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Figure 5.5: The Residual Stress Distribution Obtained from Pioneering Tests
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Figure 5.7: Slices after Sectioning by Water Jet Cutting
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Figure 5.9: The Residual Stress Distribution of Column Spcimen-03
(Plasma Cut and Gas Metal Arc Welding Process)
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Figure 5.10: The Residual Stress Distribution of Column Speimen-05

(Plasma Cut and Gas Metal Arc Welding Process)
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Figure 5.11: The Residual Stress Distribution of Column Spcimen-02

(Flame Cut and Gas Metal Arc Welding Process)
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Figure 5.12: The Residual Stress Distribution of Column Spcimen-04

(Flame Cut and Gas Metal Arc Welding Process)
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Figure 5.13: The Residual Stress Distribution of Column Spcimen-06

(Flame Cut and Gas Metal Arc Welding Process)
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Figure 5.14: The Residual Stress Distribution of Initial Plate, Plate Strips

after Plasma Cutting, and Column Section-01 after Welding
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Figure 5.16: The Residual Stress Distribution of Initial Plate, Plate Strips

after Flame Cutting, and Column Section-05 after Welding
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Figure 5.17: The Residual Stress Distribution of Initial Plate, Plate Strips
after Flame Cutting, and Column Section-02 after Welding
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Chapter 6

EXPERIMENTAL STUDY OF COLUMN STRENGTH

6.1 Introduction

In practice, most of the common shapes of steel columns are bi-axially symmetric.
These sections include rolled or fabricated I-shapes, rectangular boxes, solid and hollow
round shapes. When such sections buckle they buckle in the pure flexural mode. However,
other shapes such as angles and channel sections may be subjected to flexural-torsional
buckling when subjected to axial loads. In general, such sections are usually not used as
structural columns in practice. In some instances, if the elements of a section (flanges and
webs) are thin and slender, then the individual elements may locally buckle at considerably
low loads. This type of failure mode, in general is referred to as “local buckling failure”
mode. Local buckling doesn’t essentially mean failure of member, since the members may
.have substantial post buckling strength.

- The local buckling failure in either rolled column sections or built-up column sections
can easily be precluded by limiting the slenderness of component plates. According to the
CAN/CSA-S16-01 standard (CSA, 2004), the sections can be classified as class: 1, 2, 3 or 4,
and the associated definitions for each of the classes are given in Clause 11.1.1. As far as
axially loaded columns are concerned, they need not to strain harden or re-distribute loads,
and thus Class: 3 limits will be sufficient for such columns. The Class: 4 sections can be
analyzed and designed using North American Specification for the Design of Cold-Formed

Steel Structural Members, CSA-S136-01 (CSA, 2004).
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Flexural buckling of columns can be divided into three regions of slenderness and the
associated failure modes. The columns having lowest slenderness fail by yielding in
compression. The strength of theses stub column sections is function of cross-sectional area,
compressive yield stress, and strain hardening. Columns in the intermediate range of
slenderness have strengths dependent on number of additional variables, including
slenderness, initial straightness, tensile yield stress, elastic modulus, moment of inertia,
residual stresses, and end conditions. Columns with larger slenderness fail by elastic buckling.
This buckling is governed by the factors such as; slenderness, end condition, initial
straightness, elastic modulus, and moment of inertia of the axes of buckling. The variation of
strength of columns with their increasing effective length can be qualitatively represented as
shown in Figure 6.1

In this study, welded built-up columns fabricated from plasma cut plates and flame cut
plates were considered in order to predict their ultimate strength. The non-dimensional
slenderness values (1) of columns tested, herein were considered ranging from 0.2 to 1.3. All
of the column tests were performed allowing for minor-axis buckling only. The axial
shortening, mid-height out-of-plane deflections and column end rotations will be observed for
increasing axial loads. The ultimate strength of columns fabricated from plasma cut and flame
cut will be compared and presented in this chapter. This chapter will include discussions on
the test results and comparisons with the current column strength curves based on CAN/CSA-
S16-01 (CSA, 2004). Moreover, this chapter includes a general discussion of the development
of column strength curves and review of previous research. This chapter also provides a
summary of the work done towards establishing the mechanical characteristics of steel plates

used in forming the column sections in this investigation.
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6.2 The Development of Column Strength Curves

The first empirical equation for column curve was presented by Musschenbreok, in
1729 in the form, P=k(bd’/ L?),where P is column strength, k is an empirical factor, b and d
are the width and depth of a rectangular section, and L is length of the column. Due to the
development of the differential and the integral calculus in the second half of the seventeenth
century, the formulations of many natural phenomena, such as column buckling, were further
developed. In 1744, Euler was the first to realize that buckling of column could be a concern
of stability of columns in reality, and thus it could be a potentially dangerous failure mode.
The original buckling load determined by Euler (1744) was for a column with one end built in
and the other free, in the form, P=C7r2/4L2, where P is the buckling strength and C is the
“absolute elasticity”, depending merely upon the elastic properties of the material. Euler’s
investigation (1744) was primarily based on purely elastic phenomenon of buckling. Thus,
this theory covers only buckling situations where compressive stresses are below the elastic
limit, acting uniformly over a complete cross section. However, elastic instability of columns,
in reality, occurs only with very slender columns.

In 1889, Engesser presented his original tangent modulus theory, in which he used a
variable modulus of elasticity to further improve the prediction of buckling behavior of
columns than that predicted by Euler’s theory. He assumed a modulus of elasticity that is
tangent to the non-linear stress strain curve. Also, he assumed no strain reversal to occur as
the member changes from straight to bent form. Finally he derived a similar formula as Euler
with the change of using the tangent modulus (£,) instead of the modulus of elasticity (E).
However, Engesser’s modified formulae for column buckling behavior provided lower loads

than the actual capacities of columns obtained from full scale lab tests. Thus, he further
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modified his theory to work with a combined value known as combined modulus theory. In
this theory, he assumed that the stress increase is proportional to the tangent modulus (£) in
loading fibers, whereas the stress relieved in unloading fibers is proportional to elastic
modulus (E). However, this adjustment using a combined or reduced modulus theory
provided higher buckling values than the experiments.

Shanely (1947) explained the tangent modulus concept by using a simple model to
show that an initially straight column will buckle at the tangent modulus load and then
continue to bend with an increasing axial load. Therefore, based on Shanely’s explanation, the
tangent modulus theory predicts lower bound of buckling load of a real column, while the
reduced modulus predicts the upper bound. The actual inelastic buckling load of a perfect
column may lie anywhere between the lower and upper bound.

However, in practice the application of these theories in predicting column strength
will not give reliable results since the imperfections associated with a real column influence
the strength of such columns considerably. Moreover, most of the practical steel columns are
within the intermediate slenderness values, and thus the strength of such columns depends
upon various factors such as residual stress distributions, the shape and the magnitude of the
initial out-of-straightness, cross-sectional dimensions, material properties,etc. Because of
these variabilities present in a real column, a wider scatter of column strength, mostly in the
intermediate range, was observed by the past researchers from their full scale lab tests.
Subsequently, the adoption of multiple column curves obtained through deterministic and
probabilistic approaches became more popular and the concept has been widely accepted and
practiced throughout the world. The development of different column curves proposed by

different researchers in this area at different time will be explained in the following section.



6.2.1 The Development of Multiple Column Strength Curves

The concept of multiple column curves for the design of steel compression members
has been accepted as desirable both in North America and in Europe (Michael Rotter, 1982).
The reason for increased use of the multiple column curve concept has been that it is hard to
develop rational, representative, and sufficiently reliable column strength criteria covering all
ranges of columns having different shapes, steel grades, manufacturing methods, etc. The
development of multiple column strength curves was achieved by subdividing the band,
which was obtained considering various types of columns with wide range of variabilities into
groups of curves with a mean or similar curve for each group.

The extensive research on development of multiple column curves had been
continuously undertaken from the late 1950s to the early 1980s. In 1959 the German Standard
DIN 4114 (Galambos, 1998) introduced a special curve for tubes and another curve for all
other shapes. Finally, the work under the auspices of the European Convention for
Constructional Steelwork (ECCS) (Galambos, 1998) resulted in recommended design
application and code adoption in several countries. The present column design criterion,
Eurocode 3 (ECCS, 1992) which is being adopted by some European countries is the slightly
modified version of the ECCS curves.

