge of the flange of the

rolled section.
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Comparing test results for columns reinforced under load and reinforced under no
load, Tall (1989) suggested that preload would not affect the strength of short reinforced

columns.
2.2.2 Work of Brown (1988)

Brown (1988) proposed a simplified model of a reinforced steel column to evaluate
its strength when reinforced under load. The model consists of two flexible columns, one
representing the unreinforced column (or column core) and the other representing the
reinforcing plates, tied together with rigid links to enforce compatibility of displacements
between the column core and the reinforcing plates. Depending on the slenderness of the
column, three ranges of column response were identified: 1) the core column forms a
plastic hinge and the reinforcement provides the additional capacity until it reaches the
maximum load capacity (i.e. the capacity of the column reinforced under load is the same
as a column reinforced under no load); 2) after the core column fails, the reinforcing
plates provide additional capacity, but the reinforced column does not reach the full
capacity of a column reinforced under no load: 3) failure of the reinforced column takes
place when the stress in both the column core and the reinforcing plates is below the
buckling stress of the same column reinforced under no load. The model proposed by
Brown does not account for any of the residual stresses and depends on SSRC column

design curves to account for the presence of the residual stresses.

2.3 Summary

Residual stresses, initial geometric imperfections, and material and geometric
properties were identified as the most influential factors for the capacity of unreinforced
columns. A review of the literature has indicated that additional factors affect the strength
and behaviour of welded reinforced columns. These factors, however, have received little
attention. The direction of cover plates, the grade of steel used for the columns and the
cover plates, the magnitude of the load carried by the unreinforced column when the

reinforcing plates are welded to the column, and the buckling axes were identified as
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potentially important parameters for reinforced columns. The effect of these parameters

on the strength and behaviour of reinforced steel columns needs to be investigated.
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Plate narrower than flange Plate wider than flange

(a) Reinforcing Plates Parallel to Flange

1 r

(b) Reinforcing Plates Parallel to Web
Figure 2.1 Formation of the Analysis Models

(a) Sequence No. 1 (b) Sequence No. 2
Figure 2.2 Welding Sequences Investigated by Nagaraja Rao
and Tall (1963)
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Chapter 3
Finite Element Modelling of Reinforced Steel Column

3.1 General

A review of the literature indicated that the number of tests conducted on steel
columns reinforced under load with welded steel plates is very limited. To fully
understand the behaviour of reinforced steel columns, a large number of tests are required
in order to incorporate a wide range of parameters that affect the behaviour of reinforced
steel columns. However, it is uneconomical to conduct a large experimentally based
investigation. In order to extend the database of test results, a numerical model was used
to investigate the full range of parameters not covered by the test. The performance of

this model was first verified by comparing the predicted strength and behaviour with test
results.

The objective of this chapter is to develop and validate a finite element mode! of a
reinforced steel column. The finite element model was developed using the commercial
software ABAQUS, version 5.7 (Hibbitt ez al., 1997). ABAQUS was used because of its

ability to perform non-linear large displacement and finite strain post-buckling analysis.

This chapter consists of two parts. In the first part, the geometry and the boundary
conditions of the finite element model are described. The initial conditions and load
process of the numerical analysis are also discussed. In the second part, the results of the

numerical analysis are compared with the results of physical tests to validate the

numericai models.
3.2 Description of the Model

To investigate the full range of possible cross sections for reinforced columns, two
groups of finite element models were studied in the following investigation:

1) Columns reinforced with plates parallel to the flanges as shown in Figure 2.1(a)
and,
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2) Columns reinforced with cover plates parallel to the web as shown in Figure

2.1(b).

The finite element model of a reinforced column is composed of three parts: the
rolled section, the reinforcing plates, and the welds connecting the reinforcing plates to
the rolled section. The rolled section and reinforcing plates were discretized using
element S4R from the ABAQUS finite element library. Element S4R is a four-node,
doubly curved, general purpose shell element with finite strain capability and six degrees
of freedom per node (Hibbitt er al., 1997). The welded joint between the reinforcing
plates and the rolled section was modelled using the two-node linear beam element B31.

Element B31 has six degrees of freedom per node and transverse shear deformation
capability.

When the beam elements were introduced into the model to simulate the welds, the
minimum stiffness required to prevent relative displacement between two corresponding
nodes on the rolled section and the reinforcing plate was determined by gradually
increasing the beam stiffness until the relative displacements were considered negligible.

This process was necessary to avoid potential convergence problems with excessively

stiff beam elements.

The beam elements were added when the finite element model was buiit. In order to
prevent interaction between the rolled shape and the reinforcing plates when residual
stresses and column preload were added, the beam elements had to be deactivated in the
first load step. To prevent rigid body motions of the reinforcing plates before their re-
attachment to the rolled section, the plates were connected to the rolled section using a tie
connection at the column mid-height (see Figure 3.1). The single tie connection
prevented rigid body motion of the reinforcing plates while allowing independent

straining of the plates and rolled section during the application of the residual stresses.

3.2.1 Finite Element Mesh

The mesh size used for modelling the reinforced columns was based on two principal

considerations: 1) a sufficient number of elements had to be used to form the cross-
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section so that the residual stress pattern could be modelled accurately, and 2) the aspect

ratio of the elements was below 3.0 to avoid potential numerical problems (Gaylord er
al., 1997).

Figures 3.2 and 3.3 show the finite element mesh of the column reinforced with
plates parallel to the flanges and that of the column reinforced with plates parallel to the
web, respectively. To allow for welding of the cover plates, the cover plates were

narrower and shorter than the W-shape column by about 20 mm.

The width of the elements adjacent to the tips of the flanges and webs were
determined to accurately simulate the welding residual stresses in the cross-section.
Welding residual stress distributions in steel plates were investigated both experimentally
and analytically by Tall (1961). The thickness of the plates ranged from 1/4 inch (6 mm)
to 3/4 inch (19 mm). The distance from the welded edge of the plate to the point where a
residual stress reversal occurs was found to vary from 18 mm to 38 mm. Nagaraja Rao
and Tall (1963) also investigated the welding residual stress distribution in a 8WF31
(W200x46) section with 180x9.5 mm plates welded parallel to the flanges. The residual
stresses changed from positive to negative about 25 mm from the welded edge in the
flanges and the cover plates. Therefore, the width of the elements adjacent to the edges in
the flanges and the cover plates was chosen as 25 mm. This was found to provide
welding residual stress pattemns similar to the residual stress patterns obtained

experimentally. This will be discussed further in the following.
3.2.2 Material Properties

An isotropic, elastic-perfectly plastic material model was used for all the elements of
the reinforced columns. The elastic range for all the elements was defined with an elastic
modulus of 200 000 MPa and Poisson’s ratio of 0.3. The yield stress level was varied for
the rolled section and the reinforcing plates as described in the following chapter. The

material properties for the beam elements, used to model the welds, were the same as for

the cover plates.



The residual stresses in the plates and rolled section were introduced by imposing a
temperature gradient in the cross-section. In order to introduce longitudinal residual
stresses only, orthotropic thermal expansion properties were used. The value of the
coefficient of thermal expansion was taken as 1.17x10°/°C in the longitudinal direction
and zero in the transverse and through-thickness directions. The stress caused by
constrained thermal expansion is expressed as

o, =-Ea, At [3.1]
where Oy is the longitudinal stress, E is the modulus of elasticity, a, is the coefficient of

thermal expansion in the longitudinal direction and At is the temperature change.
3.2.3 Boundary Conditions

The parametric study presented in the following chapter was limited to centrally
loaded, pin-ended columns. The pinned ends were modelled using constraint equations
between the centroid of the end cross-sections and each node on the cross-sections to

force the ends of the column to remain plane and create a hinge about the centroid at each

end of the column.

A restraint about the weak axis or the strong axis was added at the column end cross-
section to make the corresponding slendemess ratio less than the slenderness ratio about
the other axis. These end restraints were added either to promote buckling about the
strong axis in some of the specimens included in the parametric study, or to prevent
simultaneous buckling about two axes in very few of the specimens investigated with

nearly equal stiffness about the strong and the weak axes.

In some of the reinforced column models with reinforcing plates parallel to the web
and A = 0.4, unexpected local buckling occurred at the ends of the column. This failure
mode will be discussed further in section 4.2. However, because an investigation of local
buckling of reinforced steel columns is beyond the scope of this research project, the
thickness of the first three rows of elements near the ends was increased by a factor of

three to prevent local buckling.



3.2.4 Initial Conditions

The response of the column in the post-buckling range is of interest to assess the
stability, or lack thereof, of the column after the peak load has been reached. To analyse
the post-buckling behaviour, the bifurcation problem that exists when no initial
imperfections are present in the model must be transformed into a problem with
continuous response. This can be accomplished by introducing a geometric imperfection.
Since the exact shape of the initial imperfections was not known a priori, initial
imperfections, consisting of a superposition of multiple buckling modes, were introduced
in the unreinforced column model. In ABAQUS this is accomplished in two analysis
runs: 1) in the first run an eigenvalue buckling analysis is performed on the "perfect”
geometry to determine the possible buckling modes; 2) in the second analysis run the
initial imperfections are introduced by adding the buckling modes to the "perfect”
geometry. The first four buckling modes were selected in the second analysis run.
Research demonstrated that the first eigen mode provides the most critical imperfections
(Galambos, 1968; Chen and Atsuta, 1976). In this research project the first four modes
were used with different scaling factors to form the initial imperfections. The largest
scaling factor was used for the first mode and the scaling factors of the 2nd mode, 3rd
mode, and 4th mode were taken as 1/5, 1/10 and 1/20 of the first mode’s scaling factor,
respectively. Since the position of the maximum perturbation differs for all four modes, a
trial and error method was adopted in the analysis to make the maximum magnitude of

the superimposed eigenmodes equal to the desired magnitude of initial imperfection.

The second, third, and fourth buckling modes are not necessarily in the same plane as
the first, and predominant, mode. Therefore, the superposition of the first four buckling
modes introduces initial imperfections in the weak and in the strong axis directions. The
magnitude of the initial imperfections in the strong direction was approximately 20%, or

less, of the magnitude in the weak direction.

Initial temperatures at all the nodes in the model were defined as zero when the initial

condition was defined. Based on this initial condition, temperature changes could be
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introduced to simulate the initial residual strains, and stresses, and welding residual

stresses in the load step described in the following section.

3.2.5 Loading Process

Because reinforcement of steel columns is usually performed while the column is
carrying some load, loading of the reinforced steel column models had to be performed in

several steps. The following steps were adopted in the analysis:

1)

3)

4)

5)

6)

7)

The finite element model initially consisted of the rolled section and the
reinforcing plates attached to the rolled section with beam elements. It was
therefore necessary in the first load step to de-activate the beam elements and
perform an equilibrium iteration on the structure.

Initial residual stresses were introduced in the rolled section and in the reinforcing
plates in accordance to the temperature versus stress relationship presented in
Equation {3.1].

An axial load representing the dead load and partial live load on the unreinforced
column was introduced. The preload was varied from 40% to 60% of the
unreinforced column strength.

The beam elements used to simulate the weld attachment between the reinforcing
plates and the rolled section were re-activated. This was performed within a load
step to ensure that equilibrium is maintained in the process of attaching the
reinforcing plates to the wide flange section.

The welding residual stresses were introduced by increasing the temperature at
the flange tips to create a strain at the flange tips of 70% or 100% of the yield
strength of the wide flange section. It is generally accepted that the residual stress
due to welding (at the tips of the flange and plates) can reach the yield stress
(Tall, 1961).

The next step consisted of removing the initial preload applied in load step 3.
Both the residual stresses and initial imperfections in the reinforced column were
determined at the end of this step.

Riks’ method was used to load the reinforced steel column into the pre- and post-

buckling ranges.

23



Nonlinear static stress analysis was used for stable problem analyses such as
removing and adding elements, imposing initial residual stress, pre-loading, welding
effects, and removing pre-loading. As a consequence, large-displacement effects were
included in all the steps of the loading process. The first five steps were performed using
a load control Newton-Raphson procedure. In order to trace the post-buckling response of
the reinforced columns the modified Riks method (Riks,1979) was used in the last load
step.

3.3 Validation of the Finite Element Model

3.3.1 General

Because of the limited number of test results on reinforced steel columns, it is
difficult to collect enough test data to fully validate the numerical model. Nagaraja Rao
and Tall (1963) provided a set of test results for columns reinforced under load and under

no load. To validate the numerical model as much as possible, both cases were compared

with the analysis results.
3.3.2 Description of the Tests

The experimental investigation presented by Nagaraja Rao and Tall (1962) used
W200x47 (8WF31) columns with 178x9.5 mm reinforcing plates, both of ASTM A7
structural steel. The reinforcing plates were placed parallel to the flanges. The weighted
mean yield stress, determined from a stub-column test, was 256.5 MPa. The length of the

column was 2440 mm, giving a non-dimensional slenderness ratio, A, of about 0.5.

The column reinforced under load had an out-of-straightness of 0.5 mm (1/4900)
after reinforcing. The out-of-straightness of the column reinforced under no load was
0.762 mm (L/3200). It should be noted that the reported initial out-of-straightness for
both unreinforced columns was L/565, which is significantly greater than the maximum

allowable initial out-of-straightness for wide flange sections.



An axial load was applied through end fixtures that allowed the columns to buckle
freely about their weak axes. For the column reinforced under load, the pre-load applied
before reinforcing was 30 percent of the capacity of the rolled section, namely 405 kN
(Nagaraja Rao and Tall, 1963).

3.3.3 Initial Conditions of the Numerical Analyses

Based on the investigation by Nagaraja Rao and Tall (1963), two numerical models
were developed to model column reinforcement under load and reinforcement under no
load. The geometrical details and the numerical analysis results of the two models are
summarized in Table 3.1. The first model consists of the column reinforced under load

and the second model represents the column reinforced under no load.

The same initial residual stresses were used for the two numerical models as
illustrated in Figure 3.4. Columns (8) and (9) of Table 3.1 present the initial residual
stress distributions in the sections. Column (8) shows the maximum magnitude at the tips
of the flanges and Column (9) shows the maximum magnitude at the reinforcing plate
edges.

Figure 3.5 shows a comparison between the initial residual stress distributions in the
cross-section of the numerical models and the test specimen. The figure presents both the
input values of residual stresses in the finite element model and the output value,
obtained at the end of an equilibrium step in the loading process described above. The

numerical model replicates successfully the measured residual stresses.

The magnitude of the initial imperfections reported by Nagaraja Rao and Tall (1962)
was also replicated in the finite element models. Since the residual stresses introduce
deformations in the model, the initial geometry had to be adjusted so that the magnitude
of initial imperfections at the end of the residual stress load step was equal to the
measured value. A trial and error procedure was used for this purpose. Columns (11) and
(12) of Table 3.1 present the magnitude of the initial out-of-straightness before
reinforcing and the ratio of this initial out-of-straightness to the column length,

respectively. Columns (13) and (14) present the value of the out-of-straightness after
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reinforcing and the ratio of this out-of-straightness to the column length, respectively.
Column (17) presents the magnitude of the preload applied on the rolled section before
welding of the reinforcing plates. A comparison of the initial out-of-straightness of the
unreinforced columns in the numerical models with the measured initial out-of-
straightness (L/565) indicates that the model cannot predict accurately the effect of the
reinforcing plates addition on the initial imperfections. The assumed initial imperfections
in the two models before reinforcement of the columns were significantly smaller than
the measured values, although the final initial imperfection magnitude in the numerical

model is almost identical to the measured value.

Nagaraja Rao and Tall (1963) suggested that average stress at the flange tips after
reinforcing was 70% of the measured yield strength. This magnitude was used also for

the finite element models.
3.3.4 Behaviour of the Column Reinforced under Load

The welding residual stress patterns in the test specimens were investigated for
different welding sequences (Nagaraja Rao and Tall, 1963). Figure 3.6 shows the residual
stresses at mid-thickness of the plates after welding. The figure shows residual stresses
obtained from the finite element analysis and the residual stresses measured on test
specimens fabricated using two different welding sequences as described in Section 2.3.1.
Since the experimental data represent surface residual stresses, interpolation between the
two surfaces was used to obtain the mid-thickness residual stresses for the flanges and the
reinforcing plates. Measured pattern I was obtained for the first welding sequence and
measured pattern II was obtained for the second welding sequence. Figure 3.6 shows that
the predicted residual stress patterns in the flange and cover plates are similar to the
measured patterns. Although the measured residual stresses showed a significant gradient
through the thickness near the flange tips, no attempt was made to incorporate this
phenomenon in the numerical model. The model therefore used an average stress through
the thickness.
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The next step in the validation process is to compare the predicted load response of
the reinforced column with the reported test results. Figure 3.7 compares the axial load
ratio, P/P,y, versus the mid-height lateral deflection response for the numerical model
with the test result. The out-of-straightness value after welding for both cases was
0.5 mm. From the figure, we can make the following observations:

1) The shapes of the curves are similar.

2) The post-buckling range is accurately predicted by the finite element method.

3) The predicted and measured peak strengths are almost the same. Column (19)
from Table 3.1 presents the ratio of the predicted to measured peak load. The
difference between the predicted capacity and measured capacity is only 0.1%.

4) The slopes of the elastic portion of the response curves are identical.

It can therefore be concluded that the strength and behaviour of steel columns reinforced
under load can be predicted very well with the proposed finite element model for the
slenderness tested. It should be noted that the capacity of the column was very close to its
yield strength, indicating that the reinforced column fell into the short column range. The

model still remains to be validated in the intermediate length range.
3.3.5 Behaviour of the Column Reinforced under no Load

To further validate the numerical model, the column reinforced under no load was
also modelled and analysed. The geometrical and material properties of the experimental
model were the same as those of the first numerical model except for the magnitude of

the pre-load, as presented in Table 3.1. The initial conditions used in the numerical model

were discussed in section 3.3.3.

A comparison between measured and predicted residual stresses in the cross-section
for the column reinforced under no load is presented in Figure 3.8. Again, a good
agreement between the measured and predicted residual stresses is observed. Although
the discrepancy between measured predicted values is more significant in the web the
residual stresses in the web are not as influential on the column behaviour and capacity as

those encountered at the flange tips.
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The measured and predicted axial load versus mid-height lateral deflection response
for the column reinforced under no load are shown in Figure 3.9. It can be observed that
the curves are similar. The predicted peak strength from the numerical model is 97.7% of
the yield strength . This is only slightly higher than the measured strength of 96% of the
yield strength. It can therefore be concluded once more that the finite element model

predicts the test results accurately.

3.3.6 Validation of the Finite Element Models in the Intermediate Length Range

Because of insufficient experimental data to validate the finite element models over
the full range of material response, experimental data for unreinforced columns of
intermediate length were used to validate the finite element models in the elastic-to-

plastic range.

Huber and Beedle (1954) presented the results of a series of tests on SWF31
(W200x46) steel columns of different lengths. The steel was ASTM A7 structural steel,
with a weighted average yield strength of 260 MPa. A residual stress pattern similar to
the pattern illustrated in Figure 3.4 was used in the finite element models. The value of
the peak residual stress was measured using the sectioning method (Huber and Beedle,
1954) and was reported to be 84 MPa. The details for two of the test specimens from
Huber and Beedle (1954) are presented in Table 3.2. Other test specimens used to
validate the finite element models were obtained from Beedle and Tall (1960) who
reported tests on W-shape columns performed by other investigators. The material was
also reported to be ASTM A7 structural steel. Since material properties were not
specifically reported for these specimens, the same value as reported by Huber and
Beedle (1954), namely, 260 MPa, was used for these test specimens. Table 3.2 also
presents a summary of the properties used for these columns. It should be noted that since
the magnitude of initial imperfections was not reported for these columns, values were
assumed. In order to attempt to bracket the actual magnitude of initial imperfections two
values were assumed, namely, L/1500 and L/10 000. The larger of the two values is
significantly larger than those reported for the columns tested by Huber and Beedie
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(1954) whereas the smaller of the two values is significantly smaller than those reported
by Huber and Beedle.

Finite element analyses for the test specimens presented in Table 3.2 were conducted
and the results are reported in column (8). The test results are reported in column (9) and
the predicted-to-test ratios are reported in column (10). As can be seen, the test to
predicted ratio for the first two test specimens is very close to 1.0, indicating an excellent
correlation between the finite element models and the test results. The other predicted
column capacities are not in such good agreement with the test results, however. The lack
of agreement is attributed to the uncertainty in some of the important parameters of the
finite element mode! that had to be assumed. It can be seen from Table 3.2 that a
reduction of initial imperfection improves considerably the prediction of the test results.
It is also expected that the assumption made about the actual yield strength of the test
specimens would have an effect on the test-to-predicted ratio. Considering these later
uncertainties, it is considered that the finite element models are able to predict accurately

the strength of columns in the intermediate length range.
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Table 3.2 Finite Element Models for the Unreinforced Columns

Column RSBR® Initial Imperfection
I-section Length A* MF°  before reinforcing  F, l:’fca/l"'uyf Poo/Puy® Preo/Pesp

................................................................................................................

(1) Q3 @ 3 © ) ® &) (10)
W200x46* 4166 09 0.3F, LJ6300 066 260 073 075 007
W200x46* 2946 1.2 0.3F, 1/2400 122 260 083 082 101
W310x74** 4034 09 04F, L/1500 269 260 067 076  0.88
W310x74** 4034 09 04F, L/I0000 040 260 075 076 098
W200x36** 3436 1.0 0.25F, L/1500 229 260 065 073  0.89
W200x36** 3436 1.0 0.25F, L/I0000 034 260 072 073 098
W150x22** 3210 1.0 0.25F, L/I500 214 260 070 073 096
WI50x22** 3210 1.0 0.25F, L/10000 032 260 073 073  1.00

Note: * Test results reported by Huber and Beedle (1954)
** Test results reported by Beedle and Tall (1960)
a) A - Slendemess parameter of the reinforced column
b) RSBR - Residual stress before reinforcing
¢) MF -Maximum magnitude of the residual stress in the flange.
F, - Yield stress of the unreinforced column
d) ratio - The ratio of the out-of-straightness to the column length, L.
e) M - Out-of-straightness in the weak direction.
f) P, - Load carrying capacity obtained from the finite element analysis
P,, - Yield strength of the rolled section column
g) P, - Experimetal strength of the rolled section column
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a) Cross-section

b) The View from the Direction Parallel to the Web

Figure 3.1 Position of the Tie Connection between
Column and Cover Plates
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Figure 3.2 Finite Element Mesh of Column Reinforced
with the Plates Parallel to the Flanges
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Figure 3.3 Finite Element Mesh of Column Reinforced
with the Plates Parallel to the Web
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Figure 3.4 Initial Residual Stress Pattern Used in the Numerical Models
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Chapter 4
Parametric Study

4.1 General

Testing of full-scale columns is the most direct and reliable approach to examine the
strength and behaviour of reinforced steel columns. However, because of the lack of
previous test results and the impossibility of testing a large number of specimens to
examine all the parameters that may affect the strength and behaviour of reinforced steel
columns an alternative approach is desirable. A practical and expedient approach is to use
the finite element analysis model presented and validated in Chapter 3 to expand the

limited database of test results.

