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ABSTRACT

Currently CSA Standard CAN3-S16.1-M84 "Steel Structures for
Buildings - limit States Design” assigns welded wide flange (WWF)
columns to the colurmn curve for rolled H-shape sections. This approach
appecars Lo be conservative because of differences in the production of
WWIT sections and rolled H-shapes  The residual stress pattern for
woelded wide flange sections, stipulated to have edges of the flanges
Time cut and thus inducing favourable tensile residual stresses, results
in a delayed loss of stiflness as weak axis inelastic buckling occurs. This
incans that the weak axis and strong axis buckling curves lie closer
together for WWH shapes than is the case for rolled H-shapes. Clese
tolerances on out-of-straightness are obtained with the automatic cut-
lLing and welding processes. As well, the statistical variations in the

geometric properties are favourable.

A detailed statistical analysis of data collected from mill records
and on-site measurements was made to obtain measured/nominal
ratios and coeflicient: of variation of relevant geometric and material
properties. A finite element program, modelling inelastic behaviour,
residual strain patterns, out-of-straightness and material properties
has been used with the test results of others to establish
lest/predicted ratios of column strengths. Parametric studies using the
finite clement program provide an assessment of the effect of varying
residual strain patterns and column out-of-straightness. This informa-

tion formed the basis for determining the factored compressive

iv



resistance of WWH scctions for three different slenderness ratios

Further experimental confirmation will be required.
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LIST OF SYMBOLS

Note symbols appearing in the text with and without a bar, e.g., A and A,

denote the measured and norninal vaiues, respectively.

A

faly

G

h

area

width of cross cection

colurrn strength predicted by NISA

colurmn strength predicted by S16 1

normnal compressive resistance of a stub column = Ao,
factored compressive resistance of a column

depth of cross section

modulus of clasticity

tangent modulus of elasticity

cquation i 5161 describing variation in column strength as a
function of X

quantity which is a function of the yield strength and f(\),
(220]

specified minimum yield strength (nominal)
matrix of nodal forces

matrix of ineremental nodal forces

size of fillet weld

subscript indicating geometric property
height of cross-section

mormment of incrtia

cmpirical factor

effective length ratio

Viii



K geomelric stiffness matrix

[K,] clastic flexural stiffness matrix

I column length

M subscript indicating material property

n sample size

P column strength; subseript indicating professional factor
Py 2q participation factors

by Fuler load (elastic buckling load)

P ax maximum column load

Pr, tangent modulus critical buckling load

b, nominal compressive resistance of a stub column - Ao,
r radius of gyration

R resistance of a rnember

S eflect of loads

t plate thickness; flange plate thickness

§U3 matrix of nodal displacements

{U matrix of initial geometric imperfections

{aUy matrix of incremental nodal displacements

\'% coefficient of variation with subscripts A, Cr, F I 1 G 1M,
r,R, S

V., coefficicnt of variation due to error in measurciments

Vex coeflicient of variation ofr the experimental factor

v, coefficient of variation of the normalized professional factor

V, coefficient of variation of the test specimen

1x



Y

Y

/1

A/l

‘t(nmx)

Cy

M

)

Pex
Pn

PNISA

cocflicient of variation due to uncuertainties in the test loads

cocefficient of variation of the simulated professional factor as
related to out-of-straightness

cocflicient of variation of the simulated professional factor as

related to residual stresses

web plate thickness

subsceript idicating major principal axis
subscripoindicating minor principal axis

separation factor with subscripts R, S, when assoc:ated with
these quantities

load factor for effective loads

safety or rehiability index

mid-hecight deflection

initial out-of-straightness (mid-height)
applied strain

maximum tensile residual strain

yicld strain

slonderness parameter = =~ | —X—
P r mz]

mean
resistance factor

measured-to-nominal ratio with subscripts A, Cr, E, f(\), F, Ky, G,
LM.P.r,R S X

ratio of test (experimental) strength to that predicted by S16.1
normalized professional factor

colurnn strength predicted by computer simulation (NISA)
divided by P,



Pa sunulated professional faclor

Ps simulated professional factor evaluated 1t the mean out-of
straightness

Ps suimulated professional factor evaluated at the mean out-of-
straightness and mecan value of the average compressive resi-
dual stress

Pq simulated professional ratio calculated from best- fit eguation

Psie1  column strength predicted by S16.1 divided by P,

o standard deviation with subscripts F, I, I, r.
o, residual stress

Ore average compressive residual stress

a, ultimate tensile load

g, specified m.nimurn yield strength (nominal)

Xi



Table of Contents

Chapter Page
1. INLroduction ... 1

1.1. Objectives and scope ... 3
2. lLiterature Review ... e 5

2.1. listorical devclopment of theories on column

behaviour, strength, and design L )