The widely accepted both ECCS and SSRC multiple column curves were obtained
numerically by computer simulations using deterministic and probabilistic approaches with
experimentally obtained geometrical imperfections, residual stresses, and yield stresses. In
1974, The SSRC Curve 2 was used as the basic column strength criterion by The Canadian

Standard Association. Then, in 1984, the SSRC Curve 1 was used for heat-treated tubes by
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the same association. In 1994, the CSA assigned welded wide-flange (WWF) columns made
from flame-cut plate to SSRC curve 1 (Chernenko and Kennedy, 1991).

Before the development of the SSRC column strength curves, the CRC (former name
of the SSRC) column curve (1960) had been generally accepted and used as the basis for
steel column design formula in North America and elsewhere (AISC, 1979). The development
of column strength curve; CRC curve, AISC Allowable Stress Design Curve, AISC Plastic

Design Curve, and then the SSRC Multiple Column Design Curves are described below.

Column Research Council Curve (CRC)

The CRC Curve was developed based on idealized I-shaped columns (neglecting the
effect of web portion) with linear and parabolic residual stress distributions and test results
obtained from a number of small and medium size hot-rolled, wide-flange shapes of mild
structural steel. The CRC has recommended that the column strength curve in the inelastic
buckling range be a parabola of the form.

— FJ’2
" 4r’E (D

Where, B

cr

2
F, =F, - B ( AL )
r
In equation (6.1), F¢; and F, denote the critical buckling stress and yield stress, respectively.
K is effective length factor, L is length of a member, r is radius of gyration, and E is elastic
modulus. The column strength curve in the elastic range is represented by the Euler formula.
Moreover, in the development of the curve, the maximum value of compressive residual stress

present in hot-rolled wide-flange shapes is assumed to be 0.5 times the material yield stress

(Fy). Nevertheless, the value is more conservative for hot-rolled sections which usually



experience the maximum compressive stress in the range of 0.3F,. Therefore the demarcation
point between elastic range and inelastic range is at F¢; = 0.5F, as shown in Figure 6.2.

There are a number of semi-empirical formulas for buckling in columns in the
intermediate length range. One of theses is the Johnson formula. The Johnson formula is the
equation of a parabola with the following characteristics. For a graph of stress versus
slenderness ratio, the parabola has its vertex at the value of the yield stress on the y-axis.
Additionally, the parabola is tangent to the Euler curve at a value of the slenderness ratio,
such that the corresponding stress is one-half of the yield stress as seen in Figure 6.2. Thus,
the Johnson’s formula (equivalent to equation 6.1) was applied in development of CRC curve
within the inelastic range. The inelastic range according to Johnson’s parabola is between

non-dimensional slenderness parameter (1) of zero and C, as shown in Figure 6.2

AISC Allowable Stress Design Curve (ASD Curve)

ASD curve was originally derived from the CRC curve. To obtain this curve, the CRC
curve is divided by variable factor of safety for the different range of columns. In the inelastic
range, a factor of safety (F.S) as given in equation (6.2) is used. However, in the elastic range,
a constant factor of safety of 23/12 is used. The factor of safety is chosen in such a way to
take into account of the adverse effects of the load eccéntricity and geometrical imperfections

that are inevitable in practical columns to develop this curve.

5 3( A 14y KL F
FS=>"4+2| 2 |- | 2 = Y ,
3 + 8( 2) 2 (\/5) Where, A (6.2)
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In equation (6.2), A is defined as non-dimensional slenderness value. Further, the A is defined

in terms of effective length factor K, Length L, radius of gyration r, yield strength Fy and

elastic modulus E.

AISC Plastic Design Curve

The Allowable Stress Design curve and the Plastic design curve are originally
developed frorﬁ CRC curve by applying a different factor of safety. The intention of using
these factors of safety is to account for the effect of geometric imperfections on strength of
columns, since the CRC curve was developed based on the assumption that the column is
perfectly straight. However, the effect of residual stresses on the strength of steel columns has
been considered in developing CRC curve. The AISC Plastic Design Curve is obtained from
AISC Allowable Stress Design curve by multiplying it by a factor of 1.7. In plastic design

only the inelastic regime of the curve is used due to the slenderness requirement.

AISC Load and Resistance Factor Design Curve (LRFD)

The LRFD curve is provided by only one curve as shown in equation 6.3 below to
represent column strength for the whole range of possible column strengths. The curve is
developed based on assumptions that the column has small end restraints. For example, an
effective length factor K=0.96 for pinned end, initial crookedness of a column is sinusoidal in
shape with the mid-height maximum imperfection of L/1500 and no load eccentricity is

expected.

p exp [-0.419 A2 A<1.5
{ pl ] (6.3)

0.887 A2 A>1.5



In equation (6.3), an axial load is denoted as P and an axial load capacity of a cross-section is

denoted as Py.

SSRC Multiple Column Strength Curves

Galambos (1998) reviewed in his book about the investigation on estabilsing column
strength by past researchres; Jacquet (1970); Bjorhovde (1972a), Sherman (1976) ;Birkemoe
(1977a); Kato (1977b); Bjorhovde and Birkemoe (1979); Fukumoto et al., (1983); Bjorhovde
(1988b). From the extensive investigation on column strength by Bjorhovde (1972),
experimentally and analytically, covering the full practical range ofshapes, steel grades, and
manufacturing methods, he observed the wide variation in column strength. The partial study
on strength of columns by other researchers; Jacquet (1970); Sherman (1976) ;Birkemoe
(1977a); Kato (1977b); Bjorhovde and Birkemoe (1979); Fukumoto et al., (1983); Bjorhovde
(1988) confirmed the wide variability in column strength. Based on the computer model
developed for a geometrically imperfect column with an initial out-of-straightness at mid-
height as L/1000, assuming the variation of imperfection as half sinusoidal, and with actual
measured residual stress values, a set of 112 column strength curves were generated for
column member having different sizes, shapes and lengths. These shai)es specially
incorporated the major shapes of rolled and welded shapes from light to heavy dimensions of
generally used columns. There are three curves known as SSRC column strength curves 1, 2,
and 3 available for columns with different shapes and sizes, different steel grades, different
axes of bending, as well as columns made up of different fabrication techniques. The SSRC

curve 1, 2, and 3 are shown in Figure 6.3. The SSRC curve 1 and curve 2 are used in
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CAN/CSA-S16-01 standard (CSA, 2004; Loov, 1995) with one mathematical formulation as

shown in equation 6.4 below.
P,=P, 1+ A% (6.4)

In equation (6.4), P, denotes the ultimate load a column can sustain before failure, Py denotes
the cross sectional capacity at yield strength of the column section, A is non-dimensional
slenderness ratio, and n is defined as follows,

Where n = 2.24 for WWF shapes with flange edges flame-cut produced in accordance with
CSA Standard G40.20 and hollow structural sections manufactured
according to CSA Standard G40.20, Class H (hot- formed or cold- formed
stress-relieved) (SSRC Curve 1)

n = 1.34 for W shapes of Group 1, 2, and 3 of Table 1 of CSA Standard G40.20,
fabricated I-shapes, fabricated box shapes, and hollow structural sections
manufactured according to CSA Standard G40.20,Class C(cold-formed non-
stress-relieved) (SSRC Curve 2)

The AISC Allowable Stress Design Curve, AISC Plastic Design Curve, AISC Load Resistant

Factor Design Curve, SSRC Multiple Column Curves, and the CRC Curve are drawn to scale

for comparison purposes as shown in Figure 6.3.

ECCS Multiple Column Curves

The ECCS (European Convention for Constructional Steel Work) multiple column
strength curves also were developed considering various types of most practical column
shapes and sizes as well as considering different axes of buckling and the sections

manufactured form different fabrication process. Moreover, the development was based on
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the assumed initial out-of-straightness as half sinusoidal with the maximum permissible
amplitude of L/1000 at mid height and the actual measured residual stress distributions.

Figure 6.4 shows the ECCS multiple column curves.