The first stage of this investigation will consist of identifying the parameters that
affect the strength and behaviour of reinforced columns. A parametric study using a range
of values for each parameter was then conducted. The database obtained from this
parametric study provided sufficient information to perform a statistical analysis, which
will be discussed in the next chapter. This chapter presents a description of buckling
behaviour, the selection of the parameters affecting the strength and behaviour of

reinforced columns, and the results of the parametric study.
4.2 Buckling Behaviour

A study of buckling modes was conducted using the finite element models presented
in Chapter 3. Figure 4.1 shows the buckled shape of columns reinforced with plates
parallel to the flanges. The figure illustrates buckling about the weak axis (Figure 4.1 (a))
and buckling about the strong axis (Figure 4.1 (b)). Figure 4.2 shows the buckled shape
of columns reinforced with plates parallel to the web. Buckling about the weak axis is
illustrated in Figure 4.2 (a) and buckling about the strong axis is illustrated in
Figure 4.2 (b). For the specimens under investigation, the expected buckled shape always
occurs as overall buckling about the weak axis of the reinforced column. For columns
reinforced with plates parallel to the flanges the weak axis of the reinforced section

always coincides with the weak axis of the rolled shape. When a column is reinforced
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with plates parallel to the web, however, the weak axis of the reinforced section may
coincide with the strong axis of the rolled shape. In order to trigger buckling about the
strong axis of the reinforced section, some column models were restrained at both ends to

provide rotational fixity in the weak direction of the reinforced section.

Unexpected local buckling of the reinforcing plates near the supports was found to
govern the capacity of some columns reinforced with plates parallel to the web.
Figure 4.3 shows the buckled shape of a W310x179 column reinforced with 350x25 mm
plates parallel to the web and A = 0.4. In order to prevent local buckling of the reinforcing
plates, the thickness was increased three times near the ends. Figure 4.4 shows the
resulting load versus mid-height lateral deflection curves for the above local buckling
model and the corresponding overall buckling model. It can be observed that, for the
example shown in Figure 4.4, the overall buckling capacity is about 10 percent higher
than the local buckling capacity. Although local buckling failure is beyond the scope of

this investigation, it is a possible failure mode that should be investigated experimentally.

4.3 Selection of Parameters

Many parameters were found to influence the strength and behaviour of steel
columns, with or without reinforcement (Geschwindner et al., 1994; Feder and Lee,
1959; Tall, 1961: Nagaraja Rao and Tall, 1963). The following parameters were selected
for this investigation:

1. Reinforced column slenderness.

2. Residual stress pattern and magnitude before welding.

Magnitude of residual stresses after welding of reinforcing plates.

Initial out-of-straightness of the reinforced columns.

Magnitude of the load applied on the column during the reinforcing process.
Steel grades of the I-section and cover plates.

Orientation of the reinforcing plates.

Direction of the buckling of the reinforced columns.

A S R O

I-section to cover plates area ratio.
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In order to investigate the effect of these parameters on reinforced columns, short
columns, intermediate, and long columns were analysed. The slenderness parameter, A, of

the reinforced columns was taken as 0.4, 1.0, 1.1, and 1.5 for the parametric study.

The effect of the magnitude and pattern of residual stresses in the rolled section and
the reinforcing plates before welding was investigated for 12 cases: six residual stress
patterns with two different magnitudes for each pattern. The magnitude of the peak
residual stresses was taken as 0.3 and 0.1 times the yield strength of the material for the
rolled section, and 0.3 and 0.15 times the yield strength of the material for the reinforcing
plates. All 12 cases were expected to cover the full range of initial residual stresses before
welding (Huber, 1956; Tall, 1961; Nagaraja Rao and Tall, 1963). In addition, two cases
were used to investigate the effect of welding residual stresses. The peak residual stresses
at the flange tip were taken as 70% of the yield strength as suggested by Nagaraja Rao
and Tall [1963], or 100% of the yield strength as suggested by the work of Tall [1961]
and Huber [1956].

After the cover plates are added on to the rolled section under preload, it is difficult to
control the out-of-straightness of the reinforced columns. In the following work three
values for the initial imperfections before reinforcing were mainly used to investigate the
effect of the initial out-of-straightness of reinforced columns, namely, L/8000, L/2000,
and L/1000. L/8000 was used to simulate very small initial imperfections. L./2000 is close
to the mean value reported for columns of hot rolled wide flange shapes (Bjorhovde,
1988), and L/1000 is the maximum initial imperfection allowed by CSA/CAN-G40.20-
92. For columns longer than 10 m, CSA standard G40.20-92 suggests a different

allowable initial imperfection as follows:

1. The allowable initial imperfection is 10 mm when 10 m<L < 14 m;
2. The allowable initial imperfection is [10+(L-14000)/1000] mm, when L > 14 m.

The pre-load on columns before reinforcing consists of dead loads and a portion of
the design live loads. The magnitudes of the dead and live loads vary depending on the
type of structure. In the parametric study, two pre-load magnitudes were selected,
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namely, 40% of the load-carrying capacity of the unreinforced column predicted using

the SSRC column curve 2 and 60% of load carrying capacity of the unreinforced column.

Three combinations of steel grades of I-sections and cover plates were investigated:
both the rolled section and the reinforcing plates have a yield strength of 260 MPa or
300 MPa, and the rolled shape has a yield strength of 230 MPa and the reinforcing plates
have a yield strength of 350 MPa. The third combination is believed to represent a

condition where the difference in grades is maximised.

The effect of reinforcing plate orientation was investigated for two cases: reinforcing
plates parallel to the flanges and reinforcing plates parallel to the web. The effect of the
buckling direction for reinforced columns was also investigated for two cases: column

buckling about the weak axis of the rolled section and column buckling about the strong

axis of the rolled section.

Nine different combinations of rolled section sizes and reinforcing plate sizes were
selected in the analysis: W200x46 with 180x9.52 mm cover plates, similar to the test
specimens used by Nagaraja and Tall (1962); W310x179 with four different cover plate
sizes, namely 290x25 mm, 290x16 mm, 350x25 mm and 350x16 mm; and W150x30 with
four different cover plate sizes, namely 130xS mm, 130x8 mm, 175x5 mm and
175x8 mm. All the different cases investigated cover a range of W-shape to reinforcing

plate area ratio from 2.71 to 5.83.
4.4 Analysis Results

With a total of 39 variables selected for nine parameters, the corresponding number of
combinations for a full factorial design would equal 4x12x2x3x2x3x2x2x9 = 62208,
which is too many. In order to reduce the total number of samples considerably, a
fractional factorial design (Hines and Montgomery, 1972) was adopted for the parametric
study. Table 4.1 summarizes the various combinations of paramecters investigated in the
parametric study. A total of 317 numerical models with different variables were analysed.
Table A.1 of Appendix A presents the details concerning the geometric and material
properties for each model investigated. Table B.l1 of Appendix B summarises the

44



magnitude of the pre-loads used in each case and the analysis results compared with the
load carrying capacity predicted using different SSRC column curves and CSA column
curves for each case. The load carrying capacity is presented as a ratio of the peak load

determined from the finite element analysis to the yield strength.

The following sections present a detailed discussion of the parametric study. The
effects of the various parameters investigated on the strength and behaviour of reinforced

steel columns are discussed.
4.5 Effect of Column Slenderness

It is commonly understood that the slendemess parameter is the most important factor
affecting the strength of columns. Based on the definition of the slenderness parameter
given in Section 2.1, different geometric and material properties result in different non-
dimensional slenderness ratios for columns. The effect of slenderness parameters on the
strength of 315 reinforced columns is illustrated in Figure 4.5 where the load carrying
capacity is plotted against the slendemess parameter. Although the results show a fairly
large scatter, the relationship between the slendemess parameter and the strength of the
columns is obvious. The large scatter results from the large range of parameters

investigated in the parametric study.
4.6 Effect of Residual Stresses

The residual stresses in reinforced steel columns were modelled in two different
stages, namely, the residual stresses in the rolled section and reinforcing plates before
welding and the residual stresses after welding the reinforcing plates to the rolled section.
Both stages must be considered to obtain a representative residual stress distribution in

the reinforced column.
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4.6.1 Residual Stresses before Welding

The residual stresses in the rolled section and in the reinforcing plates before welding
were investigated separately. Their effect on the strength and behaviour of the reinforced

column are presented in the following.
Residual Stresses in the Rolled Section

The patterns and magnitudes of the initial residual stresses in the rolled section
depend on factors related to the manufacturing process, as discussed in Chapter 2. The
initial residual stress distributions vary from section to section. Based on an investigation
presented by Huber [1956], four different initial residual stress patterns were selected in
this research for the wide flange section. The peak compressive residual stresses selected
for this investigation were taken as 30% and 10% of the yield strength of the rolled
section. The 30% level is representative of rolled sections (Chen and Atsuta, 1976) and

the 10% level represents a lower bound value.

Six different patterns of residual stresses in the rolled section and in the reinforcing
plates were considered and illustrated in Figure 4.6. For each residual stress pattern, two
magnitudes of the peak residual stresses in the wide flange sections were investigated.
The first four and the sixth residual stress patterns presented in Figure 4.6 are studied in

this section. The fifth pattern is discussed in the next section.

Two columns configurations were used to investigate the effect of initial residual
stresses. The first configuration consisted of a W200x46 section reinforced with 180x9.5
mm plates parallel to the flanges and buckling about the weak axis of the rolled section.
The second configuration consisted of a W310x179 section reinforced with 350x25 mm
plates parallel to the web and buckling about the strong axis of the rolled section. Table
4.2 summarises the finite element analysis models used in this part of the investigation. A
description of the initial residual stress pattern and magnitudes is presented in columns

(2) to (4). The other parameters are kept constant and are summarised in Table A.1.



Figures 4.7 and 4.8 depict the residual stress distributions after welding in the cross-
section of a W200x46 column reinforced with 180x9.5 mm plates. The maximum
magnitude of residual stresses resulting from welding was taken as 1.0 F, at the flange
tips for each model. Figures 4.7 and 4.8 show that the residual stresses after welding in
the reinforced section are very similar despite the significant difference in initial residual

stress patterns and magnitudes.

Figures 4.9 and 4.10 show the axial load response for the eight reinforced columns
described in Table 4.2. Except for residual stress pattern 4-1, all other initial residual
stress patterns investigated resulted in the same behaviour and strength of the reinforced
columns. Residual stress pattern 4-1 resulted in about a 7% reduction in strength
compared to the other specimens investigated. A summary of the peak to yield strength
ratio for each case investigated is presented in column (5) of Table 4.2. An examination
of the analysis results for two W310x179 columns reinforced with 350x25 mm plates
parallel to the web and buckling about the strong axis of the roiled section, as shown in

Table 4.2, also indicates that initial residual stresses have little effect on the strength of
reinforced steel columns.

Residual Stresses in the Cover Plates

In order to investigate the effect of initial residual stresses in the reinforcing plates,
two peak magnitudes (0.3F, and 0.15F,) were chosen for the initial residual stresses in
the reinforcing plates based on investigations by Tall [1961] and Nagaraja Rao and Tall
[1963]. Four W200x46 columns reinforced with 180x9.5 mm plates parallel to the
flanges and buckling about the weak axis of the rolled section were used to investigate
the effect of this parameter on the strength and behaviour of reinforced steel columns.

The models used for this study are described in detail in Table 4.3.

Despite differences in initial residual stresses, the residual stress patterns and
magnitudes after welding the reinforcing plates were essentially all the same. All the

welding residual stress patterns for these four models are similar to the pattern shown in
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Figure 4.11 (a). The axial load response of columns with different residual stress
magnitude is presented in Figure 4.12. As expected from an examination of the residual
stresses after welding, all the specimens display the same strength and behaviour. The
ratios of peak load to yield load for these cases are summarized in Column (5) of
Table 4.3. Since this parameter was found to have little effect, a typical initial stress
pattern can therefore be used for the remaining part of this study. Pattern 1-3, illustrated

in Figure 4.6, was selected for all the following numerical models.
4.6.2 Effect of the Magnitude of the Welding Residual Stresses

Nagaraja Rao and Tall (1963) have shown that high tensile residual stresses are
developed at the flange tips as a result of welding reinforcing plates to a rolled W-shape.
The distributions of the welding residual stresses were found to be very similar in the
research. as shown in Figure 4.11. The magnitudes of these welding residual stresses
were reported to be in the order of 70 percent of the yield strength of the material.
Welding residual stresses equal to the yield strength of the material have also been
reported elsewhere (Masubuchi, 1980). In order to cover the full range of possible
welding residual stresses, a residual stress pattern was investigated with two residual
stress magnitudes, namely 70 percent and 100 percent of the yield strength at the flange
tips, as illustrated in Figure 4.11. The control parameter in the analysis is the magnitude
of the residual stresses at the flange tips. The residual stresses in the remaining portions
of the cross-section are governed by the size of the reinforced cross-section and the initial

residual stresses in the reinforcing plates and the wide flange section.

This section presents the procedure used for four W310x179 columns reinforced with
290x16 mm plates parallel to the flanges and buckling about the weak axis of the rolled
section (all samples used the same procedure). Two different values of the slenderness
parameter, A, were investigated, namely 1.1 and 1.5. The residual stress distribution in
the reinforcing plates and the wide flange section before welding is pattern 1-3 of Figure
4-6. A description of the models used for this part of the investigation is given in Table
4.4 where column (4) lists the magnitude of the peak welding residual stress. A

comparison of the load carrying capacity listed in column (5) shows that, for a given
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slenderness parameter, the difference in the strength of columns with different welding

residual stresses is negligibly small.

The effect of welding residual stress magnitude on the strength and the behaviour of
reinforced columns is illustrated in Figure 4.13. As for the peak strength, the effect of
welding residual stress magnitude on the strength and the behaviour of the reinforced
steel columns is negligible. The following investigation therefore uses a representative

peak welding residual stress of 1.0 F, at the flange tips.
4.7 Effect of the Initial Out-of-straightness

The shape and magnitude of initial out-of-straightness in a reinforced column result
from a combination of deformations. These deformations are the initial imperfection of
the unreinforced rolled section resulting from the rolling process, the deformation
resulting from the preload on the unreinforced column, and the deformation resulting
from the welding process during reinforcement of the columns. Although the magnitude
of initial out-of-straightness must be controlled in rolled shapes and other fabricated
columns, current Canadian standards do not provide any specific requirement for the
initial out-of-straightness in a reinforced column. However, CAN/CSA G40.20-92
specifies some limitations for the initial imperfection in unreinforced rolled sections, as
described in Section 4.3. The effect of initial out-of-straightness in reinforced columns

was therefore investigated in light of the limitations set for unreinforced columns.

The effect of initial out-of-straightness on the strength and behaviour of reinforced
steel columns is illustrated using nine W310x179 columns reinforced with 290x25 mm
plates parallel to the flanges. All the reinforced columns have their weak axes in the same
direction as the weak axes of the rolled sections. Table 4.5 presents a description of the
models used for this investigation. Three different values of slendemess were used in the
columns, as shown in Column (3) of Table 4.5. In order to obtain different magnitudes of
initial out-of-straightness in the reinforced columns, the magnitudes of the initial
imperfections in the unreinforced columns were varied as shown in Column (4). Column

(5) of Table 4.5 presents the initial out-of-straightness of the reinforced column for each
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model. This out-of-straightness value was obtained following the removal of the axial
load on the column after welding the plates to the column. It can be observed that the
magnitude of the out-of-straightness increases after strengthening the column and this

effect is more significant with slender columns than with short ones.

The predicted load carrying capacity of the reinforced columns is presented in column
(6) of Table 4.5. It can be seen that the initial out-of-straightness for intermediate and
long columns significantly affects column strength. The column strength decreases with
increasing initial out-of-straightness magnitude. For example, for A = 1.1. a change in the
initial out-of-straightness from L/1790 to L/820 results in a decrease in load carrying
capacity of 8.5%, as shown in the table. An increase in the initial out-of-straightness from
L/7190 to L/820 results in a reduction in strength of 15%. A similar trend is observed in
columns with A = 1.5, but the strength of short columns (A = 0.4) is not significantly

affected by the magnitude of the initial out-of-straightness.

Figure 4.14 shows the axial load versus lateral defiection at mid-height for columns
with different initial out-of-straightness after reinforcing for A = 1.1. It can be observed
that with increasing initial out-of-straightness of the reinforced columns, the lateral

deflections at the peak load increase, and the load carrying capacity decreases.

4.8 Effect of the Pre-load

Six W310x179 columns reinforced with 290x25 mm plates parallel to the flanges
were used to present the effect of pre-load on the strength and behaviour of reinforced
columns. Their buckling axis was the weak axis of the rolled section. A description of the
reinforced columns is presented in Table 4.6. Columns with two different preloads,
namely 0.4 and 0.6 times the load carrying capacity of the unreinforced column predicted
using the SSRC column curve 2, and three slenderness values (A =0.4, 1.1, and 1.5) were
investigated. Columns (3) and (4) present the pre-load magnitude and the ratio of the pre-
load to the load carrying capacity of the unreinforced column predicted using SSRC

column curve 2, respectively. An examination of the predicted capacity presented in
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column (5) of Table 4.6 indicates that the magnitude of the preload does not significantly

affect the strength of reinforced columns.

Plots of the axial load versus axial deformation for different pre-load magnitudes are
presented in Figure 4.15 for columns with A of 1.1. It can be observed that the shapes of
the curves are identical. The same observation can also be made for columns with A of
0.4 and 1.5. The pre-load magnitude does not significantly affect the pre- and post-
buckling behaviour of reinforced columns within the range of preload investigated. The
following investigation was therefore carried out with a preload of 0.6 times the load

carrying capacity of the unreinforced column predicted using the SSRC column curve 2.

4.9 Effect of Steel Grade

Columns in many older structures are either of grade A9 or A36 steel, a relatively low
nominal yield strength compared to more modem structural steels that would typically be
used for reinforcing plates. Reinforced steel columns may therefore be composite
columns with different steel grades. In order to cover a broad range of these composite
columns, columns with two different combinations of steel grades were investigated: 1)
columns with the same steel grade for the plate and rolled section (Fy = 300 MPa), which
will serve as a reference, and; 2) reinforced columns with F, = 230 MPa for the rolled

section and F, = 350 MPa for the plates.

Table 4.7 gives a description of the numerical models used to illustrate this
investigation. The effect of material yield strength was studied for two different
reinforcing plate orientations, buckling about the weak axis and buckling about the strong
axis of the rolled section, and three different values for the slenderness parameter, A. A
comparison of the predicted load carrying capacities presented in column (5) of Table 4.7
indicates that varying the steel grades of the reinforced column does not significantly
affect the strength of reinforced columns when the capacity is expressed as a ratio of the

yield capacity of the cross-section.
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4.10 Effect of Reinforcing Plate Orientation

Steel columns can be reinforced with steel plates either welded parallel to the flanges
or parallel to the web in Figure 2.1. In order to investigate the effect of plate orientation
on the strength and behaviour of reinforced steel columns, columns of different
slenderness and different slendemess were modelled for buckling about either the strong

or the weak axis. A summary of these models is presented in Table 4.8.

An examination of Table 4.8 reveals that short columns (A = 0.4) are not affected by
the orientation of the reinforcing plates. This is expected since short columns fail by
yielding, rather than by buckling. For buckling about the weak axis of the W-shape
section and A = 1.1 and L.5, it seems that columns are weaker when the reinforcing plates
are parallel to the flanges. A reduction of strength of 7.5% to 10% is observed in the
sample columns presented in Table 4.8. When the buckling axis is the strong axis of the
strong W-shape section, columns with reinforcing plates parallel to the web are weaker
than the columns with plates parallel to the flanges. A reduction in strength-to-yield ratio

of about 7% is observed for the selected sample columns.
4.11 Effect of Buckling Axis

The investigation has so far focused on columns buckling about the weak axis of the
reinforced column. When wide flange sections are reinforced with plates parallel to the
flanges, the weak axis of the reinforced section coincides with the weak axis of the wide
flange section. However, when the reinforcing plates are parallel to the web of the wide
flange section, the weak axis of the reinforced section may be at right angle to the weak
axis of the unreinforced section. On the other hand, buckling of a column may take place
about the strong axis of the cross-section if the braced length in the weak axis direction is
shorter than the braced length in the strong direction. In some cases presented in this
section, additional bracing in the weak axis direction was provided to force the column to

buckle about its strong axis.

Table 4.9 presents a summary of the columns used to illustrate the effect of the
buckling axis. Columns reinforced with plates parallel to the flanges and with plates
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parallel to the web were investigated. The direction of the buckling axis orientation
relative to the unreinforced and reinforced sections are presented in columns (2) and (3),
respectively. It is seen that the effect of plate orientation on the buckling capacity of
columns varies according to column slendemness and the buckling direction relative to the
unreinforced section major axis. For intermediate and long columns (A = 1.1, 1.5) with
reinforcing plates parallel to the flanges, buckling about the strong axis of the rolled
section was observed to result in a larger strength-to-yield ratio than in the case of
buckling about the weak axis. For intermediate and long columns with reinforcing plates
parallel to the web, buckling about the strong axis of the rolled section was observed to
result in a lower strength-to-yield ratio than buckling about the weak axis of the rolled
section. This observation holds whether or not the strong axis of the reinforced section is

in the same direction as the strong axis of the unreinforced section.
4.12 Effect of W-Shape to Plate Area Ratio

The effect of the ratio of the wide flange section area to the reinforcing plate area on
the strength and behaviour of the reinforced columns was investigated for three non-
dimensional slenderness ratios. For each slendemess ratio, the area ratio was varied either
by: 1) changing the plate area while keeping the wide flange section constant; and, 2) by
changing both the I-section and the reinforcing plate dimensions. The results of this
investigation are presented in Table 4.10 and Table 4.11.

The results presented in Table 4.10 show that, despite a variation in the area ratio
from 1.57 to 2.46, the predicted strength-to-yield ratio remained essentially the same for
all three non-dimensional slendemess ratios. Table 4.11 shows a variation in area ratio
from 1.57 to 2.92 obtained by changing both the size of the rolled section and the size of
the reinforcing plates. Except for the columns with a slenderness ratio, A, of 1.1, the
change in capacity is insignificant. Although a significant change in capacity is observed
for the column with A = 1.1, considering the large change in area ratio used for these

analyses, the strength of the columns is considered to be insensitive to the ratio of the

rolled section area to the cover plate area.
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4.13 Summary

This chapter presents some of the results of a parametric study that includes a total of

315 reinforced steel columns. The parameters investigated were column slenderness,
residual stresses, initial out-of-straightness, preload magnitude, yield strength of the I-

section and reinforcing plates material, plate orientation, buckling axis, and the I-section

area to the cover plate area ratio. The following conclusions were drawn from this

parametric study.

(5]

. The non-dimensional column slenderness, expressed as the slenderness parameter,

A, is the most important parameter affecting column strength.

While the initial residual stress is an important factor for the load carrying
capacity of an unreinforced column, the investigation demonstrated that variations
in the initial residual stresses. before welding the reinforcing plates, do not affect
significantly the load carrying capacity of a reinforced column. The investigation
also demonstrated that varying the maximum welding residual stress from 70% to
100% of the yield strength of the materials does not affect significantly the

predicted strength of reinforced columns.

Initial out-of-straightness affects the behaviour and strength of intermediate and
long reinforced columns significantly. The strength of reinforced columns

decreases as the initial out-of-straightness increases.

A change in the preload from 40% to 60% of the load carrying capacity of the
unreinforced column does not affect the behaviour and the predicted strength-to-

yield strength ratio of reinforced columns significantly.

The use of different grades in reinforced columns was found to have a negligible

effect on the strength-to-yield ratio of reinforced columns.

In the numerical model results, it was observed that the interaction of the plate

orientation and the buckling axis affects the behaviour and the strength of
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intermediate and long columns significantly. For columns of same slendemess
and reinforced with plates parallel to the web the capacity of the column is larger
when buckling occurs about the weak axis of the unreinforced section. The
converse was observed when columns are reinforced with plates parallel to the
flanges. Intermediate and long columns buckling about the strong axis of the
rolled section, have a higher strength-to-yield ratio when the reinforcing plates are
parallel to the flanges compared to columns reinforced with plates parallel to the
web. The converse was observed for intermediate and long columns with

reinforcing plates parallel to the web.

7. The effect of I-section to reinforcing plate area ratio on the predicted strength-to-

yield ratio was found to be insignificant.
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Table 4.2 Models Used to Study the Effect of Initial Residual Stresses
in the I-Section before Welding

FEA model Initial Residual Stresses before Welding p .
oo Number? P ME et T A e
(1) (2) 3) 4) &)

W200x46 column with 180x9.52 mm plates parallel to the flanges
Buckling about the weak axis of the rolled section

3 I-1 0.3F, 0.15F, 0.65
5 1-2 0.1F, 0.15F, 0.65
7 2-1 0.3F, 0.15F, 0.63
8 22 0.1F, 0.15F, 0.66
9 3-1 0.3F, 0.15F, 0.65
10 32 0.IF, 0.15F, 0.66
1l 4-1 0.3F, 0.15F, 0.60
12 4-2 0.1F, 0.15F, 0.65

W310x179 column with 350x25 mm plates parallel to the web

Buckling about the strong axis of the rolled section
82 33 0.3F, 0.3F, 0.54
83 34 0.1F, 0.3F, 0.54

a) The FEA model number refers to the finite element analysis model number
described in detail in Appendix A and Appendix B.

b) PS - Designation of the residual stress pattern

¢) MF - Magnitude of the initial residual stresses before welding at the flange tips

d) MP - Magnitude of the initial residual stresses before welding at the plate edges
F, - Yield stress of the rolled section column

e) P, - load carrying capacity of the reinforced column obtained

from the finite element analysis
P, - Yield strength of the reinforced column
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Table 4.3 Models Used to Study the Effect of Initial Residual Stresses
in the Cover Plates before Welding

FEA model Initial Residual Stresses before Welding p .
...... Nember' B ME M e
(1) ) 3) @) (&)

W200x46 column with 180x9.52 mm plates parallel to the flanges
Buckling about the weak axis of the rolled section

3 I-1 03F, 0.15F, 0.65
4 1-3 0.3F, 0.3F, 0.65
5 1-2 0.1F, 0.15F, 0.65
6 14 0.1F, 0.3F, 0.65

a) The FEA model number refers to the finite element analysis model number
described in detail in Appendix A and Appendix B.

b) PS - Designation of the initial residual stress pattern

¢) MF - Magnitude of the initial residual stresses before welding at the flange tips

d) MP - Magnitude of the initial residual stresses before welding at the plate edges
F, - Yield stress of the unreinforced column

e) Py, - load carrying capacity of the reinforced column obtained

from the finite element analysis
P,, - Yield strength of the reinforced column

Table 4.4 Models Used to Study the Effect of Varying Welding

Residual Stress Magnitude
FEA Column Slenderness Welding
model Length Parameter Residual Pe/Py°
...... Number’  ..L(mm) A SEESS e
(1) 2) 3) ) S)

W310x179 column with reinforcing plates 290x16 parallel to the flanges
Buckling about the weak axis of the rolled section

90 7197 1.1 F, 0.56
91 7197 1.1 0.7F, 0.57
95 9813 1.5 F, 0.36
96 9813 1.5 0.7F, 0.36

a) The FEA model number refers to the finite element analysis model number
described in detail in Appendix A and Appendix B.
b) F, - Yield stress of the steel of the rolled section

¢) Py, - load carrying capacity of the reinforced column obtained

from the finite element analysis
Py, - Yield strength of the reinforced column
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Table 4.5 Models Used to Study the Effect of the Initial Out-of-straightness

FEA Column Slenderness
model Length Parameter S N Pi/Py,’
o Number’ Lonm) . A e e
(1) 2) (3) 4) (5) (6)

W310x179 column with 290x25 mm plates parallel to the flangs
Bucklig&xbout the weak axis of the rolled section

17 2631 04 L/8000 L/7850 1.00
18 2631 04 L/2000 /1930 0.99
19 2631 0.4 L/1000 L/970 0.97
23 7235 1.1 L/8000 L/7190 0.64
24 7235 1.1 L/2000 L/1790 0.60
25 7235 1.1 L/1000 L/820 0.56
30 9866 L.5 L/8000 L/6270 0.42
31 9866 1.5 L/2000 L/1570 0.38
32 9866 1.5 L/1000 L/790 0.35

a) The FEA model number refers to the finite element analysis model number

described in detail in Appendix A and Appendix B.
b) &, - Initial imperfection of the unreinforced rolled section column

L - The column length
c) §; - Initial out-of-straightness of the reinforced column
d) P¢., - load carrying capacity of the reinforced column obtained

from the finite element analysis
P, - Yield strength of the reinforced column



Table 4.6 Models Used to Study the Effect of the Preload

" FEA  Slendemess Preload, P,
model Parameter P, PyP,." Pe/Pry’
oo UMb el N eereeeeseeeaeeeteeeeenanan
(1) (2) (3) #) (3)
W310x179 column with 290x25 mm plates parallel to the flanges
Buckling about the weak axis of the rolled section
19 0.4 3760 0.6 0.97
20 04 2507 0.4 0.98
25 1.1 2152 0.6 0.56
27 1.1 1435 04 0.57
32 1.5 1401 0.6 0.35
33 1.5 934 0.4 0.36

a) The FEA model number refers to the finite element analysis model number
described in detail in Appendix A and Appendix B.

b) P,, - Load carrying capacity of the rolled section (predicted using SSRC curve 2;

¢) P, - load carrying capacity of the reinforced column obtained

from the finite element analysis
P, - Yield strength of the reinforced column
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Table 4.7 Models Used to Study the Effect of the Steel Grades

FEA Slenderness Yield Strength, F, (MPa)
b
model . Parameter Rolled Section Plates Pred/Pry
....... T e et e e s menes
(1) (2) 3) 4) (5)

W310x179 column with 290x25 mm plates parallel to the flanges
Bucklingfbout the weak axis of the rolled section

19 04 300 300 0.97
21 04 230 350 0.96
25 1.1 300 300 0.56
28 1.1 230 350 0.51
32 1.5 300 300 0.35
34 1.5 230 350 0.34

W310x179 column with 290x25 mm plates parallel to the flanges
Buckliri about the strong axis of the rolled section

36 04 300 300 0.93
38 0.4 230 350 0.94
42 .1 300 300 0.61
45 L.1 230 350 0.57
47 L.5 300 300 0.40
49 1.5 230 350 0.37

W310x179 column with 350x16 mm plates parallel to the web
Buckling about the weak axis of the rolled section

145 0.4 300 300 0.95
147 04 230 350 0.97
151 1.1 300 300 0.60
154 1.1 230 350 0.62
156 1.5 300 300 0.40
158 1.5 230 350 0.40

W310x179 column with 350x16 mm plates parallel to the web
Buckling about the stron&axis of the rolled section

160 04 300 300 0.93
162 04 230 350 0.89
166 1.1 300 300 0.56
169 1.1 230 350 0.51
171 1.5 300 300 0.38
173 1.5 230 350 0.36

a) The FEA model number refers to the finite element analysis model number

described in detail in Appendix A and Appendix B.
b) Py - load carrying capacity of the reinforced column obtained

from the finite element analysis
Py, - Yield strength of the reinforced column
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Table 4.8 Models Used to Study the Effect of Reinforced Plate Orientations

FEA Cover Column Slendemess
model Plates Length Parameter 5° Prm/P,),d
..Number'  Orientation”  L(mm) A et eetere e neenenes
H (2) 3) C)) (3) ©)
W310x179 column with 350x 16 mm plates and buckling about the weak axis of the [-section
115 F 2827 04 L/974 0.98
307 w 3720 04 L/979 0.97
121 F 7772 1.1 L/786 0.56
308 w 10229 1.1 L/789 0.62
126 F 10598 1.5 L/788 0.37
156 w 13948 1.5 L/791 0.40
W310x179 column with 350x16 mm plates and buckling about the strong axis of the I-section
130 F 4928 04 L/974 0.94
160 w 4155 04 L/995 0.93
135 F 13551 1.1 L/1582 0.63
309 w 11425 1.1 L/1574 0.59
310 F 18479 1.5 L/1249 041
171 W 15579 1.5 L/1245 0.38

a) The FEA model number refers to the finite eiement analysis model number
described in detail in Appendix A and Appendix B.
b) F - Cover plates parallel to the flanges
W - Cover plates parallel to the web
c) 9; - Initial out-of-Straightness of the reintforced column
L - The column length
d) P, - load carrying capacity of the reinforced column obtained

from the finite element analysis
P,, - Yield strength of the reinforced column
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Table 4.9 Models Used to Study the Effect of the Buckling Axis

FEA Buckling Axis Column Slendemess
model  Unreinforced Reinforced  Length  Parameter 57 Pe/Pry
...Number’ __Section ___Section | M) e
49) (2) 3) ) (&) 6) N
W150x30 column with 130x5 mm plates parallel to the flanges
175 Weak axis Weak axis 1236 04 L/973 0.97
192 Strong axis Strong axis 2300 04 L/964 0.95
181 Weak axis Weak axis 3399 1.1 L/885 0.60
311 Strong axis  Strong axis 6326 1.1 L/858 0.63
186 Weak axis Weak axis 4635 1.5 L/848 0.37
312 Strong axis _Strong axis 8626 1.5 L/808 0.44
W310x179 column with 350x25 mm plates parallel to the web
313 Weak axis Weak axis 4103 04 L/983 0.96
66 Strong axis  Strong axis 4030 04 L/984 0.93
314 Weak axis  Weak axis 11281 1.1 L/985 0.63
72 Strong axis Strong axis 11083 1.1 L/1000 0.54
315 Weak axis Weak axis 15383 1.5 L/1194 041
77 Strong axis _Strong axis 15113 1.5 L/1200 0.37
W310x179 column with 350x16 mm plates parallel to the web
307 Weak axis Weak axis 3720 04 L/974 0.97
160 Strong axis Strong axis 4155 04 L/995 0.93
316 Weak axis Weak axis 10229 1.1 L/1862 0.68
165 Strong axis Strong axis 11425 1.1 L/1870 0.60
317 Weak axis Weak axis 13948 LS L/1227 042
171 Strong axis _Strong axis 15579 1.5 L/1235 0.38

a) The FEA model number refers to the finite element analysis model number
described in detail in Appendix A and Appendix B.
b) &; - Initial out-of-Straightness of the reinforced column
L - The column length
¢) P, - load carrying capacity of the reinforced column obtained
from the finite element analysis
Py, - Yield strength of the reinforced column



Table 4.10 Models Used to Study the Effect of Cover Plate Size

FEA Column  Slenderness
model I-Section Plate [-section Area  Length parameter Pfa/P,,b
Lpumber e PlateArea  (mm) A s
(4)) (2) 3) “) (5) (6) (@))

19 W310x179  290x25 1.57 2631 04 0.97
34 W310x179 290x16 2.46 2617 04 0.98
115 W310x179 350x16 2.04 2827 04 0.98
25 W310x179  290x25 1.57 7235 1.1 0.56
90 W310x179 290x16 2.46 7197 1.1 0.56
121 W310x179  350x16 2.04 7772 L.l 0.56
32 W3Il0x179  290x25 1.57 9866 1.5 0.35
95 W310x179  290x16 2.46 9813 1.5 0.36
126 W3l0x179  350x16 2.04 10598 1.5 0.36

a) The FEA model number refers to the finite element analysis model number

described in detail in Appendix A and Appendix B.
b) Py, - load carrying capacity of the reinforced column obtained

from the finite element analysis
P, - Yield strength of the reinforced column

Table 4.11 Models Used to Study the Effect of the Size of the I-section

FEA . Column  Slenderness
model [-Section Plate -section Area Length parameter me/P,yb
Number’ e Pl Area | L(mm) A e
(1) 2) (3) Q)] (3) (6) (€))
19 W310x179  290x25 1.57 2631 04 0.97
175 W150x30 130x5 292 1236 04 0.97
25 W310x179  290x25 1.57 7235 1.1 0.56
181 W150x30 130x5 292 3399 1.1 0.60
32 W310x179  290x25 1.57 9866 1.5 0.35
186 W150x30 130x5 292 4635 1.5 0.37

a) The FEA model number refers to the finite element analysis model number
described in detail in Appendix A and Appendix B.
b) Py, - load carrying capacity of the reinforced column obtained

from the finite element analysis
Py, - Yield strength of the reinforced column
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Section: W310x179; Reinforced Plate: 350x25 mm;
F, =300 MPa; A=04

Figure 4.3 Local Buckled Shape of the Column Reinforced with
Plates Parall to the Web
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Chapter §
Limit States Design

5.1 Background

A statistical-based design philosophy, which provides a uniform level of safety for
various structural components, is used for the design of steel structures in Canada.
Considering the variation in the resistance and load effects, corresponding resistance and
load factors are determined using statistical analysis. The resistance factor for steel

columns reinforced with welded steel plates is the prime concern in this research.
5.1.1 Column Resistance Based on CAN/CSA-S16.1-94

Based on the investigation conducted by Bjorhovde (1972), three strength curves
have been developed to predict the strength of steel columns of different shapes and types
(Johnston, 1976). The Structural Stability Research Council proposed the equations used
to describe these column curves, and these three curves are therefore called SSRC
column curves. CSA standard CAN3-S16.1-M84 - "Steel Structures for Building — Limit
States Design” (Canadian Standards Association, 1984) adopted the first two SSRC
curves for the design of steel columns. The equations for the first two SSRC curves are in
five parts and are expressed as follows:

SSRC column curve 1

(1) For 0<A<0.15 C, =¢AF, (stub column)

(2) For 0.15<A <12 C, = 0AF, (0.990 +0.122. — 0.367A%)

(3) For 1.2<A<18 C, = 0AF, (0.051+0.801A°%) [5.1]
(4) For 1.8<A <28 C, = 0AF, (0.008 +0.94217%)

(5) For 28<A C, =0AF, A"

SSRC column curve 2

(1) For 0<A<0.15 C, =9¢AF, (stub column)

(2) For 0.15SA <10 C, =9AF, (1.035-0.202 — 0.2224%)
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(3) For 1.0<A<20 C, = 0AF, (-0.111+0.6361"' +0.0871%) [5.2]
(4) For 20<1 <36 C, = 0AF, (0.009 + 0.877A%)
(5) For3.6s<A C, =0AF,A”

where Part (5) of equations [5.1] and [5.2] corresponds to the Euler’s elastic buckling
resistance. SSRC column curve | represents a higher strength than SSRC column curve
2. In the Canadian standard, SSRC columns curve 1 is adopted for the hollow structural
shape of Class H, which are sections that are hot formed or cold formed followed by
stress relieving, and for welded wide flange sections with flanges made of flame cut
plates. These particular sections possess higher strength in compression because of the
more favourable residual stress pattern present in these sections. All other sections are
designed based on SSRC column curve 2. It should be noted that Equations [5.1] and

[5.2] provide a factored resistance, with the resistance factor, ¢, taken as 0.9 for columns.

In 19935, Loov proposed a double exponential equation using a single parameter, n, to
replace the five-part equations proposed by SSRC. This expression, which was adopted
by the CSA standard CAN/CSA-S16.1-94 (Canadian Standards Association, 1994), takes
the following form:

C, =0AF, (1+A* )‘% [5.3]
where n = 2.24 for CSA column curve 1, corresponding to SSRC curve 1, and n = 1.34
for CSA column curve 2, corresponding to SSRC curve 2. It was demonstrated that this

expression never deviates by more than approximately 3% from the corresponding values
given by Equations {5.1] and [5.2] (Loov, 1996).

5.1.2 Principles of Limit States Design

Limit states design is a design method that requires the structure not to exceed the
limit states that govern its strength and behaviour for any realistic load or load
combinations. There are basically two categories of limit states that are pertinent to the
structural design process: ultimate limit states (ULS) and serviceability limit states (SLS).
Ultimate limit states deal with strength conditions for the structure. Exceeding an ULS
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implies a local or overall structural failure. On the other hand, exceeding a serviceability
limit state means that a structure is not behaving or serving in the way it was intended to.
The SLS therefore considers the performance under normal operating conditions. In the
design of columns, serviceability limit states are seldom a concern. The following,

therefore, focuses on ultimate limit states.

The general criterion for an ultimate limit state can be expressed in the following
form:

oR 2 a’S (54]

where R is the nominal resistance, ¢ is the resistance factor, S is the nominal value of the

load effect, and o’ is the load factor.

It is clearly understood that there is always a possibility that failure will occur. In
order to ensure that the probability of failure is acceptably small, the factors a’ and ¢

have to be set at a suitable value by applying the principles of probability theory to the
statistical analysis of the load effects and the resistance.

Figure 5.1 shows possible distribution curves for the load effect, S, and the resistance,
R. The variables are assumed to be statistically independent. Galambos and Ravindra
(1973a) combined the two curves to produce a risk frequency distribution curve, as
illustrated in Figure 5.2. The probability of failure is equivalent to the probability of the
ratio R/S being less than 1.0 (the load effect exceeding the resistance), or the natural log
of (R/S) being less than 0. This probability of failure is therefore a function of the
distance BOmwss) shown in Figure 5.2, which provides the margin of safety. The factor
is called the safety index and Oiws) is the standard deviation of the natural log of (R/S).
The probability of failure can be set at any desired level by selecting an appropriate value
of B. The safety index is, therefore, a measure of the safety or reliability of the structure.
Galambos and Ravindra (1973a) proposed a first order simplification method to express
the safety index, B, in algebraic form. In Figure 5.2,

2
2 2 _Og

5
o2
) ’os=_2+ S

=2

2 aln(R/S) 2 oz + aln(R/S)

Oirss) = (—ar) -Og +( =VZ+V¢ [53]
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Thus,

B(Vg +V3H)Y? =InR/S [5.6]
from which,
— 2 .v2 yA
7S = PVR*Vs) [5.7]
Then,
ln%
B = 2 2 2 [5'8]
(Vg +V§V?

Allen (1975) proposed a more accurate expression for the safety index as follows:

E(H-VSZ )}/

In| = >
1+Vg

S

b= infi+v2 )N+ v2)?

[5.9]

Based on the investigation of Allen (1975) and the work done by Galambos and
Ravindra (1973b), a value of 3.0 was adopted for 8 for most members of building
structures in Canada.

Lind (1971) proposed an approximate equation as follows:
(Vg +VHY? = a(Vr + Vs) [5.10]
where a is called a separation variable. Galambos and Ravindra (1973b) extended this

concept further by introducing two separation variables, ag and o, such that:

(Vg +V$)Y2 = arVR +0sVs [5.11]

Galambos and Ravindra (1973b, 1977) also used an error minimization process to

demonstrate that a single value of & = 0.55 could be used for the conservative

approximate equation [5.10], leading to an acceptably small error. Substituting Equation

[5.10] into Equation [5.8] results in the following expression for the safety index:

83



R
In ?
=— 5.12
P (VR + Vs) B-12]
Solving for the mean value of resistance, R, we obtain
R = SebaVr*Ys) [5.13]
which can be rewritten as follows
Re Pk = gebals [5.14]

Equation [5.14] relates to the mean values of the resistance and load effect. If the ratio of
the mean to nominal value of the resistance (also called the bias coefficient for the

resistance) is expressed as

Pr (5.15]

]
7 | 7|

and the ratio of the mean to nominal value of the load effect (the bias coefficient of the

load effect) is expressed as

ps=2 [5.16]
Equation [5.14] can be rewritten as follows
Pr .etBaVr) R =ps .eBaVvs) g [5.17]
from which, compared with [5.4], the resistance factor, ¢, can be defined as
0 =pg et FVR) [5.18]
and the load effect factor, a’, can be defined as
a’=pg -ePrVs) [5.19]

The ratio of the mean to the nominal resistance, pgr, of a member consists of three
parts: the ratio of the mean to the nominal cross-sectional properties, pg; the ratio of the
mean to the nominal material properties, pu; and the professional ratio, pp (i.e., the ratio
of the actual load carrying capacity of a column to that predicted by the design equation).