6.3 Test Specimens

As discussed earlier, H-shape column sections in this investigation were fabricated
from steel plates having original dimensions of 3960mm long 710mm wide and 9.5mm thick.
The specified yield strength of these steel plates was 350MPa. The plate elements for the
flanges and the web of each column sections were cut by plasma cutting and flame cutting.
There were six plates used in this investigation to fabricate the column sections. Each of the
plate was designated herein as Plate: 1, 2, 3, 4, 5, and 6. The plates designated as 1, 3, and 5
were cut by plasma cutting, while the plates designated as 2, 4, and 6 were cut by flame
cutting. Therefore, the column sections formed just after welding were named aqcordingly.
For example, a column section formed just after welding of plate strips from plate: 1 was
named as column: 1 (C1). The resulting column was about 3960 mm long. This column was
cut into residual stress specimen, long column, and a short column. The long and short
column sections obtained from the initial column: 1 (C1) was named as C1 (a) and C1 (b),
respectively in this investigation. In similar manner, the other column specimens obtained
from other initial column stocks (just after welding) were named accordingly.

As most practical steel columns fall into intermediate slenderness range, this
investigation focused on establishing strength of such intermediate columns. The non-
dimensional ratios ranging from 0.2 to 1.3 were considered. Moreover, only one column test

was done for each of the slenderness values. The length of column sections were selected
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such that the length of sections fabricated by plasma cut-gas metal arc welding process and
flame cut-gas metal arc welding process were to be almost same. This was done to compare
the strength of both sections under similar testing conditions (pinned end allowing rotation
about minor axis for all column section). However, the theoretically calculated values of non-
dimensional s‘lenderness ratios were slightly different since the actual values of elastic
modulus, yield strength, radius of gyrations were slightly different from plate to plate and
column section to column section.

To ensure proper contact with the roller support and thus to eliminate the eccentricity
effects, the column was welded with the square base plates having thickness of 6.25mm (1/4
inch) on either ends. Before welding the base plates with the column ends, the base plates
were set parallel to each other and then the column was positioned center and perpendicular
to the base plates.

Table 6.1 provides the designation of each individual column sections and the
respective sectional dimensions in terms of length (L), cross sectional area (A), second
moment of area (I,y), and radius of gyration about minor axis (ry). The mechanical properties
in terms of yield strength (Fy) and elastic modulus (E) obtained from tensile coupon test are
also given in this table. The experimental evaluation of mechanical properties of the steel
grade associated with the virgin steel plates used to fabricate column sections was performed
by standard tensile coupon tests. In general, the important mechanical characteristics of
specific steel grade such as yield strength, ultimate strength, and final elongation over a
certain length under tension are provided by the steel supplier with a mill certificate.
However, it is essential to perform an experimental evaluation on the specific steel grade to

have better knowledge and understanding of the material behavior of that steel grade. The



testing procedures associated with the standard tensile coupon tests followed in this
investigation and the test results are provided in Appendix A. Moreover, the non-dimensional
values calculated based on actual information are provided in the Table 6.1 for each column
sections to be tested in this investigation.

Table 6.2 provides the design values calculated for each of the sections in accordance
with CAN/CSA-S16-01 (CSA, 2004) code equation. For example, the design strength of a
column spécimen 1(a) was calculated as 878kN. This value was calculated based on measured

effective length (L) 2790mm, measured cross sectional area (A) of 4360mm>

, radius of
éyration (ry) of 34.85mm, experimentally obtained yield strength (F,) of 370MPa,
experimentally obtained elastic modulus (E) of 202GPa, and the factor n of 1.34 for fabricated
I-shape sections according to CAN/CSA-S16-01 standard (CSA, 2004). This table also
provides the experimentally obtained ultimate strength of each column sections in this
investigation. The percent of differences in column strength were calculated between code
values and experimental values of plasma cut columns, code values and experimental values
of flame cut columns, and between experimental values of flame cut columns and plasma cut

columns. Discussions and comparison of column strength obtained experimentally for both

plasma cut and flame cut sections will be made in the next section in this chapter.

6.4  Experimental Setup and Test Procedure

The objective of this investigation is to establish the strength of plasma cut-gas metal
arc welded H-shape column sections having the sectional dimension of 150mm width and 170
mm overall depth. The strength of flame cut-gas metal arc welded column sections also was

established. This was done to compare the strength of plasma cut column sections with the
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flame cut column sections. In order to achieve this objective, the column sections made from
both cutting techniques were selected at equal lengths and the test was done under similar
conditions, i.e, the same boundary condition, loading system, etc were used in this
investigation. The following section describes how the test set-up was made and why this set-
up was used, and associated measurements taken in this test procedure to establish the

strength of columns.

Overall setup

Figure 6.5 shows the overall setup used for all the column tests carried out in this
investigation. In this setup, two supporting columns acting as a reaction frame were bolted
tightly to test lab strong floor. The actual column tests were carried out within this reaction
frame consisting of two columns (see the Figure 6.5). There were two plates known as top
supporting plate and bottom supporting plate used in this setup (see Figures 6.5 and 6.6). The
column to be tested was positioned within these two plates. The top supporting plate was
attached to two channel sections which were securely connectved to supporting columns
(reaction frame). The movement of the column to be tested at its top end was prevented by
this top supporting plate. In order to facilitate the rotation about minor axis of the column
specimen, roller box arrangement as shown in the Figure 6.5 was positioned between the top
supporting plate and top end of a column specimen. Similar arrangement was done at the
bottom end of the column specimen. The bottom supporting plate was placed symmetrically
on top of two load cells as shown in Figure 6.6. Furthermore, this plate was vertically

movable, i.e., it would move in both upward and downward direction as load was applied to a
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column specimen. The setup is known as closed loop experimental setup since the external
movement of the reaction frame is relatively insignificant.

In this experimental setup, two load cells having capacity of 1600kN each were used
to obtain the total reaction applied to the column. The two load cells were placed on top of
two loading jacks, which were symmetrically placed with respect to the supporting columns
and rested on the rigid floor. These loading jacks were double-acting loading cylinders, which
can be controlled as a displacement loading jack. The two loading jacks were manually
controlled by a pair of hydraulic pumps connected through the pairs of hoses to each of the
loading jacks separately.

As an important step to make sure that the whole experimental setup was good to see
and applicable throughout the testing procedure, the strength calculations based on shear
check. and bearing check for supporting columns, supporting plates, channel sections and
bolts (A490) were carried out. Moreover, the associated deformations of the reaction frames,
supporting plates, and supporting channel sections were also calculated based on maximum
expected ultimate load. Thus, it was found that the strength and the deformations were
satisfactory and within the acceptable range to withstand the maximum expected load of
2200kN, which was cross section (4400mm?) times the ultimate strength of 500MPa obtained
from the coupon tensile test. This load could be expected to transfer from the short columns to
be tested in this investigation.

Centrally loaded columns may have different end conditions, ranging, theoretically,
from full restraint (fixed) to zero restrained (pinned), with respect to end rotation and
warping. Most of the columns tests carried out by past researchers have been associated with

pinned-end condition for a number of reasons. Under the pinned-end conditions the critical
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cross section is located near the mid-height of the column. Thus, it makes the cross section of
.,_ ;nterest remote from the boundary and therefore, little influenced by end effects (Galambos,
1998). For the same effective slenderness ratio, the pinned-end condition requires the use of
only half the column length used for the fixed-end condition. Furthermore, the reasons for
why the end fixture as shown in Figure 6.6 was chosen in this investigation were to (1)
prevent warping of the column specimen to be tested, (2) prevent twisting during the test, and

(3) ensure the column specimen to buckle only about minor axis during the test.

Measurement of Displacements

In this testing arrangement, a total of 13 linear voltage displacement transducers
(LVDTs) were used to measure displacements. As seen in Figure 6.6, four LVDTs (LVDT:
10,11, 12 andl 13) were placed under the bottom supporting plate to measure the movement of
the plate when applying the load. Due to the use of two loading jacks with separate control,
there was a possibility that the loading cylinders could be raised unevenly and thus might be
causing an eccentric loading on the columns. To ensure that the bottom plate was raised
evenly so that a uniform compressive load was applied, two LVDTs were placed on either
side of an each of the loading cylinders symmetrically. Onc LVDT (LVDT: 9) was placed at
the top supporting plate to measure the movements of the top supporting plate. This was done
because there might be a possible slippage of the bolts in the initial stages of loading. One
LVDT (LVDT: 8) was placed in one of the mid flanges of the column to see whether there
was any movement in the transverse direction. The other seven LVDTs (LVDT: 1, 2, 3, 4, 5,
6, and 7) were placed along the mid web (see the Figure 6.6). In the seven LVDTs placed

along the mid web, one of them (LVDT: 4) was placed in the mid-height of the column and



other two (LVDT: 3 and 5) were placed at quarter points of the column. Also, a pair of
LVDTs was placed roughly at 50mm interval at the top (LVDT: 1 and 2) and bottom (LVDT:
6 and 7) ends of the column along the mid web in order to measure the rotation of both ends

during the test (see the Figure 6.6).