The professional ratio indicates how well the design equation fits the test results. Then,

Pr =P "Pm "Pp [5-20]
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The above ratios are assumed to be independent random variables. Therefore, the
coefficient of variation for the resistance, Vg, of a member is given by:

Vpg =VG +V3 +V} [5.21]

where Vg, Vu, and Vp are the coefficient of variation associated with pg, pm, and pp

respectively.
5.1.3 Determination of the Resistance of a Steel Column

For steel columns, CSA standards CAN3-S16.1-M84 and CAN/CSA-S16.1-94 use
different equations based on different approximations, i.e., the SSRC column curves and
the CSA curves as shown in Equation [5.1] through [5.2] and [5.3] respectively. In

general, the factored resistance of a steel column can be expressed as:

C,=9¢-A-F -f(Q) [(5.22]
where f(A) is a function of the non-dimensional slendemness ratio, A, defined in Equation
[4.1]. Therefore, the mean-to-nominal ratio of the resistance, pg. for intermediate columns

becomes

Pr =Pa -Pr, Pray Py (5.23]

Because the slenderness parameter, A, is a function of the yield strength, F,, the two
terms F, and f(A) can be grouped as
F=Fy-f(A) [5.24]
where F is a function of the terms F, and f(), and
F=Fy-fQh) (5.25]
Thus,
Pr =Pr, "Peay [5.26]

As discussed above, the properties governing the strength of intermediate columns are
the yield strength, F,, the slenderness parameter, A. As a result, Equation [5.23] becomes
Pr =Pa PrPe [5.27]

and the coefficient of variation, Vg, for intermediate columns foliows
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Ve =(V2 +vZ+v2)? [5.28]

However, the resistance of stub columns depends on the area of the column, A, and
yield strength, F,, as shown in the first part of equations [5.1] and [5.2]. Therefore, the

mean-to-nominal ratio of the resistance, pgr_for short columns becomes
Pr =Pa "Pr, Pr (5.29]

and the coefficient of variation, Vg, for short columns follows

Ve =(VE+VE V3 y? [5.30]

Furthermore, the resistance of slender columns depends on the moment of inertia of
the cross-section, I, and elastic modulus of the column, E, as seen by comparing Equation
[4.1] with the fifth part of equations [5.1] and [5.2]. Therefore, the mean-to-nominal ratio

of the resistance, pg_ for slender columns becomes

Pr =Py P& Pp (5.31]

and the coefficient of variation, Vg, for slender columns follows
Ve =(v2 + V2 +v2)? [5.32]

The values for the mean-to-nominal ratios and the coefficients of variation for the
cross-sectional properties are investigated by using simple statistical analyses. The
method of probability study for the professional factor is presented in section 5.2.3. The

following derivation of pr and Vi follow the work of Kennedy and Gad Aly (1980).
5.1.4 The Material Factor

The bias coefficient and the coefficients of variation for the material factor vary with
the different design criteria for the resistance of a steel column. The column equations of
clause 13.3.1 from CAN3-S16.1-M84 (identical to SSRC column curve 2) are taken in
this sub-section to illustrate the procedure for determining the bias coefficients and the
coefficients of variation for the material factor in the research. From a comparison of

Equation [5.22} with Equation [5.2], the expressions for f(A) are obtained as follows:
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1) f)=1.0 ,for0<A<0.15

(@) f(A)=1.035-0.202A -0.222)° ,for0.15<A < 1.0

(3) f(A)=-0.111+0.6361"" +0.087A2 ,for1.0<Ai <20 [5.33]
@ f()=0.009+0.877A" ,for20<A <36

(5) fA)=1r> for36<A

Thus, the mean of f(A) is:
(1) fR)=1.0 for0< A <0. 15

(@) f(A)=1.035-0.202A -0.222% ,for0.15< A < 1.0

(3) f(A)=-0.111+0.636% ' +0.087% _ for L.O< A <2.0 [5.34]
@) f(X)=0009+0.877x " for2.0< A <3.6
6) fR)y=r" for3.6< A

The mean-to-nominal ratio of A is defined as

Py = [5.35]

> >

Based on the definition of the slenderness parameter, A, given by Equation [4.1], the

mean-to-nominal ratio of the siendemess parameter can be obtained as

pr 172
Pr=| = [5.36]
Pr "Pe
Combining [5.25], [5.34], and [5.35] gives
(1) F=F, ,for0< A <0.15
(2) F=F,(1.035-0.202Ap, —0.222A%p?) for0.15< A <1.0

(3) F=F,(-0.111+0.636A'p;' +0.087A2p;2)  ,for1.0< A <20 [5.37]

(4) F=F,(0.009+0.87712p;%) ,for20< A <36
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(5) F=F,(x*p) for3.6< A

Thus, the mean-to-nominal ratio for the material factor with SSRC column curve 2 can be

deduced as follows:

(1) pe =P, ,for 0SA<0.15

(1.035-0.202Ap, —0.222)%p3)
(1.035-0.202. — 0.222)%)

Q) P =P, ,for 0.15<A<1.0

(0.111+0.636A"p3' +0.087A2p;2)
(3) Pe=p¢ Oa

2 — for LOSA<20 [5.38)
Y (=0.111+0.636A™" +0.087A7%)

0.009 + 0.877A3p:2
@ pr=pr, < a)

- ,for 20<A <36
¥ (0.009+0.877A7°)

(5) Pg =pPeP; ,for 3.6 <A

The mean-to-nominal ratios for the material factors derived from the other criteria can be

obtained using the same procedure.

Applying the definition of the associated coefficient of varniation, Vg, gives
(o]
e F
Having assumed that the variables affecting F, that is, F,, r, and E, are independent,
fundamental statistical equations for the standard deviation (Kennedy and Neville, 1976)

are adopted to calculate the value of Vg as follows:

-— 2 -_— ) 172
aF - 2 aF o d aF - el
={{9E ) 42 241921 a2 5.40
Ok [(aa) OF, (ar) -0 +[OE) Gg:l [5.40]

The components in Equation [5.40] can be obtained respectively. Using the second

[5.39]

part of SSRC curve 2 as an example, the terms in [5.40] can be obtained as follows:
(1) -Q;Ii . =(1.035-0.303) - 0.444)2)° -fi o:

dF, Fy
= (1.035-0.303A -0.4443%) - F; -V,

= Plz > F‘s * Vév
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Q) [3—1_:] -of=(0.202§+0.444i2)2-f_:,’ -6} [5.41)
r l’-

= (0.2021 +0.444)%) . F; - V2

r

()

=P:-F;-V,

-y

QI Q
rnll !

) -0 = (0.101A +0.2222%)> .f{ .
£?

o |

2.2 =2 (2
=(0.101A +0.22247)" -Fy - Vg
=P} -Fy - V¢
where Py, P,, and P; present the portions of Eq. [5.41] that are functions of A. Therefore,
Eq. [5.40] can be expressed as
or =Fy (P} -V§ +Py V7 +P§- V)" [5.42)
and thus [5.39], in general form, becomes

Fy - (P} -Vév +P2-V24pZ.V2)2

0]
Ve=== = = 543
S Fy-f(A) 43
(B’ -V +P7 -V} +P]-VE)!'?
) 1)

5.1.5 Summary
In general, the statistical quantities pr and Vg for the SSRC curves are:
In accordance to SSRC column curve2: [5.44]

I.  For short columns: 0 <A <0.15
Pr =Pa Pr, Pp
Ve =(Vi+ Vg +Vp)l2
II. Forintermediate columns: 0.15<A <3.6

Pr =Pa "Pr-Pp
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1.

(1.035-0.202 A p; —0.222A2 p3)
(1.035-0.2021 —0.22223)

where pg =pg, ,for 0.15<A<1.0

-1 -1 2 =2
(-0.111+0.636 X p§l+0.087 203 for 105320
(-0.111+0.636 A +0.087 A~2)

PF = PF,

0 = py, ©009+0.877 220
PR 0.009+0877 X573

,for 20<A <36

Ve =(Va +VE+VHY2

(P -Vi +P3-V7+Py-Vg)'?
f(h)

where Vg =

where f()=1.035-0.202%-0222 %" .for 0.15<A<1.0
and P, =1.035-0.303%-0.444 X"
P, =0.202% +0.444 %

P, =0.101A+0.222 X"

where f(1)= -0.111+0.636 " +0.087 X - .for LOSA <20
and P =-0.111+0318% '

P, =0.636A  +0.174%

P,=0.318% ' +0.087A -
where f(1)=0.009+0.877A ,for 20<A <36
and P,=0.009

P, =1754% -

P,=0.87TA -
For long columns: A < 3.6
Pr =P1 P -Pp
Ve =(V7 +Vg + V)2



In accordance to SSRC column curve 1:

I.  Forshort columns: 0 <A <0.15
Pr =Pa Pr, ‘Pp
Ve =(V} +v,§y + V2
II.  For intermediate columns: 0.15<A < 3.6
Pr =Pa Pr-Pp
where pg = pp 099+ 0.122A0, —0.367A%p3)

Y (0.99+0.1221 -0.367A%)

(0.051+0.8011%p32)
(0.051+0.8011.72)

Pr =PF,

(0.008 +0.9421%p3%)
(0.008 + 0.942)1.7%)

Pr =PF,

Ve =(Vi +V§ + V2
(P’ Vg, +P3 -V} +Py-VE)'"?
f(d)

where Vi =

where f(1)=0.990+0.122X -0.367 A"
and P, =0.990+0.183%-0.734 A"

P, =-0.122% +0.734 %"

P, =-0.061A +0.367A

where f(A)=0.051+0.801% -
and P1=0051

P2=1602A
P3=0.801A -
where f(A)=0.008+0.942% °

and P1=0.008
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,for 0.15<A <12

,for1.2<A<1.8

,for L8<A <28

,for 0.15<A<1.2

,for 1L2<A<1.8

,for1.8<A<28



P2 =1.884A -

P3=0942% "
II. For long columns: A > 3.6
Pr =P -Pe Pp

Ve = (Vi +VE + V2

For the column curve from Clause 13.3.1 of CAN/CSA-S16.1-94, the statistical
quantities pgr and Vp are:
Pr =Pa "Pr-Pp (5.46]

5

(A+Api)
(L+A2") /e

where pg = p¢

Ve =(Va +VE+Vp)?

(7 Vg +P3 -V +Ve)"
f(A)

where Vi =

where f(1)=(1+X>")/a

(n+l)
and Pi=(l+A ") ©

5.2 Statistical Parameters

The parametric study presented in Chapter 4 indicated that the orientation of the
plates and buckling direction may affect the behaviour and strength of reinforced steel
columns. Therefore, different performance factors may be applicable to columns with
different reinforcing plate orientations and different buckling directions. It was therefore
decided to conduct a statistical analysis on four separate groups, namely, two different

reinforcing plate orientations and two different buckling directions. However, a statistical
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analysis of these four groups of columns indicated that the above four groups could be
merged into two groups since their performance factors were very similar. The first group
includes columns reinforced with plates parallel to the flanges and buckling about the
strong axis of the rolled section and columns reinforced with plates parallel to the web
and buckling about the weak axis of the rolled section. The second group includes
columns reinforced with plates parallel to the flanges and buckling about the weak axis of
the rolled section, and columns reinforced with plates parallel to the web and buckling
about the strong axis of the rolled section. The following sections present the statistical

analysis results for these two groups.

The basic data related to cross-sectional and material properties required for the
following analysis were obtained from Kennedy and Gad Aly (1980) and Chemenko and
Kennedy (1988). The ratios of the mean value to the nominal value and the coefficients
of variation for the geometrical and material properties are tabulated in Table 5.1. Since
no statistical data were available for the sizes of the welds and fillets between the flanges

and web of the rolled section, these values were taken as nominal values.
5.2.1 Geometrical Variations

The cross-sectional properties used to determine the capacity of a column are the
area, A, the moment of inertia about principal centroidal axes, Iy and I, and the
corresponding radii of gyration, r; and ry. Variations in these geometrical properties can
be derived from statistical data concerning the flange and web thickness, t; and w, the
flange width, by, and the depth, d, of the rolled section, the reinforcing plate width and
thickness, by and t,,_the size of the fillet at the junction of the web and the flanges, k, and
the size of the fillet weld joining the reinforcing plates to the flanges, g. These cross-

sectional dimensions are summarized in Figure 5.3.

For any geometrical property, the ratio of the mean to the nominal value is defined as

Po = [5.47]

Qlal

The mean value for the area of a given reinforced column section is given as
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A=2brtr+(d-2tr)w +2bptp +0.858k +2g° [5.48]
Since the actual shape of the fillet between the web and the flanges of the rolled shape is
not perfectly circular, the actual horizontal and vertical sides of the fillet are not the same.
In order to simplify the calculations without sacrificing accuracy significantly, the fillet
shape in the numerical model was assumed to be the complement of a quarter circle with
identical side lengths, k. The size of the fillet, k, was taken as the average of the two
sides given in the section properties tables (CISC Handbook, 1995). In addition, the weld
face was assumed to be a straight line with equal leg size, g.

The mean values of the moments of inertia about the major and minor centroidal

axes, Ix and Iy, for a column reinforced with plates parallel to the flanges are

= =3 le= = =3 l=—= = 3 l==3 lg=- = -
Ix =—6-bf te +5bf[f(d—[f)' +I—2'W(d‘2tf)3 +gbptp +—2-bptp(d+tp)'
=4 =2 1= - =3 l=¢ =2 1= 1=
+0.03K" +0858Kk" (-d~tr ~0223K)° + 58" +28° G+ 31) [5.49]

and
= l- =3 1 = - —3 1==3 -4 _—21- 1=,
Iy =—tebe +—(d -2t +—tpbp+—g +2g (=bp+—-g)°
y6rf12( f)w clebrtge g(2p3g)
+0.03k* +o.sssiz(%W+o.223E)2 [5.50]

The mean values for the moment of inertia about the major and minor centroidal axes,

Ix and Iy, for a column reinforced with plates parallel to the web are
z l==3 1==- = - 5 1l == _- 1-3- =4
I =gbf te +5bf te(d—te)? +Ew(d—2tf)3 +gb.,t,, +0.03k
=2 1= - =2 l=s4 =2 1= 1=
+0.858k (;d-[f -0.223k) +3g +2g (Ed+§g) [5.51]
and
= l-=3 1 = - =3 ls=3 1l=- = - , =4
Iy =g[f be +E(d -2t¢ )W +gbptp +5bp tp(bs +tp)~ +0.03k
=2 11— =32 l=s =2 1= 1=
+0.858k (EW +0.223k)- +—9'g +2g (Ebf "gg) [5.52]

The associated radii of gyration for reinforced columns are
94



- I
x = e .3
r (A) [5.53]

Iy = [%} [5.54]

The coefficient of variation for the cross-sectional properties can be obtained from the

and

assumption that the dimensions are independent variables. It is given as

1{(0GY 5 (9GY ., (9GY 2 (9GY . (3G ..
VG == — O’bf +| — U!( +|—=| Oy +| — o, +| — (s
G abf atf aw abp P atp L

3Gy . (3GY . (36Y .|
+|—=|Ogt|—=| O+ —=|O [5.55]
ad dk og

where the partial derivatives are evaluated at the mean. The variation in weld and fillet

n 2

sizes was not considered in this work because actual measurements were not available.

This assumption is justified given their small area compared to the total area of the

reinforced cross-section.

Table 5.2 presents a summary of the mean, the measured-to-nominal ratio, and the
associated coefficient of variation for the relevant geometric properties of reinforced
columns consisting of the most widely used wide flange shapes reinforced with various
plate thicknesses. The nominal values for the cross-sectional dimensions were obtained
from the handbook of steel construction (CISC Handbook, 1995). With known statistical
quantities, pg and Vg, the mean values of the geometric properties t;, w, bg, d, k, and g
can be obtained. The mean values of the geometric properties A, I, Iy, r; and ry are
shown in Table 5.2. The statistical quantities, pg and Vg, for the geometric variations A,

I, Iy, 1x and r, can also be obtained, as shown in the table, using equations {5.47] to
[5.55].

In order to consider all the sections as a whole, the mean value of the mean-to-

nominal ratios is calculated as follows
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lizn 1
=—§pGi =;(oGl +Pg, +"’+pGn) [5.56]
and the associated coefficient of variation can be obtained using the moment algebra for
the distribution of different parameter variables as given by Benjamin and Comell (1970)

as follows:

o Y
Vg =< ‘/[z(vG -Pg, )+z(pc-pci)*] (5.57]
Pe (n-1)"2 i=t

The mean-to-nominal ratios and the coefficient of variation for the geometrical
properties are summarized in Table 5.3. The statistical quantities, pc and Vg, for the
geometric variations A, Iy, Iy, rx and r,, are obtained using equations [5.56] and [5.57]
based on the statistical data shown in Table 5.2. The statistical quantities, pg and Vg, for
the radius of gyration, r, and the moment of inertia, I, were obtained by pooling the data

for the x-axis and y-axis properties together in equations [5.56] and [5.57]. These
quantities are presented in Table 5.3.

§.2.2 Material Variations

The important material properties for the calculation of column capacity are the yield
strength, Fy, and the modulus of elasticity, E. The statistical parameters for the material
properties for the rolled section were obtained from Kennedy and Gad Aly (1980). The
statistical parameters for the reinforcing plates were obtained from Chermnenko and
Kennedy (1988). These statistical parameters are summarized in Tables 5.1 (a) and

5.1 (b), respectively.

Possible rolled sections for columns reinforced with corresponding reinforcing plates
were chosen from the CISC handbook (1995) to take the ratios of the components’ area
to the total area into account. The descriptions of the cross-sections are given in Table
A.l. With known geometric properties for a section, the mean value of the rolled section

area, Ac, and the plate area, Ap, can be obtained for each sample. Therefore, the ratio of

the rolled section area to the total area, XL can be obtained for each sample. An
c+

analysis of the numerical models presented in Table A.l1 gives a mean ratio of the rolled
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A
section area to the total area, C . of 0.645. Because the sum of the ratio of the

ctAp
reinforcing plate area (Ap) to total area and the ratio of the W shape area (Ac) to total
area should be 1.0, the mean ratio of the plates area to the total area, ﬁ , for the
c P

numerical models is 0.355.

With a known mean ratio of the component area to the total area, the weighted yield

strength of the cross-section can be obtained as:

A
F, =CF, Ac P

-——C—+PF, - —Ff— 5.58
YoV Ac+rAp T AcHA, 581

where CF, is the mean yield strength of the rolled section and PF, is the mean yield
strength of the reinforcing plates. Furthermore, the mean value of the weighted mean-to-
nominal ratios for the yield strength was approximated as follows:

A
PpE =

e E—— [5.59]
Y Ac+Ap

= .
Pe, =Pcr, Ac+A,
The yield strengths of the rolled columns and reinforcing plates are considered as

independent random variables. The coefficient of variation for the yield strength thus
becomes (Kennedy and Neville 1976),

Vg, = [Vép, +Vir, ¢ [5.60]

Following the procedure presented in Section 5.1.4, the statistical parameters for the
material properties can be obtained. Table 5.4 presents the statistical parameters for the
material properties with different SSRC and CSA curves. The mean-to-nominal ratio of
the radius of gyration, p,, and its associated coefficient of variation, V,, are obtained from
Table 5.1 for the samples. The mean-to-nominal ratio of the modulus of elasticity, pg,
and its associated coefficient of variation, Vg, were obtained from the investigation

presented by Chernenko and Kennedy (1988) as 1.013 and 0.015, respectively.
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5.2.3 Professional Factors

As a factor indicating how well the design equation fits the experimental results, the
professional factor accounts for variations in column capacity other than those considered
as cross-sectional and material properties. The professional factor shows the relationship
between the measured strength (or strength predicted using the finite element model) of a
reinforced column and that predicted by the design equation. The column design
equations evaluated in this work are those in CAN3-S16.1-M84 (equations [S.1] and
[5.2]) and CAN/CSA-S16.1-94 (equation [5.3]). These equations were derived based on
test results and analysis results that included the effect of initial out-of-straightness and
residual stresses. The equations show that the slendemess parameter, A, is the prime
factor determining the load carrying capacity of a column. Furthermore, effects of cross-
sectional property, orientation of reinforcing plates, axes of buckling, preload magnitude,
and non-linear interaction of the above parameters on the strength of the reinforced

column have to be considered.

Chemnenko and Kennedy (1988) proposed that the effect of the statistical variation of
out-of-straightness and residual stresses on column strength could be assessed
independently. The parametric study presented in Chapter 4 indicated that the effect of
initial residual stresses on reinforced column strength is negligibly small. Since the
residual stresses in the reinforced section do not vary much, only the effect of the
statistical variations in out-of-straightness will be assessed independently in the
following. The effects of variation in residual stresses, steel grade, buckling axis, preload
magnitude, and the geometrical properties of the rolled section and reinforcing plates will

be considered as a whole. The professional ratio can be therefore expressed as

Pp =P, Py Per [5.61]
where p; is the simulated professional ratio, that is, the ratio of the strength determined by
the computer simulation to that predicted by the design equations for the mean value of
out-of-straightness for a given value of A. p, is the normalized simulated professional

ratio, which accounts for the other parameters. The third term, pes, is the mean value of
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the ratio of the experimental strength to the strength predicted by computer simulations.

Consequently, the professional ratio, Py, is the experimental to the predicted ratio.
5.2.3.1 The Effect of Out-of-straightness

As discussed in Chapter 3, the effect of initial out-of-straightness of the rolled section
before reinforcement and the effect of the initial out-of-straightness of the reinforced
column can contribute to the scatter in the test results. The following therefore looks at
the effect of initial out-of-straightness in the unreinforced wide flange section and the

initial out-of-straightness in the reinforced column.

Figures 5.4, 5.5 and 5.6 present analysis data for the columns from Group 1 (columns
reinforced with plates parallel to the flanges and buckling about the strong axis of the
rolled section and columns reinforced with plates parallel to the web and buckling about
the weak axis of the rolled section). Plots of the simulated professional ratio, ps, versus
out-of-straightness for non-dimensional slenderness ratio are presented for values of the
slenderness ratio, A, of 0.4, 1.1, and 1.5. The magnitude of the initial out-of-straightness
was varied from O to L/1000 (the maximum initial imperfection permissible by CSA
standard G40.20). The simulated professional ratio, ps, is taken as the ratio of the strength
obtained from the finite element analysis to the strength predicted using SSRC curve 2.
All the data used to plot figures 5.4, 5.5 and 5.6 are presented in Column (7) of Tables
5.5, 5.6 and 5.7, respectively. Columns (6), (8) and (9) from these tables present the
simulated professional ratios based on SSRC curve 1, CSA curve 1 and CSA curve 2,
respectively. For the second group of columns (columns reinforced with plates parallel to
the web and buckling about the weak axis of the rolled section and columns reinforced
with plates parallel to the web and buckling about the strong axis of the rolled section)
the same procedure was used to obtain the professional ratios. This data is presented in

Appendix C.

Figures 54, 5.5, and 5.6 show an average line obtained using the method of least
squares (Kennedy and Neville, 1976). The equation of the regression line for each value
of the slendemess parameter is presented in Table 5.8. Figures 5.4 to 5.6 show that the
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ratio of the professional factor decreases with increasing initial imperfection for a given
value of A. The slopes of the average lines (i.e., the rate of decrease of strength with out-
of-straightness) for A = 1.1 and 1.5 are much greater than those for A = 0.4. As expected,
initial imperfections have a greater effect on reducing the column strength for A = 1.1 and

1.5 than for A = 0.4. In fact, the slope of the regression line is close to zero for A = 0.4.

To investigate the effect of the variation in initial imperfection on reinforced column
strength, the mean value and coefficient of variation are used as a basis of comparison. In
this research, 2 mean initial imperfection of /1500, a standard deviation of L/15000, and
a coefficient of variation of 0.1 were used based on the work of Bjorhovde (1988) on
rolled, unreinforced columns. The limited work on reinforced columns presented by
Nagaraja Rao and Tall (1963) indicates that initial out-of-straightness in reinforced

columns can be smaller than for unreinforced columns.

A vertical line, representing a mean value of out-of-straightness of 8¢/L = 1/1500 =
0.000667 is shown in Figures 5.4, 5.5, and 5.6. Two additional vertical lines are drawn at
one standard deviation from the mean value in each figure. The intersection point of the
mean line with the regression line gives the simulated professional ratio for the mean out-
of-straightness, p;. The vertical distance between the intercepts of the right and left
standard deviation lines gives the values of two standard deviations of ps associated with
out-of-straightness. Therefore, the standard deviation for the simulated professional ratio
is calculated by multiplying the slope of the equation by one standard deviation for out-
of-straightness, that is, slope x 0.0000667. From this, the coefficient of variation is
calculated directly. The mean values of the professional ratios and the corresponding

coefficients of vanation for the mean out-of-straightness are also given in Table 5.8.
5.2.3.2 Miscellaneous Factors

Figures 5.4, 5.5 and 5.6 show significant scatter of the simulated professional ratios
about the regression lines. This scatter is attributed to influencing factors such as initial
residual stresses, welding residual stresses, buckling axis, preload magnitude, cross-

sectional geometry, and the fundamental non-linearity of the relation between the
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strength of the columns and the govemning parameters. The effect of these miscellaneous
factors can be assessed by normalizing the plotted professional ratio for any slenderness
parameter by dividing by the value obtained from the linear expression given in Table 5.8
for that specific slenderness parameter. The normalized professional ratios, p,, are

presented in Tables 5.9, 5.10, and 5.11 for the A values of 0.4, 1.1, and 1.5, respectively.

The average value of the normalized professional ratio, p,, should equal 1.00 for any
slendemess parameter for which a best-fit straight line has been used. The normalized
professional ratio for A = 0.4, 1.1, and 1.5 are plotted in Figures 5.7, 5.8, and 5.9
respectively. The mean values in each case are nearly equal to 1.00. The scatter of the
distribution is large and, as a result, the coefficient of variation is large. The mean values
and coefficients of variations for all different slenderness parameters are given in Table

5.12 as p, and V,, respectively.
5.2.3.3 Experimental Factor

The experimental ratio, pex, is defined as

= P_ex {5.62]
Pfu

Pex
where, P is the strength obtained from the experiment and Pg, is the strength obtained
from finite element analysis. Because of the very small number of test results, the
statistical value of the experimental ratio cannot be evaluated with any degree of
confidence. In order to provide more support for the statistical analysis for the
experimental factor for reinforced columns, the experimental ratios for unreinforced
columns were used in the research. The unreinforced columns used for the partial
validation of the finite element models were used for this purpose. A description of these
columns is presented in Table 3.1. The geometric properties and the initial imperfections
of the rolled section, as well as the initial residual stresses are the same for both
unreinforced and reinforced columns. The loading procedures for both reinforced and
unreinforced columns are similar, except for the introduction of the reinforcing plates and
the welds in the reinforced columns. Therefore, the experimental ratios for unreinforced

columns are expected to be similar to those for reinforced columns.
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Table 5.13 presents the results of the analysis of the unreinforced columns described
in Table 3.2. Columns (4) and (5) present the predicted and measured capacities,
respectively. The results are normalized in terms of the yield strength. Column (6)
presents the experimental ratio calculated using Equation [5.62]. The first two test
specimens were obtained from the work of Huber and Beedle (1954). The experimental
ratio for these two specimens is close to 1.0 The lack of information about initial
imperfections for the other three test specimens makes it difficult to obtain an accurate
prediction of the test results. In order to verify the effect of initial imperfections on the
finite element analysis results, two values of initial imperfection were assumed for each
test specimen, as shown in Column (3) of Table 5.13. The results show that the initial
imperfection has a significant effect on strength. Within the range of initial imperfections

presented in Table 5.13, the experimental results can be accurately simulated.

In general, it can be expected that px would be closer to 1.0 with a smaller coefficient
of variation as long as the geometric and material properties of the reinforced columns
are accurately determined. Therefore, the mean value of p.x was taken as 1.0 and the
coefficient of variance was taken as 0.0 to reflect the high accuracy of the finite element
analysis when the physical parameters of the column are accurately defined. Further

testing of reinforced steel column should be conducted to verify these values.

§.2.3.4 Summary

The professional factors are given in Table 4.12 for the two groups of columns
defined in section 5.2, for the three values of slendemess parameter used in this study,
and for the reference strength calculated using four different column curves from two
standards. These four column curves are SSRC column curve 1, SSRC column curve 2,
and the equivalent curves adopted by CAN/CSA-S16.1-94. The strength predicted using
SSRC column curve 2 is lower than that predicted using SSRC column curve 1, which

leads to higher values of p, for SSRC column curve 2 than for SSRC column curve 1.

Since the column curves used in CAN/CSA-S16.1-94 are close approximations of
the original SSRC column curves (Loov, 1996), the column strength predicted using
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SSRC curves are in very good agreement with that predicted using the CSA curves. The

corresponding values of ps are also similar.
5.3 Evaluation of the Performance Factors

Resistance factors for reinforced columns were calculated using Equation [5.18]. A
coefficient of separation, o, of 0.55, and a reliability index, B, of 3.0, consistent with the
limit state design for building in Canada, were used. Table 5.14 presents the assembled
data and calculated resistance factors for three values of the slenderness parameter, the
two groups of columns, and four columns curves. Examination of the resistance factors
for reinforced columns within one group indicates that the CSA curves can approximate
the SSRC curves very well. The maximum difference in the values of the performance
factors between SSRC column curve 2 and the corresponding CSA column curve is about
2.8% for A =1.1.

As expected, SSRC column curve 1 yields lower resistance factors than SSRC
column curve 2. Within the range studied, the strength of reinforced steel columns in
Group 1 (columns reinforced with plates parallel to the flanges and buckling about the
strong axis of the rolled section, and columns with reinforcing plates parallel to the web
and buckling about the weak axis of the rolled section) can be predicted conservatively

with SSRC curve 1 or CSA column curve with n=2.24.

On the other hand, resistance factors calculated for the columns from Group 2 for
SSRC curve | vary from 0.82 to 0.99. It is therefore unconservative to use SSRC column
curve | to predict the capacity of the columns from Group 2. The resistance factors
obtained for SSRC curve 2 vary from 1.02 to 1.06. They are from 1.13 to 1.18 times the
current value of ¢. SSRC column curve 2 and the CSA column curve with n=1.34 can
therefore be used conservatively to predict the capacity of reinforced steel columns from
Group 2 (columns reinforced with plates parallel to the web and buckling about the
strong axis of the rolled section, and columns with reinforcing plates parallel to the

flanges and buckling about the weak axis of the rolled section).
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Table 5.1.a Statistical Parameters for Rolled W Sections
(from Kennedy and Gad Aly, 1979)

Statistical Parameters

Property Designation Mean/Nominal, p Coefficient of Variation, V
be The width of the flanges 1.005 0014
t The thickness of the flanges 0.976 0.042
w The thickness of the web 1.017 0.038
d The depth of the section 1.000 0.00195*
k The side of the fillet 1.000 0.000
F, The yield strength 1.070 0.065
E The modulus of elasticity 1.000 0.019

Note: The average side of the fillet was assummed without measurement available.
* Mean value of the distribution, which depends on range in depths of
rolled sections.

Table 5.1.b Statistical Parameters for Cover Plates
(from Chernenko and Kennedy, 1988)

Statistical Parameters

Property Designation Mean/Nominal, p Coefficient of Variation, V
b, The width of the plates 0.999 0.003
ty The thickness of the plates 1.010 0.008
g The side of the weld 1.000 0.000
F, The yield strength 1.133 0.059
E The modulus of elasticity 1.038 0.026

Note: The average side of the weld was assummed without measurement available.
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Table 5.3 Statistical Quantities, p; and Vg, for Geometric Variations

Geometric
Variation PG Vg
G
A 0.997 0.002
I 0.995 0.003
- 1.004 0.008
re 0.999 0.002
ry 1.004 0.004
1.000 0.008
r 1.001 0.004

Note: A - area of the column reinforced with welded steel plates
I, - moment of inertia of cross section about principal x axis
I, - moment of inertia of cross section about principal y axis
r, - radius of gyration of the cross section about principal x axis

r, - radius of gyration of the cross section about principal y axis
I - moment of inertia of cross section
r - radius of gyration of the cross section

117



6200 €SO'1  STO'l 9200 8¢0'l 8800 T6O'I  +000 100°1 Sl [4
000 290'1 STO'l 9200 8€O'l 8800 T60'l  +000 1001 (| AIND
0800 8801 STO'l 9T00  8¢0l 8800 ¢60'l 000 1001 ¥0 VSO
9200 LYO'l STO'l 9200 8¢0'l 8800 T60'! +000 1001 Sl |
9¢00 0901 STO'l 9200 8t0'1 8800 T6O'I  $000  100°I Il AIND)
9800 1601 STO'l 9200 8¢0'l 8800 T60'l +000 1001 ¥0 VSO
1€0°0  SSO'l  STO'l 9700 8e0'l 8800 T60'1 +000 1001 Sl [4
¥e0'0 LSOl STO'! 9200  8¢0'I 8800 T60'1 000 100°] 'l AIND
0800 8801 STO'l 9200 8¢0'l 8800 <T6O'l 000 100} 14\ JASS
9200 LYO'l Seo'l 970'0  8t0'I 8800 T60'I ¥000 100°1 Sl I
6¢00 7901 STO1 9700 8eO'l 8800 T6O'I  ¥000  100°I 'l AIND
$800 06011 STO'L 9200 8t0'l 8800 T601 #0000 100'I v'0 JYSS
X
dA 4d Yd YN ad Ap f1d 'A 'd sopwerd | euaiu)
ssousopuajs | souasajoy

118



Table 5.5 Simulated Professional Factors for Columns from Group 1 (A = 0.4)
 ———— ——————— ——— ——— — — ————— __ ——— — —— 3
FEA Out-of- SSRC1 SSRC2 CSA 1 CSA2

model D B Straightness P /P, Ps Ps P Ps
LS, N, PredPr) | PredPr)  PredPrey)  (Pred/Prea)
a @ 3 4) 5) 6 ) (8) 9
36 F S L/1000 0.933 0.952 1.016 0.940 0.992
37 F S L/1000 0.934 0.953 1.017 0.941 0.994
38 F S L/1000 0.936 0.955 1.019 0.943 0.995
39 F S L/1000 0.942 0.961 1.025 0.949 1.001
51 G W L/1000 0951 0.970 1.035 0.958 1.011
52 G W L/1000 0.957 0.976 1.041 0.964 1.017
53 G W L/1000 0.958 0.977 1.043 0.965 1.018
4 G W L/1000 0.962 0.982 1.048 0.970 1.023
100 F S L/1000 0.939 0.958 1.022 0.946 0.999
101 F S L/1000 0941 0.960 1.024 0.948 1.000
102 F S L/1000 0.933 0.952 1.015 0.940 0.992
103 F S L/1000 0.939 0.958 1.022 0.946 0.999
130 F S L/1000 0.938 0.957 1.021 0.944 0.997
131 F S L/1000 0.940 0.959 1.023 0.946 0.999
132 F S L/1000 0.934 0.953 1.017 0.941 0.994
133 F S L/1000 0.939 0.958 1.022 0.946 0.998
45 G W L/1000 0.952 0.971 1.036 0.959 1.012
146 G W L/1000 0.969 0.989 1.055 0.976 1.030
147 G W L/1000 0.965 0.985 1.051 0.972 1.026
148 G W L/1000 0.968 0.987 1.053 0.975 1.029
19 F S L/8000 0977 0.997 1.063 0.984 1.039
191 F S L/2000 0.963 0.982 1.048 0.970 1.024
192 F S L/1000 0.947 0.966 1.031 0.954 1.007
193 F S L/1000 0.954 0.973 1.038 0.961 1.014
19¢ F S L/1000 0.940 0.959 1.023 0.947 1.000
19 F S L/1000 0.947 0.966 1.031 0.954 1.007
29 G W L/8000 1.000 1.021 1.089 1.008 1.064
210 G W L/2000 0981 1.001 1.067 0.988 1.043
211 G W L/1000 0.963 0.982 1.048 0.970 1.024
212 G W L/1000 0.968 0.987 1.053 0.975 1.029
213 G W L/1000 0.963 0.982 1.048 0.970 1.024
214 G W L/1000 0.968 0.987 1.053 0.975 1.029
Note: dy - Initial imperfection L - Column length
Py, - Yield strength of reinforced column D - Orientation of reinforcing plates
Py, - Finite element analysis after reinforcing F - Parallel to the flanges
P,, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P,> - Capacity after reinforcing (SSRC2) B - Buckling axis
P, - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section
P,.. - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table 5.5 (Cont’d)

FEA Out-of- SSRC1 SSRC2 CSA L CSA2
model D B Straightness Pg,/P, Ps P Ps Ps
No. S PelPy)  PolPo) (PilPry) ProlPry)

I @2 3 €] &) 6 ) (8) 9

262 F S L/1000 0.944 0.963 1.027 0.951 1.004

263 F S L/1000 0.952 0971 1.036 0.959 1.012

264 F S L/1000 0.946 0.966 1.030 0.953 1.006

265 F S L/1000 0.952 0971 1.036 0.959 1.012

277 G W L/1000 0.956 0.975 1.041 0.963 1.017

2718 G W L/1000 0.961 0.980 1.046 0.968 1.021

279 G W L/1000 0.961 0.980 1.046 0.968 1.022

280 G W L/1000 0.964 0.984 1.049 0.971 1.025

Note: 9y - Initial imperfection L - Column length

P, - Yield strength of reinforced column D - Orientation of reinforcing plates
Py, - Finite element analysis after reinforcing F - Paraliel to the flanges

P;, - Capacity after reinforcing (SSRC1) G - Paralletl to the web

P., - Capacity after reinforcing (SSRC2) B - Buckling axis

P..; - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section
P> - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section

Table 5.6 Simulated Professional Factors for Columns from Group 1 (A = 1.1)

FEA Out-of- SSRC1 SSRC2 CSAl CSA2
model D B Straightness Pg/P,, Ps Ps Ps P
O] L PredPr) | PreaPrd)  PreofPre))  Preo/Prca)
) @ 3 @) (&) (6) M )] 9
40 F S L/8000 0.082 1.003 1.265 1.033 1.266
41 F S L/2000 0.630 0.926 1.168 0.954 1.169
42 F S L/1400 0.609 0.895 1.129 0.922 1.130
43 F S L/1400 0.618 0.908 1.146 0.935 1.147
4 F S L/1400 0.626 0.920 1.161 0.948 1.162
45 F S L/1400 0.566 0.832 1.049 0.856 1.050
46 F S L/1400 0.585 0.860 1.086 0.886 1.086
55 G W L/8000 0.707 1.040 1.312 1.071 1.313
Note: 9, - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
P¢., - Finite element analysis after reinforcing F - Parallel to the flanges
P,, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P, - Capacity after reinforcing (SSRC2) B - Buckling axis
P - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section
P... - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table 5.6 (Cont’d)

FEA Out-of- SSRC1 SSRC2 CSAl CSA2
model D B Straightness Pg /Py, Ps Ps P Ps
O B0 e Lldfr) | Pra/Pry) | PreofPret)  Prea/Prcy)

1 2 A3 4) (&) 6 M (8) 9)
56 G W L/2000 0.636 0.935 1.180 0.963 1.181
57T G W L/1100 0.588 0.865 1.091 0.890 1.092
S8 G W L/1100 0.599 0.880 1.111 0.907 1.112
S99 G W L/1100 0611 0.898 1.133 0.925 1.134
60 G W L/1150 0.609 0.896 1.130 0.922 1.131
61 G W L/1150 0.631 0.927 1.170 0.955 1.171
14 F S L/8000 0.687 1.011 1.275 1.041 1.276
105 F S L/2000 0.639 0.939 1.185 0.967 1.185
106 F S L/1350 0614 0.902 1.138 0.929 1.139
107 F S L/1350 0.624 0.917 1.157 0.944 1.158
108 F S L/1350 0.630 0.926 1.169 0.954 1.170
109 F S L/1400 0.566 0.833 1.051 0.857 1.051
10 F S L/1400 0.589 0.865 1.092 0.891 1.093
134 F S L/8000 0.683 1.004 1.266 1.034 1.267
135 F S L/2000 0.633 0.931 1.174 0.958 1.175
136 F S L/1350 0.609 0.896 1.130 0.922 1.131
137 F S L/1350 0619 0910 1.148 0.937 1.149
133. ¥ S L/1350 0.627 0.922 1.163 0.950 1.164
139 F S L/1400 0.559 0.822 1.037 0.847 1.038
140 F S L/1400 0.582 0.856 1.080 0.882 1.081
149 G W L/8000 0.723 1.062 1.340 1.094 1.341
150 G W L2000 0.656 0.965 1.217 0.993 1.218
151 G W L/1000 0.601 0.884 1.115 0910 1.116
152 G W L/1000 0.612 0.899 1.135 0.926 1.136
153 G W L/1000 0.621 0913 1.152 0.940 1.152
154 G W L/1100 0.620 0912 1.151 0.939 1.151
155 G W L/1100 0.641 0.942 1.188 0.970 1.189
196 F S /8000 0.713 1.049 1.323 1.080 1.324
197 F S L/2000 0.670 0.985 1.243 1.014 1.244
198 F S L/1000 0.629 0.924 1.166 0.952 1.167
199 F S L/1000 0.646 0.950 1.199 0.979 1.200
200 F S L/1000 0.643 0.946 1.193 0.974 1.194
Note: §, - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
Py, - Finite element analysis after reinforcing F - Parallel to the flanges
P,, - Capacity after reinforcing (SSRC1) G - Parallei to the web
P, - Capacity after reinforcing (SSRC2) B - Buckling axis
P,.; - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section
P, - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table 5.6 (Cont’d)

FEA Out-of- SSRC1 SSRC2 CSAl CSA 2
model D B Straightness Pg/Py Ps Ps Ps Ps
No. o S PelPy)  PelPy)  PiolPr) PiolPr)

) @2 3 4@ (5) 6) M ® (&)
200 F S L/1000 0.590 0.868 1.095 0.894 1.096
202 F S L/1000 0.611 0.899 1.134 0.926 1.135
21 G W L/8000 0.723 1.063 1.341 1.094 1.342
216 G W L/2000 0.656 0.965 1.218 0.994 1.219
217 G W L/1000 0.603 0.886 1.118 0913 1.119
218 G W L/1000 0.615 0.904 1.141 0931 1.142
219 G W L/1000 0.616 0.906 1.143 0.933 1.144
220 G W L/1000 0.627 0.922 1.164 0.950 1.165
221 G W L/1000 0.650 0.956 1.206 0.985 1.207
266 F S L/8000 0.718 1.055 1.332 1.087 1.333
267 F S L/2000 0.668 0.983 1.240 1.012 1.241
268 F S L/1000 0.627 0.922 1.163 0.949 1.164
269 F S L/1000 0.647 0.951 1.200 0.979 1.201
270 F S L/1000 0.648 0.953 1.202 0.981 1.203
271  F S L/1000 0.603 0.886 1.118 0912 1.119
272 F S L/1000 0.618 0.909 1.147 0.936 1.148
28 G W L/8000 0.718 1.056 1.332 1.088 1.333
282 G W L/2000 0.646 0.951 1.199 0.979 1.200
283 G W L/1000 0.588 0.865 1.091 0.891 1.092
28 G W L/1000 0.601 0.884 1.116 0911 1.117
285 G W L/1000 0.608 0.894 1.128 0.921 1.129
286 G W L/1000 0.619 0911 1.149 0.938 1.150
287 G W L/1000 0.644 0.947 1.194 0.975 1.195
Note: &, - Initial imperfection L - Column length

Py, - Yield strength of reinforced column D - Orientation of reinforcing plates

P, - Finite element analysis after reinforcing F - Parallel to the flanges

P,, - Capacity after reinforcing (SSRC1) G - Parallel to the web

P.. - Capacity after reinforcing (SSRC2) B - Buckling axis

P, - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section

P, - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table 5.7 Simulated Professional Factors for Columns from Group 1 (A = 1.5)