Column Alignment

Aligning the specimen within the testing setup is the most important step in the
column testing procedure, prior to loading. Commonly two approaches have been used to
align centrally loaded columns by past researchers (Galambos, 1998). In the first approach the
column is aligned under load so that the axial stresses are essentially uniform over the mid-
height and the quarter-point cross sections. In the second approach the column alignment is
carefully done geometrically, but no special effort is made to secure a uniform stress
distribution over the critical cross-section. In this investigation, the second approach of
aligning the columns geometrically was followed, because this approach is generally
considered to be simpler and quicker. Also this approach is most cost effective. In addition to
these, the first approach may not be applicable for longer columns since the geometrical
imperfections of those columns are significant and thus onset of bending stresses would come
into play. In addition, columns in actual construction are aligned geometrically than using
axial stress values.

The alignment of the column was carried out within the test setup by observing the
averaged displacement values from the two LVDTs (LVDT: 10 &11 with loading jack:1 and
LVDT: 12& 13 with loading jack: 2) placed with each of the loading jacks under the bottom

plate and the associated readings obtained from two load cells. The column position within
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the setup was adjusted such that for averaged displacement values and the respective load cell
readings were to be almost equal. Also the level bar and plumb-bob were used to make sure
the column was leveled. During the alignment procedure, a load well within the proportional

limit of each column was applied.

Data Acquisition System

The computer software called “DATA LOGGER” was used to acquire the data from
the experimental work. The voltage signals received from the LVDTs and the load cells were
transferred by this acquisition system as displacements in millimeter (mm) and loads in kilo-
Newton (kN), respectively. This conversion was done by multiplying each signal input by a
corresponding calibration factor. The real time display for axial load versus axial deformation
was observed during the test which provided the most real situation of the whole test
performance as well as monitoring of the whole test. The test data were scanned at an interval

of every one second for real time display on the screen.

Test Procedure and Measurements
A pioneering test on a 300W column having non-dimensional slenderness ratio of

about 0.5 was carried out in order to become familiar with the testing procedures and to make
sure of the applicability of the test setup. The column was carefully aligned within the test
setup as explained in the previous sections. Before adjusting the initial values of LVDTs, a
load was applied to the column specimen. The load was well within the proportional limit.

The load was brought back to zero and then the LVDTs were adjusted for their initial values.
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This procedure is necessary because the LVDTSs began to realize the loading and be adjusted
themselves. The experimental ultimate load of this stub column was 1120kN.

In this investigation, axial load versus corresponding axial deformation, axial load
versus corresponding mid-height out-of-plane (transverse) deflection were the most important
measurements. However, it was also desirable to measure the deflections at quarter points,
rotations at the ends of a column and transverse movement of a column during buckling.
Moreover, the overall axial shortening was calculated based on the bottom plate movement
with respect to the top plate movement (relative movement) in this investigation. Because, it
was observed from readings of the LVDT (LVDT: 9) connected to top supporting plate that
slippage of top supporting plate took place during initial stages of loading.

After the column was aligned and the initial values of LVDTs were set to zero, the
bottom supporting plate was raised evenly by applying hydraulic pressure to both loading
jacks. Both loading jacks were raised at the same incremental displacement simultaneously.
The load was applied slowly since the loading jacks took some time to settle down to a steady
state and thus to provide sufficient time to allow stress to distribute within the steel cross-
section as well as along the length of the specimen. The incremental displacement, or the axial
deformation of the specimen, was controlled by monitoring the real time display of the
relative displacements between the top and bottom supporting plates. The load-displacement
curve began to drop down, after the ultimate load and thus the failure of the column either by
flexural buckling or by cross-sectional yielding was reached. During the time the test was
performed, the LVDTs were intermittently touched smoothly by hand to ensure that they

worked properly.
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6.5  Experimental Observations
The behavior of the test specimens under load was determined with the aid of
measurements of lateral deflections at mid-height as well as at quarter points along the minor
principal direction about which the rotation was allowed (minor axis buckling), rotations at
the ends, and the column shortening in the axial direction. The maximum load attained by
each column was compared with the design value obtained based on the Canadian Standard
(CAN/CSA-S16-01) code equation (CSA, 2004). The experimentally obtained yield strength,
and elastic modulus of the individual plates, from which the respective columns were made,
were used in the calculation of design value. Moreover, in design calculations, the actual
- sectional dimensions were used for calculating the radius of gyration of individual column
specimens to be tested in this investigation. The Figure 6.7 shows the column specimens
having different non-dimensional slenderness ratios after failure. The observations made
during the test and after the test for the column specimens in this research work are
categorized as below for clear understanding;
(a) Plasma Cut Columns

1. The Column of A = 1.28

2. The Column of A =1.09

3. The Column of A =0.86

4. The Column of A = 0.51

5. The Column of A = 0.33

6. The Column of A =0.18

(b) Flame Cut Columns

1. The Column of A =1.29

6-20



2. The Column of?» =1.18
3. The Column of A =0.90
4. The Column of A =0.53
5. The Column of A =0.35

6. The Column of A=0.18

Long Columns: (Defined herein as 1>1)
Plasma Cut Column (A = 1.28) — [specimen: C5 (a)]

In the column specimen designated herein as C5 (a), it was observed that the failure
was accompanied by the flexural buckling. No local buckling was observed in the specimen
during the entire test. The behavior of the column specimen is as shown in Figure 6.8. It could
be seen that the load versus axial deformation curve was almost linear until the column
specimen reached its ultimate load. After the maximum or the ultimate load the curve was no
longer linear. Moreover, the load suddenly dropped down for sometime as soon as the
maximum load was reached and thereafter the load gradually dropped down with the
increased axial displacement. However, the load versus mid height deformation was gradually
increasing until the failure load was reached and then the load started dropping down
gradually with the increasing displacement. Similar behavior was observed for the load versus
displacement at quarter points (as seen in the Figures 6.8(d)) and the load versus rotations at
the ends of the column (as seen in the Figures 6.8(b)). It was observed that the movement of
the column specimen in the transverse direction was negligible during the test. The maximum

value obtained for this column specimen through the lab test was 633kN, whereas the design
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value of this column according to CAN/CSA-S16-01 standard was 703kN. Therefore the

actual tests value is about 90% of the calculated design value.

Flame Cut Column (A = 1.29) — [specimen: C6 (a)]

.The column designated as C6 (a) in this investigation also failed by the flexural
buckling. No local buckling was observed during the entire test. The behavior of the column
specimen is as shown in Figure 6.9. The load versus overall axial deformation of this column
was almost linear up to about 200kN and then the rate of change of loading with increasing
axial displacement was slightly lower than the initial rate up to the loading of about 250kN
and then again the load increased gradually with the increasing axial displacement as shown
in Figure 6.9(a). The reason for such behavior of axial load versus overall axial shortening can
be explained as below:

(1)  The axial shortening of the column doesn’t belong to the component of pure axial
shortening of the column; rather this depends on how the column deflects laterally.

2) The initial out-of- straightens about minor axis (sweep) of this column C6 (a) was
relatively larger than that of column C5 (a) (see Table 4.3).

3) It was commonly observed in this investigation during each of the column tests that
the behavior of axial load versus overall axial displacement was heavily dependent
upon the rate of applied loading. Hence, even though the load was applied at very slow
rate during the tests in this investigation, it was very hard to maintain the consistency
for each individual test since the load was applied manually.

The maximum load attained by this column was 539kN. The calculated design value for

this column based on CAN/CSA-S16-01 was 744kN (Table: 6.2). Therefore the
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experimentally obtained value is 73% of the calculated design value. Note that the design
values were calculated based on actual yield strength, elastic modulus, and cross sectional

dimensions of respective column sections.

Plasma Cut AColumn (A = 1.09) — [specimen: C1 (a)]

The column designated herein as 1(a) failed by the flexural buckling and no local
buckling was observed during the entire test. The general behavior of the column is as shown
in Figures 6.10(a) through (d). The behavior of axial load versus overall shortening of the
column was almost same as the behavior of the column C6 (a). The maximum load attained
by this column was 720kN. The calculated design value based on CAN/CSA-S16-01 was

878kN. Therefore the actual test value is about 82% of the design value.