“FEA _ Outol- __ SSRCI SSRC2 GCSA1 GSA2
model D B Straightness Pg /P, Ps Ps Ps Ps
O o S, PaPr) | PrdPr)  PredPret)  PreaPred)
2 3 “) (&) 6 M (8) 9
47 F S L/1900 0.403 0.989 1.145 0.969 1.125
48 F S L/1900 0411 1.011 1.170 0.990 1.150
49 F S L/1250 0.375 0.921 1.066 0.902 1.048
50 F S L/1250 0.385 0.946 1.095 0.927 1.076
62 G W L/1350 0.384 0.944 1.092 0.924 1.074
63 G W L/1350 0.396 0973 1.126 0.953 1.107
64 G W L/1350 0.390 0.958 1.109 0.939 1.090
65 G W L/1350 0.404 0.992 1.149 0.972 1.129
It F S /1300 0.394 0.967 1.119 0.947 1.100
112 F S L/1300 0.400 0.983 1.138 0.963 1.118
113 F S L/1250 0.378 0.928 1.074 0.909 1.056
Ii4 F S L/1250 0.388 0.955 1.105 0.935 1.086
141 F S L/1300 0.391 0.961 1.113 0.942 1.094
142 F S L/1300 0.398 0.977 1.131 0.957 1.112
143 F S L/1250 0.375 0.922 1.067 0.903 1.049
144 F S L/1250 0.386 0.949 1.098 0.930 1.080
156 G W L/1400 0.398 0.978 1.131 0.958 1.112
157 G W L/1400 0412 1.012 1.172 0.991 1.152
158 G W L/1350 0.403 0.990 1.146 0.970 1.126
159 G W L/1350 0411 1.011 1.170 0.990 1.150
203 F S L/8000 0.490 1.203 1.392 1.178 1.369
204 F S L/2000 0.459 1.127 1.304 1.104 1.282
206 F S L/1000 0.436 1.072 1.240 1.050 1.219
206 F S L/1000 0.441 1.083 1.253 1.061 1.232
207 F S L/1000 0424 1.043 1.207 1.021 1.186
208 F S L/1000 0.432 1.061 1.228 1.039 1.207
222 G W L/8000 0.456 1.120 1.296 1.097 1.274
223 G W L/2000 0414 1.017 1.177 0.996 1.157
224 G W L/1000 0.380 0.933 1.080 0914 1.061
225 G W L/1000 0.393 0.965 1.117 0.946 1.098
226 G W L/1000 0.396 0.973 1.127 0.953 1.107
227 G W L/1000 0.409 1.005 1.163 0.984 1.143
Note: §, - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
Py, - Finite element analysis after reinforcing F - Parallel to the flanges
P, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P,; - Capacity after reinforcing (SSRC2) B - Buckling axis
P, - Capacity after reinforcing (CSAI) W - Weak axis of the rolled section
P, - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table 5.7 (Cont’d)

FEA Out-of- SSRC1 SSRC2 CSA 1l CSA2
model D B Straightness Pg/Py, Ps Ps Ps P
O, S CPr)  PedPo)  PralPre)  PrePrea)

A A2 A @ &) (D) () (8) (&)

273 F S L/1000 0.444 1.091 1.263 1.069 1.241

274 F S L/1000 0.449 1.102 1.276 1.080 1.254

275 F S L/1000 0.427 1.049 1.214 1.028 1.193

276 F S L/1000 0.436 1.072 1.241 1.050 1.220

2886 G W L/1000 0.378 0.930 1.076 0911 1.058

20 G W L/1000 0.395 0.969 1.122 0.950 1.103

200 G W L/1000 0.395 0971 1.124 0.951 1.105

291 G W L/1000 0411 1.010 1.169 0.989 1.149

Note: §, - Initial imperfection L - Column length

P, - Yield strength of reinforced column D - Orientation of reinforcing plates
P, - Finite element analysis after reinforcing F - Parallel to the flanges

P, - Capacity after reinforcing (SSRC1) G - Parallel to the web

P, - Capacity after reinforcing (SSRC2) B - Buckling axis

P, - Capacity after reinforcing (CSAl) W - Weak axis of the rolled section
P,.. - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table 5.8.a Best Fit Lines for the Professional Factors for Columns from Group 1

Referencel Equation A Equation for Best Fit Curve Ps V,

Criteria No. pPps=myL +b 8y/L = 0.00067
SSRC 1 04 P = -44.341x3y/L + 1.014 0.984 0.003
curve 2 I.1 P, =-137.03x8y/L + 1.0277 0.936 0.010
1 3 1.5  p,=-95487xdy/L + 1.0807 1.017 0.006
SSRC 1 04  p,=-47.304xdyL + 1.0818 1.050 0.003
curve 2 1.1 P, =-172.88x3y/L + 1.2966 1.181 0.010
2 3 1.5 ps =-110.51x3yL + 1.2507 1.177 0.006
CSA 1 04 p,=-43.776xdyL + 1.0011 0.972 0.003
curve 2 1.1 ps =-141.12x3yL + 1.0583 0.964 0.010
l 3 .5 P =-93.526xdy/L + 1.0585 0.996 0.006
CSA l 04  p,=-46.211xdyL + 1.0568 1.026 0.003
curve 2 1.1 P =-173.02xdy/L + 1.2976 1.182 0.010
2 3 1.5 P, = -108.63xdy/L + 1.2294 1.157 0.006

Table 5.8.b Best Fit Lines for the Professional Factors for Columns from Group 2

Reference] Equation A Equation for Best Fit Curve Ps Vi
Criteria | Number Pp;=mdyL+b Sy/L = 0.00067

SSRC 1 04  p,=-45968x8y/L + 1.0217 0.991 0.003
curve 2 1.1 ps = -133.23x3y/L + 0.9505 0.861 0.010

1 3 1.5 P = -164.5xdy/L + 1.0558 0.946 0.012
SSRC 1 04 ps = -49.041x3y/L + 1.09 1.057 0.003
curve 2 1.1 ps = -168.09x3y/L + 1.1992 1.087 0.010

2 3 1.5  ps=-190.38x§y/L + 1.2219 1.094 0.012
CSA 1 04  p,=-45.383x3yL + 1.0087 0.978 0.003
curve 2 1.1 ps = -137.2xdy/L + 0.9788 0.887 0.010

1 3 1.5 p,=-161.12x3y/L + 1.0341 0.926 0.012
CSA 1 04  p;=-47.907xdyL + 1.0648 1.033 0.003
curve 2 1.1 Ps =-168.21x3y/L + 1.2001 1.087 0.010

2 3 1.5 p,=-187.13x3yL + 1.2011 1.076 0.012
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Table 5.9 Normalized Professional Factors for Columns from Group 1 (A = 0.4)

FEA Out-of- SSRC2 SSRC 2
model D B Straightness Ps P.=mdyL +b Pseq Pa
N0 PedP)  SSRC2 e PP
ad) @& 3 @ &) © () ®
36 F S L/1000 1.016 Ps = -47.3x8y/L + 1.082 1.034 0.982
37 F S L/1000 1.017 ps = -47.3x8y/L + 1.082 1.034 0.983
383 F S L/1000 1.019 ps = -47.3xdy/L + 1.082 1.034 0.985
39 F S L/1000 1.025 ps = -47.3x8y/L + 1.082 1.034 0991
51 G W L/1000 1.035 ps = -47.3x8y/L + 1.082 1.034 1.000
52 G W L/1000 1.041 ps = -47.3x§y/L + 1.082 1.034 1.006
533 G W L/1000 1.043 ps = -47.3x8y/L. + 1.082 1.034 1.008
54 G W L/1000 1.048 P = -47.3x8y/L + 1.082 1.034 1.013
100 F S L/1000 1.022 ps = -47.3xdy/L + 1.082 1.034 0988
101 F S L/1000 1.024 ps = -47.3x§y/L + 1.082 1.034 0.990
102 F S L/1000 1.015 ps = -47.3x§y/L + 1.082 1.034  0.982
103 F S L/1000 1.022 P, = -47.3x§y/L + 1.082 1.034 0.988
130 F S L/1000 1.021 P = -47.3xdy/L + 1.082 1.034 0.986
131 F S L/1000 1.023 Ps = <47.3x0y/L + 1.082 1.034  0.989
132 F S L/1000 1.017 p, = -47.3xdy/L + 1.082 1.034 0.983
133 F S L/1000 1.022 ps = -47.3xdy/L + 1.082 1.034  0.988
145 G W L/1000 1.036 ps = —47.3x5y/L + 1.082 1.034 1.002
146 G W L/1000 1.055 ps = -47.3x8y/L + 1.082 1.034 1.020
147 G W L/1000 1.051 P, = 47.3x§/L + 1.082 1.034 1.016
148 G W L/1000 1.053 ps = -47.3x8y/L + 1.082 1.034 1.018
190 F S L/8000 1.063 Ps = -47.3x8¢/L + 1.082 1.076  0.988
191 F S L/2000 1.048 P = -47.3x8y/L. + 1.082 1.058 0.990
192 F S L/1000 1.031 pPs = -47.3x8y/L + 1.082 1.034 0.996
193 F S L/1000 1.038 pPs = -47.3x8y/L + 1.082 1.034 1.003
194 F S L/1000 1.023 P = 47.3x8y/L + 1.082 1.034 0.989
195 F S L/1000 1.031 pPs = -47.3x8y/L + 1.082 1.034 0.996
29 G W L/8000 1.089 Ps = -47.3x8y/L + 1.082 1.076 1.012
210 G W L/2000 1.067 ps = -47.3x8y/L + 1.082 1.058 1.009
211 G W L/1000 1.048 Ps = -47.3x8y/L + 1.082 1034 1.013
212 G W 1L/1000 1.053 Ps = -47.3x8y/L. + 1.082 1034 1.018
213 G W L/1000 1.048 Ps = -47.3x8y/L + 1.082 1034 1.013
214 G W L/1000 1.053 Ps = -47.3x8y/L + 1.082 1.034 1.018
277 G W L/1000 1.041 P, = -47.3x8y/L + 1.082 1.034 1.006
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P,, - Capacity after reinforcing (SSRC2)

Py, - Finite element analysis after reinforcing
Pseq - Professional ratio predicted by the best-fit equation
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Table 5.9 (Cont’d)

Wﬂ
model D B Straightness Ps Ps=myL+b Pseq Pn
/OO, S PP SSRC2 i 8P
) & A3 @ (&) 6 @) 8)
278 G W L/1000 1.046 P, =-47.3x3y/L + 1.082 1.034 1011
2719 G W /1000 1.046 P = -47.3x8y/L + 1.082 1.034 1.011
20 G W L/1000 1.049 P = -47.3x8y/L + 1.082 1.034 1.014
262 F S L/1000 1.027 pPs = -47.3x3y/L + 1.082 1.035 0.993
263 F S L/1000 1.036 p; = -47.3x8y/L + 1.082 1.035 1.001
264 F S L/1000 1.030 p, = -47.3x3y/L + 1.082 1.034 0.996
265 F S L/1000 1.036 p; = -47.3xdy/L + 1.082 1.034 1.002
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P,» - Capacity after reinforcing (SSRC2)

Py, - Finite element analysis after reinforcing
P.q - Professional ratio predicted by the best-fit equation

Table 5.10 Normalized Professional Factors for Columns from Group 1 (A = 1.1)

FEA Out-of- SSRC?2 SSRC 2
model D B Straightness Ps ps=mdyL +b Pseq Pn
No. S (PP SSRC 2 0/Pcq

................................................................................................................

@ (&) 6 M (8)

Yo}
o
e
_—
i~
e’
_—
)
-’

40 F S L/8000 1.265 P =-172.88x8yL + 1.30 1.275 0992
41 F S L/2000 1.168 ps =-172.88x8yL + 1.30 1.210 0.965
42 F S L/1400 1.129 P, =-172.88xdy/L + 1.30 1.172  0.963
43 F S L/1400 1.146 P =-172.88x3yL + 1.30 1.172 0977
44 F S L/1400 1.161 Ps =-172.88x3y/L + 1.30 1.172 0.990
45 F S L/1450 1.049 P =-172.88x8yL + 1.30 1.177  0.891
46 F S L/1400 1.086 ps =-172.88x3y/L + 1.30 1.172 0.927
S5 G W L/8000 1.312 Ps =-172.88xdyL + 1.30 1.275 1.029
56 G W L/2000 1.180 P =-172.88x8yL + 1.30 1.210 0975
57T G W L/1100 1.091 Ps =-172.88x8y/L + 1.30 1.143 0954
58 G W L/1100 I.111 ps =-172.88x3y/L + 1.30 1.143 0971
S99 G W L/1100 1.133 P, =-172.88xdyL + 1.30 1.143  0.991
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate =~ W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

Py, - Finite element analysis after reinforcing
Pseq - Professional ratio predicted by the best-fit equation
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Table 5.10 (Cont’d)
e ———————————————————————— — 4
FEA Out-of- SSRC2 SSRC2

L/8000 1.340 p,=-172.88xdy/L +1.30  1.275 1.051
L/2000 1.217  p,=-172.88x8y/L +1.30  1.210 1.006
L/1000 1.115 py=-172.88x8yL + 1.30  1.128  0.989

model D B Straightness 05 P, =moyL +b Pseq P

o B SSRC2 e PP
A @ 4) (3) (6) M ()]
60 L/1150 1.130  p,=-172.88x8y/L. +1.30 1.148 0.984
61 L/1150 1.170  p,=-172.88x8y/L. + 1.30 1.148 1.019
104 L/8000 1.275 p,=-172.88xdy/L +1.30 1.275 1.000
105 L/2000 1.185 P, =-172.88x3,/L + 1.30 1.210 0979
106 L/1350 1.138 P, =-172.88x5,/L + 1.30 1.168 0.975
107 L/1350 1.157 P, =-172.88x8y/L + 1.30 1.168 0.990
108 L/1350 1.169 P, =-172.88xdy/L. + 1.30 1.168 1.001
109 L/1400 1.051 P, =-172.88x3y/L. + 1.30 1.172  0.896
110 L/1400 1.092 P, =-172.88xd¢/L + 1.30 1.172 0.932
134 L/8000 1.266 P, =-172.88xdy/L + 1.30 1.275 0.993
135 L/2000 1.174 P, =-172.88xdy/L + 1.30 1.210 0970
136 L/1350 1.130 p, =-172.88xdy/L + 1.30 1.167 0.968
137 L/1350 1.148 P, =-172.88x5y/L + 1.30 1.169 0.982
138 L/1350 1.163 P, =-172.88xdy/L + 1.30 1.169 0.995
139 L/1400 1.037 P =-172.88x3y/L + 1.30 1.172  0.885
140 L/1400 1.080 P, =-172.88x8,/L + 1.30 1.172  0.922

o
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152 L/1000 1.135 ps=-172.88xdy/L + 1.30  1.128 1.006
153 L/1000 1.152 ps=-172.88xdy/L + 1.30  1.128 1.021
154 L/1100 1.151 ps=-172.88xdyL +1.30 1.136 1.012
155 L/1100 1.188 Ps=-172.88x8yL +1.30 1.136 1.046
196 L/8000 1.323 pPs=-172.88xdyL + 1.30 1275 1.038
197 L/2000 1.243 ps=-172.88x8yL +1.30 1.210 1.027
198 L/1000 1.166 Ps=-172.88xdyL +1.30 1.124 1.038
199 L/1000 1.199 P =-172.88x8y/L + 1.30  1.124  1.067
200 L/1000 1.193 Ps=-172.88xdyL + 1.30  1.124 1.062
201 L/1000 1.095 P, =-172.88x8yL + 1.30 1.124 0974
202 L/1000 1.134 Ps=-172.88xdyL + 1.30 1.124 1.009
215 L/8000 1.341 Ps=-172.88xdyL +1.30 1275 1.051
216 L/2000 1.218 ps=-172.88xdyL +1.30 1.210 1.006
217 L/1000 1.118 p.=-172.88x8y/L +1.30 1.124 0.995
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate =~ W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

P, - Finite element analysis after reinforcing
Pseq - Professional ratio predicted by the best-fit equation
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Table 5.10 (Cont’d)

me
model D B Straightness Ps Ps=mdyL +b Pseq Pn
R, B .. PP SSRC2 e PP

O 3 3 @ (&) 6 M ®

218 G W L/1000 1.141 Ps =-172.88x8y/L + 1.30 1.124 1015
219 G W L/1000 1.143 Ps =-172.88x8y/L + 1.30 1.124 1.017
220 G W L/1000 1.164 P, =-172.88x8y/L. + 1.30 1.124  1.036
21 G W L/1000 1.206 P =-172.88x§y/L + 1.30 1.124 1.073
28 G W L/8000 1.332 P =-172.88x8,/L + 1.30 1.275 1.045
282 G W L/2000 1.199 Ps =-172.88x8y/L + 1.30 1.210 0.991
283 G W L/1000 1.091 Ps =-172.88x8y/L + 1.30 1.124 0971
284 G W L/1000 1.116 Ps =-172.88x8y/L + 1.30 1.124  0.993
285 G W L/1000 1.128 Ps =-172.88x§y/L + 1.30 1.124  1.004
286 G W L/1000 1.149 Ps =-172.88x8y/L + 1.30 1.124 1.023
287 G W L/1000 1.194 ps =-172.88x§,/L + 1.30 1.124  1.063
266 F S L/8000 1.332 P =-172.88x3y/LL + 1.30 1.276 1.044
267 F S L/2000 1.240 P, =-172.88x§y/L + 1.30 1.214 1.022
268 F S L/1000 1.163 P =-172.88x5y/L + 1.30 1.124  1.035
269 F S L/1000 1.200 P =-172.88x8y/L + 1.30 1.124  1.068
270 F S L/1000 1.202 P, =-172.88x8y/L + 1.30 1.124  1.070
2711 F S L/1000 L.118 P =-172.88x5y/L + 1.30 1.124  0.995
272 F S L/1000 1.147 P, =-172.88x3y/L + 1.30 1.124  1.021

Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate =~ W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

P¢., - Finite element analysis after reinforcing
Pseq - Professional ratio predicted by the best-fit equation
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Table 5.11 Normalized Professional Factors for Columns from Group 1 (A = 1.5)

?nﬁﬁ=mm
model D B Straightness 05 Ps=mdyL +b Pseq Pa
oD BB SSRC 2 e PP

A A A3 @ (&) 6) ) 3

47 F S L/1900 1.145 Ps =-110.51x8y/L + 1.25 1.193  0.960
48 F S L/1900 1.170 ps =-110.51x8y/L + 1.25 1.193  0.981
49 F S L/1250 1.066 P =-110.51x8y/L + 1.25 1.163 0917
50 F S /1250 1.095 ps =-110.51x8y/L + 1.25 1.163 0.942
62 G W L/1350 1.092 P, =-110.51x8yL + 1.25 1.169 0.934
63 G W L/1350 1.126 Ps=-110.51x3yL + 1.25 1.169 0.964
64 G W L/1350 1.109 P =-110.51x8y/L + 1.25 1.168 0.950
65 G W L/1350 1.149 Ps=-110.51x8yL + 1.25 1.168 0.983
1t F S L/1300 1.119 P =-110.51x8yL + 1.25 1.164 0961
112 F S L/1300 1.138 P =-110.51xdyL + 1.25 1.164 0977
13 F S L/1300 1.074 P, =-110.51x8y/L + 1.25 1.163 0923
li+4 F S L/1300 1.105 P =-110.51x8y/L + 1.25 1.163 0.950
i41 F S L/1300 1.113 P, =-110.51x8yL + 1.25 1.164 0.956
142 F S L/1300 1.131 p, =-110.51x8y/L + 1.25 1.164 0972
143 F S L/1300 1.067 P, =-110.51x§y/L + 1.25 1.163 0918
144 F S L/1300 1.098 P, =-110.51x8y/L + 1.25 1.163 0.945
156 G W L/1400 1.131 ps =-110.51xdy/L + 1.25 1.171  0.966
157 G W L/1400 1.172 P =-110.51x§y/L + 1.25 1.171 1.000
158 G W L/1350 1.146 P, =-110.51x8yL + 1.25 1.170  0.979
159 G W L/1350 1.170 P =-110.51x8yL + 1.25 1.170 1.000
203 F S L/8000 1.392 ps =-110.51x8y/L + 1.25 1.237 1.126
204 F S L/2000 1.304 P, =-110.51x8yL + 1.25 1.195 1.091
205 F S L/1000 1.240 P, =-110.51xdyL + 1.25 1.140 1.088
2006 F S L/1000 1.253 P, =-110.51x8yL + 1.25 1.140 1.099
207 F S L/1000 1.207 Ps=-110.51x8yL + 1.25 1.140 1.058
2086 F S L/1000 1.228 Ps=-110.51x8yL + 1.25 1.140 1.077
222 G W L/8000 1.296 P, =-110.51x8y/L + 1.25 1.237 1.048
223 G W L/2000 1.177 P, =-110.51x8y/L + 1.25 1.195 0.985
224 G W L/1000 1.080 Ps=-110.51x8y/L + 1.25 1.140 0.947
225 G W L/1000 1.117 P =-110.51x3yL + 1.25 1.140 0980
226 G W L/1000 1.127 P =-110.51x8y/L + 1.25 1.140 0.988
227 G W L/1000 1.163 P =-110.51x3yL + 1.25 1.140 1.020
288 G W L/1000 1.076 p. =-110.51x8y/L + 1.25 1.140 0.944

Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate =W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P,, - Capacity after reinforcing (SSRC2)

Py, - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the best-fit equation
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Table 5.11 (Cont’d)

Wﬂ

model D B Straightness Ps Pps=mdyL +b Pseq Pa

Moo PaP)  SSRC2 e PP
@ @2 A3 4) 5) (6) M 8)
20 G W L/1000 1.122 py=-11051x8yL +1.25 1.140 0984
200 G W  L/1000 1.124  p,=-110.51x8yL + 1.25 1.140 0.986
291 G W L/1000 1.169  p,=-11051x8y/L +1.25 1.140 1.025
2713 F S L/1000 1.263 p,=-1105I1xdy/L + 1.25 1.140 1.108
2714 F S L/1000 1.276 P, =-110.51x3yL + 1.25 1.140 L.119
275 F S L/1000 1.214 pPs =-110.51xdy/L + 1.25 1.140 1.065

276 F S L/1000 1.241 ps =-110.51xdyL + 1.25 1.140 1.088

Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P., - Capacity after reinforcing (SSRC2)

P, - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the best-fit equation
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Table 5.12.a Statistical Parameters for the Professional Factors

Table 5.12.b Statistical Parameters for the Professional Factors
for Columns from Group 2

Reference
criteria A Ps V Po \f Pex Vex Pp Vo
SSRC 04 0991 0.003 1.000 0023 1.000 0.000 0991 0.023
curve 1.1 0.861 0.010 1,000 0057 1.000 0.000 0861 0.057

1 1.5 0946 0012 0997 0043 1000 0.000 0942 0.045
SSRC 04 1.057 0003 1.000 0023 1.000 0000 1.057 0.023
curve 1.1 1.087 0010 1.000 0.057 1.000 0000 1.087 0.057

2 1.5 1.094 0012 1.000 0043 1.000 0000 1.094 0.045
CSA 04 0978 0.003 1.000 0023 1000 0000 0978 0.023
curve 1.1 0.887 0.010 1.000 0057 1000 0.000 0.887 0.057

1 1.5 0926 0012 1000 0043 1000 0.000 0926 0.045
CSA 04 1.033 0003 1.000 0.023 1000 0000 1.033 0.023
curve 1.1 1.087 0010 1.000 0.057 1000 0000 1.087 0.057

2 1.5 1076 0012 1,000 0043 1000 0000 1.076 0.045
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Table 5.13 Professional Factors for Unreinforced Columns

Slendemess Initial
Section parameter Imperfection P/Pyy P, /P, Pex = Ppeo/Pex
A 9
(1) (2) 3) ) 5) (6)

W200x46* 0.92 L/6308 0.73 0.75 0.973

W200x46* 1.22 L/2417 0.83 0.82 1.011
W310x74** 0.925 L/1500 0.67 0.76 0.879
W310x74** 0.925 L/8000 0.75 0.76 0.980
W200x36** 0.955 L/1500 0.65 0.73 0.892
W200x36** 0.955 L/6000 0.72 0.73 0.979
W150x22** 0.992 L/1500 0.70 0.73 0.956
W150x22** 0.992 L/5000 0.73 0.73 1.000
Note: * Test results reported by Huber and Beedle (1954)

** Test results reported by Beedle and Tall (1960)
9, - Initial imperfection of the rolled section columns

L - Column length

P, - Finite element analyzed critical load capacity of the rolled section column
P,, - Yielding strength of the rolled section column

P., - Experimetal strength of the rolled section column

Pex - Experimetal ratio
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Chapter 6

Summary, Conclusions and Recommendations

6.1 Summary

A study of loaded steel wide flange columns reinforced with welded steel
plates has been presented in this thesis. A review of the literature has indicated
that there is no specific guideline to assess the strength of steel columns reinforced with
welded cover plates. although many steel columns have been reinforced in this way. With
little knowledge about the effect of parameters that may affect the strength and behaviour
of reinforced steel columns, reinforced columns are commonly designed using the lower
column curve in S16.1. Although this column curve gives the lowest predicted column
capacity, the level of safety obtained from such a design procedure is not known. It is
also possible that the residual stresses introduced by the welding process may improve
the capacity of reinforced column bevond that predict by the commonly used column
curve. Research on the effect of parameters and a design guideline for steel columns
reinforced with welded cover plates is therefore necessary to obtain an appropriate

column curve for steel columns reinforced under load with welded cover plates.

Numerous parameters may affect the strength of steel columns reinforced with
welded cover plates that would not affect the strength of rolled W section columns.
Welding of reinforcing plates to a wide flange section changes the compressive residual
stresses normally present at the tip of the flanges to high tensile residual stresses, which
may be beneficial to the strength of the reinforced column. Interaction of influencing
factors, such as residual stresses, preload magnitude, orientation of reinforcing plates,
buckling direction, steel grades and geometric properties, may also significantly affect
the behaviour and strength of reinforced columns. To understand the behaviour and
strength of the columns reinforced with welded cover plates, the effect of these

influencing parameters was studied numerically.

A finite element model was developed to study the effect of varying parameters on

reinforced columns. The model and analysis procedure were validated by comparing the
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strength and behaviour of reinforced and unreinforced columns with the results of tests
on ten columns failing in various ranges of material response. A total of 317 finite
element models of wide flange steel columns reinforced under load were developed to
study specifically the effect of: 1) residual stress pattem and magnitude in the wide
flange; 2) residual stress magnitude in the reinforcing plates; 3) the magnitude of the load
on the unreinforced section at the time of the reinforcing procedure; 4) steel grade both in
the wide flange section and the reinforcing plates: 5) the orientation of the reinforcing
plates; 6) the buckling axis; and 7) the relative area of reinforcing plates and wide flange

section. The finite element software ABAQUS was used to perform the analysis.

The load versus deflection response for the reinforced columns investigated was
obtained for values of the non-dimensional slenderness parameters, A, of 0.4, 1.1 and 1.5,
which cover the range from short to close to the limit between intermediate and slender
columns. Residual stresses before welding varied from 10 to 30 percent of the vield
strength of the wide flange section and from 15 to 30 percent of the yield strength of the
reinforcing plates. The peak welding residual stress was varied from 70 to 100 percent of
the yield strength of the rolled section. The initial imperfections of the unreinforced
column investigated ranged from near zero to the maximum limit of L/1000 permitted by
industry standards. The preload magnitudes investigated were taken as 40 percent and
60 percent of the load carrying capacity of the reinforced columns predicted using SSRC
curve 2. The orientation of reinforcing plates was parallel to the flanges or parallel to the
web. Buckling about the weak axis of the wide flange section or its strong axis were both

investigated. All most commonly used wide flange sections varying from W310x179 to
W150x30 were investigated.

A statistical analysis of the analysis results was performed to evaluate the
performance of reinforced steel columns based on the limit states philosophy. Statistical
data on geometric properties, material properties, and initial imperfections for both rolled
sections and plates were collected from the literature. A statistical analysis of the data
was performed to obtain the appropriate magnitude of resistance factor to use with each

of the two column curves used in the Canadian standard. The design criteria for steel

142



columns reinforced with welded cover plates were recommended based on this statistical

analysis.
6.2 Conclusions

The following conclusions can be drawn based on the results of the work described
above.

1. The slendemess parameter and out-of-straightness have the most significant effect

on the strength and behaviour of reinforced steel columns.

9

Varying the initial residual stress pattern does not significantly affect the
behaviour and strength of reinforced columns. The investigation also
demonstrated that varying the maximum welding residual stress pattern from 70%
to 100% of the yield strength of the materials does not significantly affect the

predicted strength of reinforced columns either.

3. There is an interactive effect between the orientation of the reinforcing plates and
the buckling direction on intermediate and slender reinforced columns. For
intermediate and slender reinforced columns buckling about the weak axis of the
rolled section, columns reinforced with plates parallel to the web show a higher
strength than columns reinforced with plates parallel to the flanges. For
intermediate reinforced columns buckling about the strong axis of the rolled
section, columns reinforced with plates parallel to the flanges show a higher
strength than columns reinforced with plates parallel to the web. On the other
hand, for intermediate and long columns with reinforcing plates parallel to the
flanges, buckling about the strong axis of the rolled section may introduce a
higher strength-to-yield ratio of the reinforced column. For intermediate columns
with reinforcing plates parallel to the web, buckling about the weak axis of the

rolled section may introduce a higher strength-to-yield ratio of the reinforced
column.
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Difference in steel grades between the wide flange section and the reinforcing

plates was found to have a negligible effect on the behaviour and strength of

reinforced columns.

The effect of the rolled section area to the reinforcing plate area ratio on the

predicted strength-to-yield ratio of reinforced columns was found to be

insignificant.

The effect of the preload magnitude varying from 40% to 60% of the load

carrying capacity of the unreinforced column was found to be negligible.

SSRC curve 2 and corresponding CSA curve 2 used with a resistance factor of 0.9

are appropniate for reinforced steel columns.

6.3 Recommendations for Future Research

The work presented herein is only based on the numerical analyses. Since the lack of

experimental data in the intermediate to slender range, the finite element model used for

this study had only been partly validated by comparison with existing test resuits in the

short range. Consequently, there is a need for more tests in the intermediate to slender

range. The following issues should be investigated based on the test results.

(A

. Fully validating the finite element model used for this study by comparison with

the test results in the intermediate to slender range.
The ratio of test strength to the computer simulation developed in this thesis.

The effect of reinforcing process on the out-of-straightness of the column, i.e., if
the welding process increases the out-of-straightness of the intermediate or long

column, as shown in the numerical analysis.

The local buckling shapes observed in the short columns described in Section 4.2.
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5. The interactive effect between the buckling axis and the direction of the
reinforced plates on the strength and behaviour of the columns reinforced with

welded cover plates.
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Analysed Reinforced Columns Description

All 317 model analyses were performed to verify the behaviour of the reinforced steel
columns with welded cover plates in the analysis. The initial geometrical conditions and

the material conditions of the analysed specimen are presented in Table A.1.

Column (1) of Table A.l presents the number of the finite element analysed models.

Columns (2) and (3) present the designations of rolled sections and reinforcing plates

respectively.

Column (4) “D” is the direction of reinforcing plates. In this column, F represents that
the cover plates are reinforced on the column along the flanges, as shown in Figure 2.1
(a). G represents that the cover plates are attached to the column at the flange tips of the

column and parallel to the web, as shown in Figure 2.1 (b).

Column (5) “B” is the buckling axis of the reinforced column. W represents the same
axis as the weak axis of the I-section before reinforcing, and S represents the same axis as
the strong axis of the I-section before reinforcing. Column (6) presents the length of the
reinforced column. This length is the same as that of the I[-section. The length of the
cover plates is 20 mm shorter than this length. Column (7) “A” is the slendemess

parameter of the reinforced column on the buckling direction.

Columns (8), (9) and (10) present the initial residual stress before welding in the cross
section. Column (8) *“PS” is the pattern of the initial residual stress before welding. The
patterns are shown in the Figures 4.6. Column (9) “MF” is the maximum magnitude of
the initial residual stress before welding at the flange tips in the rolled section. The values
are presented by the ratio of the maximum residual stress to the yield strength of the
rolled section. Column (10) “MP” is the maximum magnitude of the initial residual stress
before welding at the edges of the cover plates. The values are presented by the ratio of
the maximum residual stress to the yield strength of the rolled section. Column (11)

presents the maximum magnitude residual stress after welding at the flange tips of the
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rolled section. The values are presented by the ratio of the maximum residual stress to the

yield strength of the rolled section.

Columns (12), (13) and (14) present the initial imperfection of the rolled section
columns before reinforcing. The column (12) presents the ratio of the out-of-straightness
to the column length, L. The out-of-straightness is on the expected buckling direction of
the reinforced column. The maximum allowable initial out-of-straightness varies for
columns longer than 10 m in accordance of CAN/CSA-S16.1-94. The column (13) “W”
is the magnitude of the initial imperfection on the weak axis of the unreinforced column.
The column (14) “S” is the initial imperfection on the strong axis of the unreinforced

column.

Columns (15), (16) and (17) present the out-of-straightness of the reinforced columns
after reinforcing the cover plates to the rolled section without any pre-load. The column
(15) presents the ratio of the out-of-straightness to the column length, L. The out-of-
straightness is on the expected buckling direction of the reinforced column. The column
(16) “W” is the magnitude of the out-of-straightness on the weak axis of the unreinforced
column. The column (14) “S” is the out-of-straightness on the strong axis of the

unreinforced column.

Columns (18) and (19) present the yield strength of the I-section and the cover plates
respectively.
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Appendix B

Analysis Results Description



Analysis Results Description

All 317 model analyses were performed to verify the behavior of the reinforced steel
columns with welded cover plates in the analysis. The preload condition and analysis

results of the analysed models are presented in Table B.1.

Column (1) of Table B.1 presents the number of the finite element analysed models.

Columns (2) and (3) present the designations of I-sections and cover plates respectively.

Column (4) “D” is the direction of reinforcing plates. In this column, F represents that
the cover plates are reinforced on the column along the flanges, as shown in Figure 2.1
(a). G represents that the cover plates are attached to the column at the flange tips of the

column and parallel to the web, as shown in Figure 2.1 (b).

Column (5) *B” is the buckling axis of the reinforced column. W represents the same
axis as the weak axis of the I-section before reinforcing, and S represents the same axis as
the strong axis of the I-section before reinforcing. Column (6) “A” is the slenderness
parameter of the reinforced column on the buckling direction. Column (7) “A” is the area

of the reinforced cross-section consisting of the rolled section and cover plates.

Columns (8) and (9) present the yield strength of the I-section and the cover plates
respectively. Columns (10) and (11) present the pre-loads on the column before
reinforcing. Column (10) “Py” is the magnitude of the pre-load on the column before
reinforcing. Column (11) “Py/P.,” presents the ratio of the pre-load to the expected load

carrying capacity of the unreinforced column predicted using SSRC curve 2.

Column (12) “Pr/P;,” presents the ratio of the load carrying capacity of reinforced
column by mathematical model analyses to the yield strength of the reinforced column.
Column (13) “P;1/P,” presents the ratio of the load carrying capacity of the reinforced
column predicted using SSRC curve 1 to the yield strength of the reinforced column.
Column (14) “P,»/P,” presents the ratio of the load carrying capacity of the reinforced
column predicted using SSRC curve 2 to the yield strength of the reinforced column.
Column (15) “Pr1/P" presents the ratio of the load carrying capacity of the reinforced
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column predicted using CSA curve 1 to the yield strength of the reinforced column.
Column (16) “P.2/P,,” presents the ratio of the load carrying capacity of the reinforced

column predicted using CSA curve 2 to the yield strength of the reinforced column.
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Appendix C

Statistical Analysis Data for the Professional Factors for
the Columns from Group 2
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Statistical Analysis Data for the Professional Factors

for the Columns from Group 2

This appendix serves as a supplement to Chapter 5. It presents the statistical analysis
data used to obtain the professional factors for the columns from group 2 (columns
reinforced with plates parallel to the flanges and buckling about the weak axis of the
rolled section and columns reinforced with plates parallel to the web and buckling about
the strong axis of the rolled section). The statistical analysis procedures for the columns

from group2 are same as those from group | presented in Chapter 5.

Tables C.1 to C.3 present the analysis data for the simulated professional factors for
columns from group 2 for values of the slendemess ratio, A, of 0.4, 1.1 and 1.5
respectively. Tables C.4 to C.6 present the analysis data for the normalized professional
factors for columns from group 2 for values of the slendemess ratio, A, of 0.4, 1.1 and 1.5

respectively.

Plots of the simulated professional ratio, ps, versus out-of-straightness for columns
from group 2 for values of the slendemess ratio, A, of 0.4, 1.1 and 1.5 are presented in
Figures C.1, C.2 and C.3 respectively. The normalized professional ratio for | = 0.4, 1.1,
and 1.5 are plotted in Figures C.4, C.5, and C.6 respectively.
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Table C.1 Simulated Professional Factors for Columns form Group 2 (A = 0.4)

FEA Out-of- SSRC1 SSRC2 CSA1 CSA2
model D B Straightness Py /P, Ps Ps Ps Ps
L SO, S, PredPrr) | PrdlPr)  PrdPre)  PrealPred)
. 2 A3 @ (&) 6 M (8) )
17 F W L/8000 1.005 1.025 1.094 1.012 1.069
18 F W L/2000 0.987 1.007 1.074 0.994 1.049
19 F W L/1000 0.973 0.993 1.059 0.980 1.035
20 F W L/1000 0.978 0.997 1.064 0.985 1.040
21 F W L/1000 0.958 0.978 1.043 0.965 1.019
22 F W L/1000 0.961 0.981 1.047 0.968 1.022
66 G S L/1000 0.934 0.953 1.017 0.941 0.993
67 G S L/1000 0.940 0.959 1.023 0.947 1.000
68 G S L/1000 0911 0.930 0.992 0918 0.969
69 G S L/1000 0.917 0.935 0.998 0.923 0.975
84 F W L/1000 0.977 0.996 1.063 0.984 1.038
85 F W L/1000 0.980 1.000 1.067 0.987 1.042
8 F W L/1000 0.952 0.971 1.036 0.959 1.012
87 F W L/1000 0.956 0.975 1.040 0.963 1.016
115 F W L/1000 0.980 1.000 1.067 0.987 1.042
116 F W L/1000 0.983 1.003 1.070 0.990 1.045
117 F W L/1000 0.963 0.983 1.049 0.971 1.025
118 F W L/1000 0.966 0.986 1.051 0.973 1.027
160 G S L/1000 0.929 0.948 1.011 0.936 0.988
161 G S L/1000 0.937 0.956 1.020 0.944 0.996
162 G S L/1000 0.894 0912 0.973 0.900 0.950
163 G S L/1000 0.902 0.920 0.981 0.908 0.959
175 F W L/1000 0.972 0.992 1.058 0.979 1.033
176 F W L/1000 0.978 0.998 1.065 0.986 1.040
177 F W L/1000 0.947 0.966 1.031 0.954 1.007
178 F W L/1000 0.952 0971 1.036 0.959 1.012
228 G S L/8000 0.981 1.001 1.068 0.989 1.044
229 G S L/2000 0.981 1.000 1.067 0.988 1.043
230 G S L/1000 0.968 0.987 1.053 0.975 1.029
231 G S L/1000 0972 0.992 1.058 0.980 1.034
232 G S L/1000 0951 0.970 1.035 0.958 1.011
233 G S L/1000 0.955 0.974 1.039 0.962 1.015
Note: Ag - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
P¢., - Finite elemetn analysis after reinforcing F - Parallel to the flanges
P, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P, - Capacity after reinforcing (SSRC2) B - Buckling axis
P.., - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section
P, - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table C.1 (Cont’d)

FEA Out-of- SSRC1 SSRC2 CSA 1 CSA 2
model D B Straightness Pg /Py, Ps Ps Ps Ps
O, o PedPr)  PrdPr)  Pred/Prer)  PredPrca)
1) @) 3 (C)) (5) (6) M (8) 9
247 F W L/1000 0.965 0.984 1.050 0.972 1.026
248 F W L/1000 0.972 0.992 1.058 0.979 1.034
2499 F W L/1000 0.949 0.968 1.033 0.956 1.009
250 F W L/1000 0.954 0973 1.038 0.961 1.014
292 G S L/1000 0.977 0.997 1.063 0.984 1.039
293 G S L/1000 0.979 0.999 1.066 0.986 1.041
24 G S L/1000 0.970 0.990 1.056 0.978 1.032
295 G S L/1000 0.970 0.990 1.056 0.977 1.031
Note: Aq - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
P¢., - Finite elemetn analysis after reinforcing F - Parallel to the flanges
P,, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P, - Capacity after reinforcing (SSRC2) B - Buckling axis
P - Capacity after reinforcing (CSAl) W - Weak axis of the rolled section
P2 - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section

Table C.2 Simulated Professional Factors for Columns from Group 2 (A = 1.1)

FEA Out-of- SSRC1 SSRC2 CSA CSA2
model D B Straightness Py /P, Ps Ps Ps Ps
oS T, PredPr) | PredPd)  PrdPrey)  (PreafPrea)
2 3 @) (&) 6 M ® )
23 F W L/8000 0.641 0.942 1.189 0.971 1.190
24 F W L/2000 0.601 0.883 1.114 0.909 1.115
25 F W L/1000 0.556 0.818 1.032 0.842 1.033
26 F W L/1000 0.560 0.823 1.038 0.848 1.039
27 F W L/1000 0.572 0.841 1.062 0.867 1.062
288 F W L/1000 0.511 0.751 0.947 0.773 0.948
29 F W L/1000 0.538 0.791 0.998 0.814 0.999
70 G S L/8000 0.603 0.887 1.119 0914 1.120
Note: A - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
P¢., - Finite elemetn analysis after reinforcing F - Parallel to the flanges
P,, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P,, - Capacity after reinforcing (SSRC2) B - Buckling axis
P.; - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section
P,., - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table C.2 (Cont’d)

FEA Out-of- SSRC1 SSRC2 CSA L CSA2
model D B Straightness Pg /Py, Ps Ps Ps Ps
L S, i . PedlPr)  PedPr)  PredPro)  (Prd/Pre)
) @ 3 @ (&) 6) (N ) %)
71 G S L/2000 0.575 0.845 1.067 0.871 1.067
72 G S L/1100 0.541 0.796 1.004 0.819 1.005
73 G S L/1100 0.541 0.795 1.003 0.818 1.004
74 G S L/1100 0.573 0.842 1.062 0.867 1.063
75 G S L/1150 0478 0.702 0.886 0.723 0.887
76 G S L/1150 0.506 0.743 0.938 0.765 0.938
81 G S L/1100 0.544 0.799 1.009 0.823 1.009
82 G S L/1100 0.537 0.789 0.996 0.813 0.996
8 G S L/1100 0.540 0.794 1.002 0.818 1.003
8 F W L/8000 0.643 0.946 1.193 0.974 1.194
8 F W 1L/2000 0.603 0.886 1.118 0912 1.119
99 F W L/1000 0.564 0.829 1.045 0.853 1.046
91 F W L/1000 0.569 0.837 1.056 0.862 1.057
92 F W L/1000 0.577 0.849 1.071 0.874 1.072
93 F W L/1000 0.528 0.776 0.979 0.799 0.980
949 F W L/1000 0.544 0.800 1.009 0.823 1.010
119 F W L/8000 0.652 0.959 1.210 0.988 1.211
120 F W 1/2000 0.607 0.893 1.126 0919 1.127
121 F W L/1000 0.564 0.830 1.047 0.855 1.048
122 F W L/1000 0.571 0.839 1.058 0.864 1.059
123 F W L/1000 0.579 0.852 1.074 0.877 1.075
124 F W L/1000 0.538 0.791 0.998 0.815 0.999
125 F W L/1000 0.554 0.815 1.028 0.839 1.029
164 G S L/8000 0.641 0.942 1.189 0.970 1.190
165 G S L/2000 0.598 0.879 1.108 0.905 1.109
166 G S L/1150 0.564 0.829 1.045 0.853 1.046
167 G S L/1150 0.574 0.845 1.066 0.870 1.066
168 G S L/1150 0.589 0.865 1.092 0.891 1.093
169 G S L/2750 0.507 0.745 0941 0.768 0.941
170 G S L/1200 0.534 0.785 0.990 0.808 0.991
179 F W L/8000 0.681 1.001 1.263 1.031 1.264
180 F W 172000 0.642 0.944 1.191 0.972 1.191
Note: A - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
Py, - Finite elemetn analysis after reinforcing F - Parallel to the flanges
P,, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P,, - Capacity after reinforcing (SSRC2) B - Buckling axis
P, - Capacity after reinforcing (CSAl) W - Weak axis of the rolled section
P, - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table 5.6 (Cont’d)