Flame Cut Column (A = 1.18) — [specimen: C2 (a)]

The column designated herein as C2 (a) also failed by flexural buckling and no local
buckling was observed during the entire test. The general behavior of the column is as shown
in Figures 6.11(a) through (d). The behavior of axial load versus overall shortening of the
column was linear until the column reached its maximum capacity. The maximum load
attained by this column was 647kN. The calculated design value based on CAN/CSA-S16-01

was 864kN. Therefore the actual test value is about 75% of the design value.
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Short Columns: (Defined herein as, 1.0 >4 20.5)
Plasma Cut Column (A = 0.86) — [specimen: C3 (a)]

The column designated herein as C3 (a) failed by the flexural buckling and no loéal
buckling was observed during the entire test. The general behavior of the column is as shown‘
in Figures 6.12 (a) through (d). The behavior of axial load versus overall shortening of the
column was almost same as the behavior of the columns 6(a) and C1 (a). The axial Load
versus overall axial shortening was linear up to the load of about 225kN and then the rate of
change of load with increasing axial deformation was slightly lower than the initial variation
and then again the variation of load versus overall axial shortening was almost same as the
~ initial variation. The maximum load attained by this column was 752kN and the calculated
design value of this column was 1040kN. Therefore the actual test value is 72% of the

calculate design value based on CAN/CSA-S16-01.

Flame Cut Column (A = 0.90) — [specimen: C4 (a)]

The column designated herein as C4 (a) also failed by flexural buckling and no local
buckling was observed during the entire test. The general behavior of the column is as shown
in Figures 6.13(a) through (d). The behavior of axial load versus overall shortening of the
column was linear until the column reached its rﬁaximum capacity. The maximum load
attained by this column was 812kN. The calculated design value based on CAN/CSA-S]6-01

was 1040kN. Therefore the actual test value is about 78% of the design value.
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Plasma Cut Column (A = 0.51) — [specimen: C3 (b)]

The column having non-dimensional slenderness value of 0.5 was designated as C3
(b) in this investigation. The failure of this column was accompanied by flexural buckling as
seen in Figure 7. The maximum load attained by this column was 1308kN and the calculated
design value based on CAN/CSA-S16-01 was 1370kN. Therefore the actual test value is
almost 95% of the design value. The behavior of the cblumn is as shown in Figures 6.14(a)
through (d). Moreover, it was observed that the local buckling of the flange plate element
occurred just after the attainment of the maximum load with increasing lateral defection of the

column.

Flame Cut Column (A = 0.53) — [specimen: C4 (b)]

The column having non-dimensional slenderness value of 0.54 was designated as C4
(b) in this investigation. The failure of this column was accompanied by flexural buckling.
The maximum load attained by this column was 1364kN\ and the calculated design value
based on CAN/CSA-S16-01 was 1408kN. Therefore the actual test value is almost 97% of the
design value. The behavior of the column is as shown in Figures 6.15(a) through (d).
Moreover, it was observed that the local buckling of the flange plate element occurred just

after the attainment of the maximum load with increasing lateral defection of the column.
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Stub Column: (Defined herein as 1< 0.5)
Plasma Cut Column (A = 0.33) — [specimen: C1 (b)]

The column having non-dimensional slenderness value of 0.3 was designated as C1
(b) in this investigation. The failure of this column was accompanied by combination of
flexural buckling and cross-sectional yielding as seen in Figure 6.7.The maximum load
attained by this column was 1532kN and the calculated design value based on CAN/CSA-
S16-01 was 1563kN. Therefore the actual test value is almost 100% of the design value. The
behavior of the column is as shown in Figures 6.16(a) through (d). Unfortunately, the
behavior of column having non-dimensional value of 0.2, designated herein as C5 (b) was not

. able to obtain due to the failure of the supporting end plate during the test.

Flame Cut Column (A = 0.35) — [specimen: C2 (b)]

The column having non-dimensional slenderness value of 0.35 was designated as C2
(b) in this investigation. The failure of this column was accompanied by the combination of
flexural buckling and cross-sectional yielding .The maximum load attained by this column
was 1533kN and the calculated design value based on CAN/CSA-S16-01 was 1668kN.
Therefore the actual test value is 92% of the design value. The behavior of the column is as

shown in Figures 6.17(a) through (d).

Plasma Cut Column (4 = 0.18) — [specimen: C5 (b)]
The column having non-dimensional slenderness value of 0.2 was designated as C5
(b) in this investigation. Unfortunately, the test on this specimen was not totally carried out

since the failure of the bottom end plate during the test. The test was stopped at an axial
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loading of about 1545kN. Figure 6.18 shows the behavior of the column specimen until the

test was stopped.

Flame Cut Column (A = 0.18) — [specime: C6 (b)]

The column having non-dimensional slenderness value of 0.2 was designate‘d as C6
(b) in this investigation. The failure of this column was accompanied mainly by cross-
sectional yielding. However, it was observed during the test that this very short column was
slight bent about the minor axis. This bending may be as a result of the small eccentricity in
the loading arrangement. The maximum load attained by this column was 1710kN and the
~ calculated design value based on CAN/CSA-S16-01 was 1687kN. Therefore the actual test

value is almost 100% of the design value. The behavior of the column is as shown in Figures

6.19 (a) through (d).

6.6  The Comparison and Discussion of Test Results

Figure 6.20 shows the ultimate load of plasma cut-gas metal arc welded columns
obtained experimentally in this investigation. The variation of strength with the length of
columns according to CAN/CSA-S16-01 standard is also shown in this figure. Figure 6.21
shows the ultimate load of flame cut-gas metal arc welded columns. The design values
calculated in accordance with the CAN/CSA-S16-01 standard for these columns are also
shown in the same figure. The overall behavior of the columns fabricated by the two different
fabrication techniques such as plasma cut-gas metal arc welding process and flame cut-metal
gas arc welding process (plasma and flame) were relatively identical. However, the column

sections having non-dimensional slenderness values of more than 1 fabricated from flame-cut
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plates seemed to have lower strength than that of plasma-cut columns. This may be due to fact
that the presence of relatively high initial out-of-straightness about the minor axis of the
flame-cut columns tends to reduce the ultimate load carrying capacity of these columns in this
investigation. On the other hand, for the sections having non-dimensional slendérness values
of less than 1, the flame cut columns seemed to carry relatively higher loads than that of
plasma cut columns in this investigation. This may be due to the fact that the presence of
relatively high tensile residual stresses at flange tips results in delayed loss of stiffness as
weak axis inelastic buckling occurs. Subsequently, there could be increase in load carrying
capacity.

Moreover, for the column sections having non-dimensional slenderness values of
more than 0.9 in this investigation, there was no local buckling failure mode observed during
the test. The failure was purely accompanied by the flexural buckling only for these sections
since the possibility of torsional effects were prevented by the test setup itself in this
investigation. However, for the short column sections (A<0.5), the local buckling was
observed after the member reached its ultimate load. The determination of load at which the
local buckling takes place was out of objective of this investigation, thus only visual

inspection was made during the tests.
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Metl-lod.of Cf)lumfl Length (L) Iyy4 Area (ZA) ry Fy E A
Fabrication | Designation (mm) (mm™)- (mm”) (mm) (MPa) (GPa)
C5 (a) 3217 5.022x10° 4342 34.01 362 200 1.28
Cl (a) 2790 5.303 x10° 4366 34.85 370 202 1.09
Plasma-Cut | C3 (2 2284 5.396 x10° 4415 34.96 347 203 0.86
Columns C3 (b) 1354 5.396 x10° 4415 34.96 347 203 0.51
Cl1 (b) 840 5.303 x10° 4366 34.85 370 202 0.33
C5 (b) 448 5.022 x10° 4342 34.01 362 200 0.18
C6 (a) 3221 5.266 x10° 4366 34.73 389 203 1.29
C2 (a) 2793 4.941 x10° 4377 33.60 398 200 1.18
Flame-Cut C4 (a) 2289 5.042 x10° 4326 34.14 369 206 0.90
Columns C4 (b) 1350 5.042 x10° 4326 34.14 369 206 0.53
C2 (b) 836 4.941 x10° 4377 33.60 398 200 0.35
C6 (b) 446 5.266 x10° 4366 34.73 389 203 0.18