“FEA  Outof- ____ SSRCI SSRC2 CSAI CSA2
model D B Straightness P /Py, Ps s 05 0
O] S PraPr)) | PP CPredPret)  Prea/Prey)
2 A3 (G2 (&) 6 (@) 8 (&)
181 F W L/1000 0.605 0.889 1.122 0916 1.123
182 F W L/1000 0.608 0.894 1.128 0.921 1.129
183 F W L/1000 0616 0.906 1.143 0.933 1.143
18 F W L/1000 0.572 0.841 1.062 0.867 1.062
185 F W L/1000 0.585 0.860 1.085 0.885 1.085
234 G S L/8000 0.648 0.953 1.202 0.981 1.203
235 G S L/2000 0.604 0.887 1.120 0914 1.120
26 G S L/1000 0.564 0.829 1.046 0.854 1.047
237 G S L/1000 0.581 0.854 1.077 0.879 1.078
238 G S L/1000 0.590 0.868 1.095 0.894 1.096
239 G S L/1000 0.511 0.751 0.947 0.773 0.948
240 G S L/1000 0.535 0.787 0.992 0.810 0.993
251 F W L/8000 0.677 0.996 1.257 1.026 1.258
252 F W L/2000 0.637 0.937 1.182 0.965 1.183
253 F W L/1000 0.594 0.873 1.102 0.899 1.103
254 F W L/1000 0.593 0.873 1.101 0.899 1.102
255 F W L/1000 0.608 0.893 1.127 0.920 1.128
256 F W L/1000 0.547 0.804 1.015 0.828 1.015
257 F W L/1000 0.566 0.832 1.049 0.857 1.050
206 G S L/8000 0.624 0918 1.158 0.945 1.159
297 G S L/2000 0.585 0.860 1.085 0.885 1.086
298 G S L/1000 0.551 0.811 1.023 0.835 1.024
29 G S L/1000 0.566 0.832 1.049 0.856 1.050
300 G S L/1000 0.578 0.849 1.072 0.875 1.072
301 G S L/1000 0.494 0.726 0.916 0.747 0916
302 G S L/1000 0.520 0.764 0.964 0.787 0.964
Note: A - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
Py, - Finite elemetn analysis after reinforcing F - Parallel to the flanges
P, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P,, - Capacity after reinforcing (SSRC2) B - Buckling axis
P,.; - Capacity after reinforcing (CSAl) W - Weak axis of the rolled section
P, - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section



Table C3 Simulated Professional Factors for Columns from Group 2 (A = 1.5)

FEA Out-of- SSRC1 SSRC2 CSA 1 CSA2
model D B Straightness Pg/Py, Ps Ps Ps Ps
e, N, PedPr) PP PredPret)  (Preo/Prea)
I E)) ) (5) 6 M 8 9
30 F W L/8000 0.415 1.020 1.181 0.999 1.161
31 F W L/2000 0.379 0.930 1.076 0911 1.058
32 F W L/1000 0.355 0.871 1.008 0.853 0991
33 F W L/1000 0.362 0.889 1.029 0.870 1011
34 F W L/1000 0.338 0.830 0.961 0.813 0.945
35 F W L/1000 0.351 0.862 0.997 0.844 0.980
77 G S L/1350 0.374 0919 1.064 0.901 1.046
78 G S L/1350 0.383 0.942 1.090 0.922 1.071
79 G S L/1350 0.349 0.857 0.992 0.839 0.975
8 G S L/1350 0.361 0.887 1.027 0.869 1.010
95 F W L/1000 0.357 0.878 1.016 0.860 0.998
96 F W L/1000 0.360 0.885 1.024 0.866 1.006
97 F W L/1000 0.365 0.897 1.038 0.879 1.020
98 F W L/1050 0.344 0.846 0.980 0.829 0.963
99 F W L/1050 0.351 0.862 0.997 0.844 0.980
1260 F W L/1400 0.356 0.875 1.013 0.857 0.995
127 F W L/1050 0.368 0.903 1.045 0.884 1.027
1286 F W /1100 0.349 0.856 0.991 0.839 0.974
129 F W L/1100 0.361 0.886 1.026 0.868 1.008
171 G S L/1350 0.384 0.943 1.091 0.924 1.073
172 G S L/1350 0.389 0.956 1.106 0.936 1.087
173 G S L/1300 0.363 0.891 1.031 0.873 1014
174 G S L/1300 0.369 0.908 1.050 0.889 1.032
188 F W L/1000 0.374 0918 1.062 0.899 1.044
18 F W L/1000 0.379 0931 1.077 0911 1.059
I8 F W L/1000 0.362 0.890 1.030 0.872 1.012
1889 F W L/1000 0.371 0912 1.055 0.893 1.037
241 G S L/8000 0.452 I.111 1.286 1.088 1.264
242 G S L/2000 0417 1.024 1.185 1.003 1.164
243 G S L/1000 0.391 0.961 1.112 0.941 1.093
244 G S L/1000 0.400 0.982 1.136 0.962 1.117
245 G S L/1000 0.369 0.907 1.050 0.889 1.032
Note: Aq - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
Py, - Finite elemetn analysis after reinforcing F - Parallel to the flanges
P,, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P,, - Capacity after reinforcing (SSRC2) B - Buckling axis
P,., - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section
P, - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table C.3 (Cont’d)

FEA Out-of- SSRC1 SSRC2 CSAl CSA2
model D B Straightness Pg /Py P Ps Ps Ps
aJ) @ 3 @) (5) 6) @) (8) 9
246 G S L/1000 0.379 0.930 1.077 0911 1.058
258 F W L/1000 0.368 0.904 1.046 0.886 1.029
259 F W L/1000 0377 0.925 1.071 0.906 1.052
260 F W L/1000 0.353 0.868 1.004 0.850 0.987
261 F W L/1000 0.361 0.888 1.027 0.870 1.010
303 G S L/1000 0.381 0.937 1.085 0918 1.066
304 G S L/1000 0.393 0.966 1.118 0.946 1.099
305 G S L/1000 0.352 0.864 1.000 0.846 0.983
306 G S /1000 0.365 0.897 1.038 0.879 1.020
Note: A, - Initial imperfection L - Column length
P, - Yield strength of reinforced column D - Orientation of reinforcing plates
Py, - Finite elemetn analysis after reinforcing F - Parallel to the flanges
P,, - Capacity after reinforcing (SSRC1) G - Parallel to the web
P, - Capacity after reinforcing (SSRC2) B - Buckling axis
P, - Capacity after reinforcing (CSA1) W - Weak axis of the rolled section
P, - Capacity after reinforcing (CSA2) S - Strong axis of the rolled section
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Table C.4 Normalized Professional Factors for Columns from Group 2 (A =0.4)
e —— —— — — —— — — — —— — — ———— 3
FEA Out-of- SSRC2 SSRC2

model D B Straightness 05 Ps=mdy/L +b Pseq Pu
O D0 BlP)  SSRC2 PO
A 3 @ (&) 6) M ®
66 G S L/1000 1.02 P, = -49.041x8y/L + 1.09 1.041 0977
67 G S L/1000 1.02 P = -49.041x3y/L + 1.09 1.041 0983
68 G S L/1000 0.99 Ps =-49.041x3yL + 1.09 1.041 0953
69 G S L/1000 1.00 ps =-49.041x5y/L + 1.09 1.041 0.959
17 F W L/8000 1.09 P =-49.041x8/L +1.09 1084 1.009
18 F W L/2000 1.07 P, =-49.041x3yL + 1.09 1.065 1.008
19 F W L/1000 1.06 ps = -49.041x8y/L + 1.09 1.041 1018
20 F W L/1000 1.06 ps =-49.041x3y/L + 1.09 1.041 1.022
21 F W L/1000 1.04 P = -49.041x3yL + 1.09 1.041 1.002
22 F W L/1000 1.05 p,=-49.041x8yL + 1.09 1.041 1.005
84 F W L/1000 1.06 ps = -49.041x3y/L + 1.09 1.041 1.021
85 F W L/1000 1.07 P =-49.041x3y/L + 1.09 1.041 1.025
86 F W L/1000 1.04 ps = -49.041x5y/L + 1.09 1.041 0.995
87 F W L/1000 1.04 P =-49.041x3y/L + 1.09 1.041 0.999
11Ss F W L/1000 1.07 P, = -49.041x3yL + 1.09 1.041 1.025
116 F W L/1000 1.07 P, = -49.041x3yL + 1.09 1.041 1.028
117 F W L/1000 1.05 ps =-49.041x8y/L + 1.09 1.041 1.008
118 F W L/1000 1.05 P, =-49.041x3yL + 1.09 1.041 1.010
160 G S L/1000 1.01 ps = 49.041x3yL + 1.09 1.041 0971
161 G S L/1000 1.02 P = -49.041x3y/L + 1.09 1.041 0979
162 G S L/1000 0.97 P, =-49.041x8y/L + 1.09 1.041 0934
163 G S L/1000 0.98 Ps = -49.041x3yL + 1.09 1.041 0.943
17 F W L/1000 1.06 ps = -49.041x3yL + 1.09 1.041 1016
176 F W L/1000 1.07 ps = -49.041x8y/L + 1.09 1.041 1.023
177 F W L/1000 1.03 P =-49.041x3yL + 1.09 1.041 0990
178 F W L/1000 1.04 ps = -49.041x8y/L + 1.09 1.041 0.995
228 G S L/8000 1.07 ps = -49.041x3y/L + 1.09 1.084 0.986
229 G S 1L/2000 1.07 ps = -49.041x8y/L + 1.09 1.065 1.002
230 G S L/1000 1.05 ps = 49.041x3yL + 1.09 1.041 1012
231 G S L/1000 1.06 ps =-49.041x8y/L + 1.09 1.041 1.017
232 G S L/1000 1.03 ps = -49.041x3yL + 1.09 1.041 0.994
233 G S L/1000 1.04 p;=-49.041x8y/L +1.09 1041 0.998
247 F W L/1000 1.05 p, = -49.041x8y/L + 1.09 1.041 1.009
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate =W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

P, - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the equation
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Table C.4 (Cont’d)

— — ——— — —— —— — ——— — ——— —— ——— —— — ——— ———— —— —  — — — — — — — — — 3
FEA Out-of- SSRC2 SSRC2
model D B Straightness P Ps=mdy/L +b Pseq P

No. ) (Prea/Pr2) SSRC 2 Ps/Pscq

................................................................................................................

(C)) 5) 6 €)) 8)

o~
—
A
—
(3%]
A
—
W
e

248 F W L/1000 1.06 ps = -49.041x8y/L + 1.09 1.041 1017
2499 F W L/1000 1.03 P = -49.041x3y/L + 1.09 1.041 0.992
250 F W L/1000 1.04 ps = -49.041x8y/L + 1.09 1.041 0.998
292 G S L/1000 1.06 P = -49.041x8y/L + 1.09 1.041 1.021
293 G S L/1000 1.07 ps =-49.041xdy/L + 1.09 1.041 1.024
294 G S L/1000 1.06 ps = -49.041x3y/L. + 1.09 1.041 1.015
205 G S L/1000 1.06 P, = -49.041x3,/L + 1.09 1.041 1014
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

P, - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the equation

Table C.5 Normalized Professional Factors for Columns from Group 2 (A = 1.1)

— ——————— —————— ——— — ——__ —  —— —__—— —  — —  —  —— — 3
FEA Out-of- SSRC2 SSRC 2
model D B Straightness Ps Pps=mdyL +b Pseq Pa

No. 9o (Prea/Pr2) SSRC 2 P/Pseq

............................................................................

() (&) 6) M ®

(-~
—
N’
|~
(30}
e
Lan)
W
e

70 G S L/8000 1.12 p,=-168.09x3yL + 1.1992 1.18 0.95
71 G S L/2000 1.07 p,=-168.09x8y/L +1.1992 1.12 0.96
72 G S L/1100 1.00 p,=-168.09x8yL +1.1992 1.05 0.96
73 G S L/1100 1.00 p;=-168.09xdyL +1.1992 1.05 0.96
74 G S L/1100 1.06 p,=-168.09x8yL +1.1992 1.05 1.01
5 G S L/1150 0.89 p,=-168.09x§yL +1.1992 1.05 0.84
76 G S L/1150 094 p,=-168.09x8y/L +1.1992 1.05 0.89
81 G S L/1100 1.01 p,=-168.09x3y/L +1.1992 1.05 0.96
82 G S L/1100 1.00 p,=-168.09xdyL +1.1992 1.05 0.95
83 G S L/1100 1.00 p,=-168.09x8y/L +1.1992 1.05 0.96
23 F W L/8000 1.19 p,=-168.09x8y/LL +1.1992 1.18 1.01
24 F W L/2000 1.11 p.=-168.09x3y/L +1.1992 1.12 0.99
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate =~ W - Weak axis of the rolled section
F - Paraliel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

P¢., - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the equation
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Table C.5 (Cont’d)

Vw

model D B Straightness 05 Ps=mdyL +b Pseq Pn

o PP SSRCZ e PP
@A 2 3 4 (5) (6) @)) 8)
25 F W L/1000 1.03 p,=-168.09xdyL + 1.1992 1.03 1.00
26 F W L/1000 1.04 p,=-168.09x3yL +1.1992 1.03 1.01
27 F W L/1000 1.06 p,=-168.09x3yL +1.1992 1.03 1.03
28 F W L/1000 095 p,=-168.09x8yL +1.1992 1.03 0.92
29 F W L/1000 1.00 p,=-168.09x3yL +1.1992 1.03 0.97
88 F W 1L/8000 1.19 p,=-168.09x3y/L + 1.1992 1.18 1.01
8 F W L/2000 1.12  p;=-168.09x3yL +1.1992 1.12 1.00
99 F W L/1000 1.05 ps=-168.09x3yL +1.1992 1.03 1.01
91 F W L/1000 1.06 p;=-168.09x8yL +1.1992 1.03 1.02
92 F W L/1000 1.07 p,=-168.09x8yL +1.1992 1.03 1.04
93 F W L/1000 098 p,=-168.09x8yL +1.1992 1.03 0.95
94 F W L/1000 1.01 p,=-168.09x3yL +1.1992 1.03 0.98
119 F W L/8000 1.21  p,=-168.09x3yL + 1.1992 1.18 1.03
120 F W L/2000 .13 py=-168.09x3yL + 1.1992 1.12 1.01
121 F W L/1000 1.05 p,=-168.09xdyL +1.1992 1.03 1.02
122 F W L/1000 1.06 p,=-168.09x8yL +1.1992 1.03 1.03
123 F W L/1000 1.07 p,=-168.09x8yL + 1.1992 1.03 1.04
124 F W L/1000 1.00 p,=-168.09x3yL +1.1992 1.03 0.97
125 F W L/1000 1.03 p,=-168.09x3yL + 1.1992 1.03 1.00
164 G S L/8000 1.19 p,=-168.09xdyL + 1.1992 1.18 1.01
165 G S L/2000 1.11  p,=-168.09x8yL +1.1992 1.12 0.99
166 G S L/1150 1.05 p,=-168.09x3yL +1.1992 1.05 0.99
167 G S L/1150 107 p,=-168.09xdyL +1.1992 1.05 101
168 G S L/1150 1.09 p,=-168.09xdyL +1.1992 1.05 1.04
169 G S L/2750 094 p,=-168.09xdyL +1.1992 1.14 0.83
170 G S L/1200 099 p,=-168.09x8yL + 1.1992 1.06 0.93
179 F W L/8000 1.26 p,=-168.09x3yL + 1.1992 1.18 1.07
180 F W L/2000 1.19 p;,=-168.09x8yL + 1.1992  1.12 1.07
181 F W L/1000 1.12  p,=-168.09x8yL + 1.1992 1.03 1.09
182 F W L/1000 1.13  p,=-168.09x8yL + 1.1992 1.03 1.09
183 F W L/1000 1.14 p,=-168.09x8yL + 1.1992 1.03 1.11
18 F W L/1000 106 p,=-168.09xdyL +1.1992 1.03 1.03
185 F W L/1000 108 p.=-168.09xdy/L +1.1992 1.03 1.05

Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

Py, - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the equation
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Table C.5 (Cont’d)

W%W
model D B Straightness Ps Ps=mdyL +b Pseq Pa
WO 20 BP) | SSRC2 e PP

A @) 3 @ (&) © D ®

234 G S L/8000 1.20 ps=-168.09xdyL + 1.1992 1.18 1.02
235 G S L/2000 1.12 p,=-168.09x8yL + 1.1992 1.12 1.00
236 G S L/1000 1.05 p,=-168.09xdyL +1.1992 1.03 1.01
237 G S L/1000 1.08 p,=-168.09x3yL +1.1992 1.03 1.4
238 G S L/1000 1.09 p,=-168.09x3yL +1.1992 1.03 1.06
239 G S L/1000 095 p,=-168.09x8yL +1.1992 1.03 0.92
240 G S L/1000 099 p,=-168.09xdyL +1.1992 1.03 0.96
251 F S L/8000 1.26 p,=-168.09xdyL + 1.1992 1.18 1.07
252 F S L/2000 1.18 p;=-168.09x3y/L +1.1992 1.12 1.06
253 F S L/1000 1.10 py=-168.09xdyL + 1.1992 1.03 1.07
254 F S L/1000 1.10 p,=-168.09x3y/L + 1.1992 1.03 1.07
255 F S L/1000 1.13  p,=-168.09xdyL + 1.1992 1.03 1.09
256 F S L/1000 1.01 p,=-168.09x8yL +1.1992 1.03 0.98
257 F S L/1000 1.05 p,=-168.09x3yL +1.1992 1.03 1.02
296 G S L/8000 1.16 p,=-168.09xdyL +1.1992 1.18 0.98
297 G S L/2000 1.08 p;=-168.09xSy/L +1.1992 1.12 0.97
298 G S L/1000 1.02  p,=-168.09x8yL + 1.1992 1.03 0.99
29 G S L/1000 1.05 p,=-168.09xdyL +1.1992 1.03 1.02
300 G S L/1000 1.07 p,=-168.09xdyL +1.1992 1.03 1.04
301 G S L/1000 092 p,=-168.09x5y/L +1.1992 1.03 0.89
302 G S L/1000 0.96 p,=-168.09x3/L +1.1992 1.03 0.93

Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P,; - Capacity after reinforcing (SSRC2)

Py, - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the equation



Table C.6 Normalized Professional Factors for Columns from Group 2 (A = 1.5)
— ——— —— —— — ——— — — ——— —_ —————— —— —— — —— — ———— —— —— —— 4
FEA Out-of- SSRC2 SSRC?2

model D B Straightness P Ps=mdyL +b Pseq Pa
Noo S  (PelP)  SSRC2 oy
A A A3 (G)) &) (6) )] (8
77 G S L/1350 1.06 p,=-190.38xdyL + 1.2219 1.08 0.98
7 G S L/1350 1.09 p,=-190.38xdy/L + 1.2219 1.08 1.01
79 G S L/1350 099 p,=-190.38x8yL + 1.2219 1.08 0.92
80 G S L/1350 1.03 p,=-190.38x8y/L + 1.2219 1.08 0.95
30 F W /8000 1.18 p,=-190.38xdyL + 1.2219 1.20 0.99
31 F W L/2000 1.08 p,=-190.38xdy/L + 1.2219 1.13 0.96
32 F W L/1000 1.01  p,=-190.38x8yL + 1.2219 1.03 0.98
33 F W L/1000 1.03 p;=-190.38x§y/L + 1.2219 1.03 1.00
34 F W L/1000 096 p,=-190.38x8yL + 1.2219 1.04 0.93
35 F W L/1000 1.00 p;=-190.38x3y/L + 1.2219 1.04 0.96
95 F W L/1000 1.02  ps=-190.38x3y/L + 1.2219 1.03 0.98
96 F W L/1000 1.02  p,=-190.38xdy/L + 1.2219 1.03 0.99
97 F W L/1000 1.04 p,=-190.38x8y/L + 1.2219 1.03 1.01
98 F W L/1050 098 p,=-190.38x5yL + 1.2219 1.04 0.94
99 F W L/1050 1.00 p,=-190.38xdy/L + 1.2219 1.04 0.96
126 F W L/1400 1.01 p,=-190.38x3y/L + 1.2219 1.04 0.97
127 F W L/1050 1.05 p,=-190.38x8yL + 1.2219 1.04 1.00
1260 F W L/1100 099 p,=-190.38x5y/L + 1.2219 1.05 0.94
129 F W L/1100 1.03  p,=-190.38x3yL + 1.2219 1.05 0.98
17t G S L/1350 1.09 p,=-190.38xdy/L + 1.2219 1.08 1.01
172 G S L/1350 L1l p,=-190.38x8y/L + 1.2219 1.08 1.02
173 G S L/1300 1.03  p,=-190.38x3yL + 1.2219 1.08 0.96
174 G S L/1300 1.05 p,=-190.38x8yL + 1.2219 1.08 0.97
186 F W L/1000 1.06 p,=-190.38x3yL +1.2219 1.03 1.03
187 F W /1000 1.08 p,=-190.38x8y/L + 1.2219 1.03 1.04
188 F W L/1000 103  p,=-190.38x8yL + 1.2219 1.03 1.00
189 F W L/1000 106 p,=-190.38x8yL +1.2219 1.03 1.02
241 G S L/8000 1.29  p,=-190.38x8yL + 1.2219 1.20 1.07
242 G S L/2000 1.18 p,=-190.38x8yL + 1.2219 1.13 1.05
243 G S L/1000 1.11  p,=-190.38x3yL + 1.2219 1.03 1.08
244 G S L/1000 1.14  p,=-190.38x8yL + 1.2219 1.03 1.10
245 G S L/1000 105 p;=-190.38x8yL + 1.2219 1.03 1.02
246 G S L/1000 1.08 p.=-190.38xdy/L +1.2219 1.03 1.04
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

Py, - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the equation
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Table C.6 (Cont’d)

%
model D B Straightness P Ps=mdyL +b Pseq Pu
Mo CelP)  SSRCZ e PP
(O E) “4) (5) 6) )] 3)
258 F W L/1000 1.05 p,=-190.38xdyL + 1.2219 1.03 1.01
259 F W L/1000 1.07 p,=-190.38xdyL + 1.2219 1.03 1.04
260 F W L/1000 1.00 p,=-190.38x8yL + 1.2219 1.03 0.97
261 F W L/1000 1.03 p,=-190.38x38yL + 1.2219 1.03 1.00
303 G S L/1000 1.08 p,=-190.38xdyL + 1.2219 1.03 1.05
304 G S L/1000 .12  p,=-190.38x3yL + 1.2219 1.03 1.08
305 G S L/1000 1.00 p,=-190.38x8yL +1.2219 1.03 0.97
306 G S L/1000 1.04 p.=-190.38x3yL + 1.2219 1.03 1.01
Note: L - Column length B - Buckling axis
D - Orientation of reinforcing plate =W - Weak axis of the rolled section
F - Parallel to the flanges S - Strong axis of the rolled section
G - Parallel to the web P, - Capacity after reinforcing (SSRC2)

Py, - Finite elemetn analysis after reinforcing
Pseq - Professional ratio predicted by the equation
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