Table 6.1: The Calculated Sectional Properties of Column Sections
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Plasma Cut Columns

%

Flame Cut Columns

difference
Between
Column \(f:aoldz Flame cut Column
u . .
Identific (Based % difference | Column | 14 iific Code value % difference
A . Between an ; . Between
-ation on Experimental Code Value Plasma | -@tion (Based on | Experimental Code Value
CAN/CS Value and Cut CAN/CSA Value and
A S16- (kN) Experimental | Column 516-01) (N) Experimental
01) Value () Value
(kN)
Slenderness Slenderness
C5(a) C6 (a)
703 633 -9.9 +17.4 744 539 -27.5
A=128 A=1.29
Cl1 () C2(a)
878 720 -18.0 +11.3 864 647 -25.1
A =1.09 A=1.18 )
C3 (a) C4 (a)
1044 752 -28.0 -7.4 1040 812 -21.9
L =0.86 A =0.90
C3 (b) C4 (b)
1370 1308 -4.5 -4.1 1408 1364 -3.1
A =10.51 A =10.53
Cl (b) C2 (b)
1563 1532 -2.0 0.0 1668 1533 -8.1
A=0.33 A=0.35
C5 (b) C6 (b)
1561 N/A N/A N/A 1687 1710 +1.4
A=0.18 A=0.18

Table 6.2: The Strength of Column Sections
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Figure 6.8: The Behavior of Plasma Cut Column ‘C5 (a)’ Having Non Dimensional Ratio of 1.28
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Figure 6.9: The Behavior of Flame Cut Column ‘C6 (a)’ Having Non Dimensional Ratio of 1.29
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Figure 6.10: The Behavior of Plasma Cut Column ‘C1 (a)’ Having Non Dimensional Ratio of 1.09
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Figure 6.11: The Behavior of Flame Cut Column ‘C2 (a)’ Having Non Dimensional Ratio of 1.18

6-39




I
900 7 900 - |
800 -| _ Max Load = 752 kN Bottom End Rotation Ma’é&()"?d =752 kN Top End Rotation
~ 700 - 707_ £
S ool g
= 600 600 L/
& _ P
; 500 500 K &
g 400 - 400 i 2
- e
S 300 1 300 i =
% =
< 4 »
200 200 |
100 A 100 -
; vié6 -0.034 0.032
0 : T T : ' ' f : T T 4 O A T T T t
Y s 10 15 20 25 30 35 -02 -015 01  -0.05 0 0.05 0.1 0.15 0.2
Overall Axial Shortening (§) (mm) End Rotation (8) (rad)
(a) (b)
900 - 900 -
800 - Max Load = 752 kN 800 - Max Load = 752 kN
s 700+ o =700 - —~—=
< 600 - =~ 600 -
€ s00- & 500 -
T 3
§ 400 - S 400 -
= 300 S 300 -
» %
< 200 - < 200 3 r
100 100 - '
23 17 3
G T ,' - Y f O T T T T L
-10 0 10 20 30 40 50 60 70 10 0 10 20 30 40 50 60 70 }
Mid-Height Deflection (A) (mm) i Mid-Height Deflection (A) (mm)
(c) (d

Figure 6.12: The Behavior of Plasma Cut Column ‘C3 (a)’ Having Non Dimensional Ratio of 0.86
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Figure 6.13: The Behavior of Flame Cut Column ‘C4 (a)’ Having Non Dimensional Ratio of 0.90
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Figure 6.14: The Behavior of Plasma Cut Column ‘C3 (b)’ Having Non Dimensional Ratio of 0. 51
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Figure 6.15: The Behavior of Flame Cut Column ‘C4 (b)’ Having Non Dimensional Ratio of 0. 54
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Figure 6.16: The Behavior of Plasma Cut Column ‘C1 (b)’ Having Non Dimensional Ratio of 0. 33
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Figure 6.17: The Behavior of Flame Cut Column ‘C2 (b)’ Having Non Dimensional Ratio of 0. 35
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Figure 6.18: The Behavior of Plasma Cut Column ‘C5 (b)’ Having Non Dimensional Slenderness Ratio of 0. 18
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Figure 6.19: The Behavior of Flame Cut Column ‘Cé6 (b)’ Having Non Dimensional Slenderness Ratio of 0.18
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Figure 6.20: The Strength of Plasma-Cut Welded Columns (Pinned End Column
Test Allowing for Minor Axis Rotation)
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Chapter 7

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1  Introduction

A large percentage of structural steel columns manufactured today are made up of
welded built-up columns from rolled steel plates. The rolled steel plates are first cut to
required size to provide the basic elements for desired built-up shapes. The tendency of
applying the modern cutting techniques such as plasma, laser, and water-jet cutting have
increasingly been utilized in steel fabrication and construction industries. Because these
© cutting techniqhes have more advantages over the other traditional cutting techniques (saw
cutting, flame cutting, etc) considering the factors such as cutting speed, tight tolerance, bevel
control, etc.

However, the true behavior of structural steel columns fabricated by these cutting
techniques has not been fully or even partially identified yet. Because, most of the research
work carried out by previous researchers in this area has been focused only on flame cut
columns, universal mill plate columns, and rolled shapes. Therefore this investigation mainly
has focused on the effects of plasma cutting with gas metal arc welding process on strength of
steel columns. Also, in this investigation the strength of flame cut columns were established
for comparing the strength of plasma cut columns. Moreover, this investigation has focused
on ensuring whether the available code equations for establishing the column strength based
on CAN/CSA-S16-01 (CSA, 2004) would be applicable for columns fabricated from plasma

cut columns.
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Due to lack of data on the geometrical imperfections and residual stress patterns on
welded built up steel columns fabricated from rolled plates cut by the modern cutting
techniques, the steel designers are more concerned with the current code [CAN/CSA-S16-01,
Clause 13.3.1] (CSA, 2004) equations to such columns. Therefore, it was decided herein to
focus on establishing the residual stresses and geometrical imperfections associated with each
of the column sections. In this investigation, twelve pin ended column tests were carried out
and the particular attention is given to columns with medium size I-shape cross section.
Moreover, temperature profiles during the fabrication process (cutting and welding) were
measured for future work related to prediction of analytical residual stress distribution

~ models.

7.2  Summary

There were twelve pin ended column tests allowing minor axis buckling carried out in
the testing set-up specially made for this research work (see the Figure 6.5). The test set-up
was made as a closed-loop testing facility. The displacement control method was used for
entire column tests. There were four LVDTs placed under the bottom plate which was
movable (see the Figure 6.6) to make sure the movement of the plate was to be even when
applying load. Moreover, one LVDT was placed at the top plate which was fixed to obtain the
relative overall axial deformations. The important measurements such as over all axial
deformations, mid-height deflections, and rotations at both ends of the column were taken in
this investigation.

The measurements of residual stresses were made on six column stocks in which three

of them were fabricated by plasma cutting plus gas metal arc welding process and other three
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were fabricated by flame cutting plus gas metal arc welding. The potential location for
residual stress measurements were selected such that the end effects were to be minimal.
Thus, the specimens for residual stress measurements were cut down between the two
columns specimens obtained from the same column stock in this investigation (see the Figure
2.6). The “method of section” technique was used for entire residual stress measurements in
this investigation. Slicing of the specimens was performed with water jet cutting operation.
The “Demec” mechanical extensor meter was used to measure stress released during
sectioning process in this investigation.

Moreover, the geometrical imperfections were established at different stages of
~ fabrication process. The out-of-plane imperfections associated with the virgin steel plates
were first established and then, the effects of cutting process on the out-of-plane imperfection
of the plate elements were established. Also, the imperfections in terms of sweep, camber, and
out of squareness of the column sections were established. As part of the scientific
documentation, the standard tensile coupons obtained from each of the virgin steel plates were
tested. The results relevant to the important material properties were obtained from the
graphical interpretation of the test results.

As part of this investigation the temperature measurements due to different fabrication
processes such as cutting and welding were taken. The temperature variation with time was
plotted for the observations made during cutting process and welding process. The
measurements were taken at five locations marked across the flanges and web portions (see
Figure 2.1). For measuring the striking temperatures of cutting processes (plasma cutting and
flame cutting) and welding process, the infrared pyrometer (Model #: OS3707) having the

measurements range of 250°C to 2000°C was used. The Infrared Thermometer (Model #:



0OS542) having the measurements range of -20°C to 500°C was used for the rest of

temperature measurements were to be taken at certain time intervals in this investigation.

7.3  Conclusions

This study was primarily concerned with the effects of plasma cutting on strength of
steel columns. The tests conducted during this investigation included columns built-up by
welding from plasma cut and flame cut plates having yield strength of 350MPa. The columns
having slenderness values falling into the intermediate range have been chosen for this study.
Because this column range covers the range of most practical steel columns used in
. construction works. The columns of ‘I’ shape sections are of particular interest in this research
work. The sizes of the column sections were selected so that the web and the flange
slenderness were to be within the range of class-1 sections as specified in CAN/CSA-S16-01
(CSA, 2004) Standard. In particular, the main objective of this study was to predict the
available strength of H-shaped built-up column sections fabricated from plasma cut steel
plates and flame cut plates experimentally. The tests on predicting strength of flame cut
columns were perform-ed in the interest of comparing the influence of different cutting
techniques on strength of steel columns as well.

As described in this research work, the following problems were investigated
experimentally- the magnitude and distribution of residual stresses of welded built-up
columns made from plasma cut plates and flame cut plates, the variation of geometrical
imperfections due to the different edge preparation and welding procedure, and the prediction
of temperature profiles during the cutting and welding operations. Based on the results of the

studies made in this investigation, the following conclusions can generally be derived
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considering residual stress measurements, geometrical imperfections, and strength of

columns.

Residual Stresses:

1.

The general variation of residual stress distributions of sections fabricated from
plasma cut plates and flame cut plates is the same

The variation of residual stress distribution at different locations of column sections
was not appreciable. This might be true for the column sections made from the virgin
plates obtained from same production batch.

The flame cut column sections had relatively high tensile residual stresses at their
flange tips than that of plasma cut columns.

The intensity of residual stresses at the flange-web junction was approximately the
same for both sections (plasma and flame cut section)

The variation of residual stresses through the thickness at most of the locations was
not appreciable. However, the measurements of residual stresses at both faces of
sections would provide the more reliable results for entire locations where the residual

stresses are intended to be measured.

Geometrical Imperfections:

1.

The occurrence of maximum out-of-crookedness in terms of sweep and camber was
observed in the vicinity of mid length of column sections in this investigation.
In general, the overall imperfections due to flame cutting was higher than that due to

plasma cutting



3.

The out of flatness and the out-of-squareness were due to welding operation which

was used to form H-shape sections.

Strength of Columns

1.

The strength of flame cut columns having slenderness ratio of more than 1.0 was
lower than that of similar plasma cut columns. Further, it was observed that the initial
out-of-crookedness of flame cut column was higher than that of plasma cut column for
slenderness ratio of more than 1.0 in this investigation. Therefore, it can be concluded
that for relatively longer columns (A> 1.0), the initial out-of-crookedness possibly play
a key role in determining the load carrying capacity of such columns.

The strength of flame cut columns having slenderness ratio less than 1.0 was higher
than that of similar plasma cut columns. Thus, it can be concluded that possibly the
influence of residual stress distribution in relatively shorter columns (A< 1.0) play a
key role in determining the ultimate load carrying capacity of such columns.
Moreover, this is evident by the fact that the flame cut columns have relatively high
favorable residual stress distribution than that presents in plasma cut column sections.
As a whole it was generally observed that the strength of columns obtained by
experimental investigation in this study was lower than the design values calculated
according to present Canadian Standard Column Design Curve (CAN/CSA-S16-01).
However, these observations may not be applicable for sections with different sizes
and cross-sectional shapes. Therefore, it can be concluded that a considerable number
of lab tests and analytical studies have to be done on the wide range of column

sections which are fabricated by the modern cutting techniques to get clear



7.4

understanding of the behavior of such column sections and to make clear discussion
on whether the current column design curve still needs to be improved for those
column section.

From this study, it can be concluded that the different fabrication techniques of a
column section result in different degree of column strength. Therefore, the influences

of the fabrication techniques are clearly evidenced by this investigation.

Recommendations for Future Study

The following points are recommended to investigate the strength of columns

fabricated using modern cutting techniques (plasma, laser, water-jet, etc) in the future

experimental and analytical studies.

1.

Consideration of various sizes and shapes of column section to derive a general
column design curve or curves in future experimental studies.

More analytical studies based on actual/idealized models for residual stress
distributions, initial out-of-straightness, and material characteristics can be
incorporated to establish column strengths. Thus, the analytically obtained strength
values can be compared with experimentally obtained values to validate the analytical
studies.

The prediction of analytical models for residual stress distributions can be determined
from the temperature profiles obtained during cutting and welding operations.
However, it is essential to know how the elastic properties of steel vary with
temperature for the step by step procedure associated with predictions of analytical

models for residual stress distributions.
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Experimental studies on column sections fabricated from laser cutting and water-jet
cutting can be performed in the future studies. Moreover, the residual stress
distributions and geometrical imperfections can be experimentally established for
those column sections.

The study on establishing the strength of columns in the future can be extended to

different steel grades.
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Appendix A

Tensile Coupon Test

The Mechanical properties of the steel plates used in this investigation were
established through tension coupon tests. Two tension coupons were considered for each
plate. Therefore, a total of twelve coupons were tested since six steel plates were used for the
fabrication of columns in this investigation. The tension coupon testing procedures used in
this study were in accordance with the specifications and recommendations provided by
American Society for Testing Material Standards A370-02 (ASTM, 2002).

A.1  Testing Procedure

The tension coupons tested herein were cut along the same direction as the plates cut
for fabrication of welded W-shaped sections. The associated dimensions for a standard
coupon according to the ASTM standard are shown in Figure A.1. It can be observed in this
figure that the gage length used to calculate the elongated strain is to be 200mm (8inch) with
the standard width of the specimen set at 40mm (1.5inch). Prior to testing, the width and
thickness of each coupons at three different locations along the section over which the
extensometers were placed, were carefully measured. Such measurements were made within a
tolerance of 1/100 of a millimeter and the average reading of the width and thickness of each
coupon were recorded for calculation purposes.

All tensile coupon tests were carried out by using the Tinius Olsen Machine
with an axial load capacity set at 600kN. The placement of a specimen in the testing machine
is as shown in Figure A.2. Prior to applying the axial tensile load onto a tensile coupon, the

coupon specimen was aligned vertically and located almost in the center position with respect
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to the pulling jaws available within the machine’s loading platforms (see Figure A.2). This
step was carefully done to avoid any eccentricity in load application with respect to the
coupon. The coupon was then gripped on the machine by applying a load well within the
elastic limit to ensure that the coupon was perfectly gripped in the pulling jaws and no
possible slip would take place during the test, especially at the initial loading stages. Then it
was unloaded to the axial tensile load of approximately 2 kN required to grip the coupon
steadily. At this point the coupon was ready to be loaded for the tensile test.

In this testing procedure, there were two extensometers, working with a linear voltage
displacement transducer (LVDT), placed on either side of the specimen. One is a longer
extensometer with a gage length of 200mm (8inch) and elongation capacity of 7Smm. The
purpose of using this type of extensometer was to acquire data to study the overall behavior of
a coupon until it fails due to necking and subsequent rupture. The other one is relatively
smaller extensometer with a gage length of 50mm (2inch) and less capacity than the longer
one. However, the smaller one was more accurate with high sensitivity in detecting
elongation. Also the smaller extensometer was used to collect data in the elastic range only,
since it has less measuring capacity. Therefore, this extensometer was removed shortly after
yielding had taken place in each tensile specimen. The purpose of using this type of
extensometer was to achieve more refined small-strain accuracy in the elastic range and thus
to determine more precise value of Young’s modulus (E).

The outputs from each of the extensometers were in volts, which were directly
received by a data acquisition system and a computer. These voltages were multiplied by the
corresponding calibration factors to convert them into elongations and then recorded by the

computer. The load level was also continuously monitored by the reading voltage output from



the testing machine. All data were recorded in two-second intervals. A real time display was
observed during the test to visualize how the stress-strain relationship of a specimen varies,
monitor the loading rate, and finally to observe the overall performance of the test.

In the elastic rage, the loading rate was set at 0.25mm (0.010in) per minute in order to
gather as much data points as possible. In the inelastic range, the specimen was loaded at a
rate of 0.89mm (0.035in) per minute until the test was completed. Even though the loading
rates were somewhat lower than that specified by ASTM (2002) Standards, they represented
better static behavior of the tensile coupon (Stewart, 1995). All tensile coupons were loaded
until rupture. Figure A.3 shows the failed specimens. It was observed that, in all the tensile

coupons, the failure occurred within the gage length of large extensometer.

A.2  Observation and Test Results

The resulting stress-strain relationships of tensile coupons obtained from each of the
plates are shown in Figure A.4-1 through A.4-6. The stress values were calculated based on
applied load divided by the initial cross-sectional area. The strains were calculated as
associated elongation divided by initial gage length of extensometer. The results obtained
from the small extensometer with the gage length of about 50mm (2 in) were used to calculate
modulus of elasticity (E), yield strength (Fy), yield strain (€,) and the proportional limit (F).
Since the stress-strain relationship of all tensile coupons had no sharp yield point, the yield
strength was obtained using 0.2% offset method with the initial assumed slope E of 200GPa.
The proportional limit, herein was determined based on the use of a strain offset of 1x107
with the initial assumed slope E of 200GPa.

The stress-strain relations obtained from the large extensometer with the gage length

of 200mm were used to predict the ultimate strength, corresponding ultimate strain, strain at
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rupture, and percent of area reduction at rupture. Table A.1 shows the results obtained from
each of the tensile coupons. In this table, the important mechanical properties such as yield
stress, yield strain, ultimate stress, ultimate strain, elastic modulus, the ratio between ultimate
strength and yield strength, and the ratio between ultimate strain and yield strain are provided.
Table A.2 shows the minimum specified mechanical properties of steel plates as provided in
the mill report. Table A.3 shows the percent of chemical composition for the steel plates
having different heat ID.

Figure A.4-1 shows the tensile coupon test results obtained from the 1¥ plate which
was designated herein as plate-01. There were two sample coupons from the plate-01 tested.
The stress-strain relationship in Figure A.4-1 exhibits no sharp yielding point and no well
defined yield plateaus. The results obtained from the coupon specimen-1(a) showed that the
yield and ultimate stresses were 374MPa and 467MPa, respectively. However, the results
obtained from the specimen-1(b) showed that the yield and ultimate stresses were of 372MPa
and 466MPa, respectively. Moreover, it could be observed from the Figure A.4-1 that the
behavior of stress-strain variation of both specimens seemed to be closely identical to each
other.

Figure A.4-2 shows the stress-strain relationships of coupon specimens obtained from
plate-02. The results obtained from the specimen-2(a) showed that the yield and ultimate
stresses were of 400MPa and 472MPa, respectively. The yield and ultimate stresses obtained
from the specimen-2(b) were 395MPa and 470MPa, respectively. Hence from the Figure A.S,
it could be concluded that both specimens behaved in most identical manner.

Figure A.4-3 shows the stress-strain relationships for coupon specimen-3(a) and 3(b)

obtained from the third plate which was designated herein as plate-03. The general stress-
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strain behavior of the specimens was similar to the specimens obtained from the plate-01 and
plate-02. However the yield stress of these specimens were slightly lower than that obtained
form the other coupons. The yield and ultimate stresses of specimen 3(a) and 3(b) were
345MPa and 462MPa as well as 348MPa and 464MPa, respectively.

Figure A.4-4 shows the stress-strain relationships of coupons obtained from plate-04.
The general stress-strain behavior of these specimens was almost identical to other coupon
specimens. However, it was observed that the initial slope of stress-strain relationship for
these specimens were higher than that of other coupon specimens. The results obtained from
specimen-4(a) showed that the yield and ultimate stresses were 371MPa and 436MPa,
respectively. The yield and ultimate stresses for specimen-4(b) were 366MPa and 462MPa,
respectively.

Figure A.4-5 shows the stress-strain behavior of coupons specimens obtained form
plate-05. The results obtained from specimen-5(a) showed that the yield and ultimate stresses
were 371MPa and 463MPa, respectively. The results obtained from specimen-5(b) showed
that the yield and ultimate stresses were 370MPa and 463MPa. The general stress-strain
variations of these specimens were similar to other coupon specimens. However, it was
observed that the ewey ratio for these specimens was slightly higher than that of other
specimens.

Figure A.4-6 shows the stress-strain behavior of coupon specimens obtained from
plate-06. The yield and ultimate stresses obtained from specimen-6(a) were 385MPa and
467MPa, respectively while the yield and ultimate stresses obtained from specimen-6(b) were
392MPa and 468MPa, respectively. Also the general stress-strain behavior was same as the

behavior of other coupons tested in this investigation. Moreover, it was generally observed
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that the ultimate stresses of all the coupons were between 460MPa and 475MPa while the
yield stresses of all the coupons were between 345MPa and 400MPa.

Although the results obtained from the coupons cut from the same original plate were
almost identical to each other, in the elastic range, their behavior exhibited slight deviations
especially beyond the elastic limits. These deviations may be attributed to factors such as
material imperfections, presence of residual stresses, variations in degree of cold work,
variation in dislocation density, etc. Figure A.5 shows the stress-strain behavior of sample
coupons obtained from the initial steel plates (6-plates).

As a point of interest to ensure whether the plates were from same production batch,
the experimentally obtained yield and ultimate stresses were compared with those stresses
provided in the mill certificate. From the comparison, it can bé concluded that all plates used
in this research work were having same heat ID (W3H676) as shaded in Table 3.2 i.e., from

the same production batch (heat ID usually refers the production batch).
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Mechanical Properties
Plate
(Steel Grade
F F F E
350W y pl u
) MPa) | & | (mPa) | (mPa) | &u | FuFy | 848y | (GPa)

1(a) 374 0.0039 256 467 0.1827 1.25 46.85 202
1(b) 372 0.0039 262 466 0.1518 1.25 38.92 202
2(a) 400 0.0040 262 472 0.1448 1.18 36.19 203
2(b) 395 0.0040 242 470 0.2035 1.19 50.88 202
3(a) 345 0.0037 230 462 0.1680 1.34 45.41 203
3(b) 348 0.0037 242 464 0.1754 1.33 474 203
4(a) 371 0.0039 232 464 0.1821 1.25 46.69 205
4(b) 366 0.0038 246 462 0.2178 1.26 57.32 208
5(a) 371 0.0039 266 463 0.2081 1.25 53.36 200
5(b) 370 0.0039 252 463 0.2295 1.25 58.85 200
6(a) 385 0.0039 252 467 0.1833 1.21 47.00 202
6(b) 392 0.0040 248 468 0.1889 1.19 47.23 205

Table A.1: Mechanical Properties Obtained from Coupon Tests
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Mill Certificate Mill Certificate i o
Piece Results Results for Elongation % of
Heat ID D For Yield Ultimate
Strength Strength 2in 8in
(MPa) (MPa)
360 496 30 N/A
W3H676 0897
386 462 30 N/A
338 475 35 N/A
W3H676 0911
360 448 33 N/A
353 489 32 N/A
W3J651 0574
400 510 31 N/A
360 482 34 N/A
W3J648 0534
400 510 29 N/A

Table A.2: The Mill Specified Values for Yield Strength and Ultimate Strength
of Plates form Different Heat ID
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Chemical Composition

Heat ID

W3J651 | 0.150 | 0.830 | 0.013 | 0.004 | 0.030 { 0.025 | 0.320 | 0.210 | 0.180

0.050

0.002

0.007

0.032

0.000

0.009

W3J648 | 0.160 | 0.850 | 0.013 | 0.005 | 0.020 | 0.024 | 0.300 | 0.160 | 0.140

0.030

0.002

0.007

0.032

0.000

0.009

Table A.3: The Percentage of Chemical Composition of Steel Plates from Different Heat ID’s

A-9



130 13 250 (13 130
GripLength | | Length of Reduced Section I" " Grip Length
NG . _/
W =40 C=50
! !
75 }: Gage Length A'} 7L
i 200 R=20— |

L =536 (Overall Length)

All Dimensions in mm

Figure A.1: The Dimensions of a Tension Coupon
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Figure A.3: The Specimens after Failure
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Figure A.4-2: Stress-Strain Relationship of Coupons Obtained from Plate-02
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Figure A.4-4: Stress-Strain Relationship of Coupons Obtained from Plate-04
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Figure A.4-5: Stress-Strain Relationship of Coupons Obtained from Plate-05
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Figure A.4-6: Stress-Strain Relationship of Coupons Obtained from Plate-06
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