22 Residual stresses 12

22.1. General ... 12
2.2.2 The effect of residual stresses on column

strength 14

2.3. Limit states design ... ... 20
3. Computer Aided Analysis of Column Behaviour and

Strength 31

3.1, General . 31

3.2. Ultimate strength analysis ... e 31

3.3. Finite element method ... . 32

3.3.1. Finite element analysis of columns ......................... 33

3.3.2. Solution techniques ..............cccccooiiii 35

B NI A L 37

3.4.1. Computer simulation programme ........... ................ 41

3.4.2. Evaluation of NISA ... 45

3.4.3. Models of residual stress patterns .......................... 52
3.4.4. Analysis of the load deflection curves from the

parametric study ... 58

3.4.4.1. Effect of out-of-straightness ................... 58

3.4.4.2. Effect of residual stresses ........................... 60

X11



6.

Statistical Paramcters

4.1. General

4 2. Geometric variations

4.2.1. Plate thickness

4.2.2. Plate width and cross-section depth ... ,

4.2.3. Cross-secctional properties ...

4.3. Material variations

431 Yield strength

4.3.2. Modulus of elasticity

4.4. Professional factor

4.4.1. Effect of out-of-straightness  and  residual
stresses

4.4.2. Out-of-straightness

4.4.3. Residual stresses

4 4 4. Miscellaneous factors

4.4.5H Experimental factor

4.4.6. Summary

5.2. Proposed column curves for WWk"s

5.2.1. Use existing clause 13.3.1

5.2.2. Use a resistance factor of 0.90

5.2.2.1. A second degree curve

5.2.2.2. Modification of existing clause 13.3.1

Concluding Notes

X111

63
63
61
61
66
70
7y
8
93

93

96

101

109

116

118



G i Suminary and conclusions ...

6.2. F'urther research

References oo

X1V



List of Tables

Table Pape
3.1. Details of the computer analysis programme ................... .. 12

3.2. Specifications for residual stress distributions illustrated

in Fig. 3.1l L H7
4.1. Statistical parameters of the geometric properties for

WWE 350 series ... 72
4.2 Statistical parameters of the geometric properties for

WWE 400 series ... ... ... . 3
4.3. Statistical parameters of the geometric propertices for

WWE 450 series ........oooooooiii 74
4.4. Statistical parameters of the geometric properties for

WWE D00 series ... "t
4.5. Statistical parameters of the geometric properties for

WWEF 550 Series ... U 76
4.6. Statistical quantities, Pe and VG, for gecometric variations

......................................................................................................... a4
4.7. Comparison of UofA coupon tests with Algoma coupon

tests ... PP 90
4.8. Corrections for errorsintesting ... 922
4 9a. Simulated professional factor for x=0.336 (hcavy section

TAX20R) oo e 100
4.9b. Simulated professional factor for x=0.336 (light secction

12X202) oo 100
4.10a. Simulated professional factor for A=0.672 (heavy scction

TAXZ02) oo 100
4.10b. Simulated professional factor for x=0.672 (light section

12X T D) e 101
4.11a. Simulated professional factor for A=1.007 (heavy section

LAXRO0R) oo 101
4.11b. Simulated professional factor for A=1.007 (light section

L2XR202) 101

Xv



-
7
(e

Best 1L CUIVECS o e

Average compressive residual stress for various sections

Statistical parameters for the professional factor ..............

Normalized values of the sitnulated professional ratio for
AZ0.336

Normalized valuces of the simulated professional ratio for
NS0 B

Normahzed values of the simulated professional ratio for
AT L 007

Professional factor relating experimental strengths to
strengths predicted by NISA

Resistance factors for WWE columns ...



List of Iigures

Figure Page
2.1. Load deflection curves of various inelastic column
theories ... 11
2.2. Models of typical residual stress distributions for various
manufacturing procedures ... : 1H
2.3. Typical residual stress distributions for 12H79 and
14H202 sections ... .. .. .. 16
2.4a. [Frequency distribution for the resistance and load effect
............................................................................................. 21
2.4b. Risk distribution curve for lni—{ ............................................... 21
3.1a. Schematic diagram of the Newton-Raphson iteration
technique ... 36
3.1b. Schematic diagram of the modified Newton-Raphson
iteration technique ... 37
3.2. Typical node system and cross-sectional points ................. . 39
3.3. Load-deflection curves for WWF 12x79 at X =0.336 ... ... 46
3.4. Load-deflection curves for WWF 12x79 at A\ = 0672 ........... . 47
35. Load-deflection curves for WWIF 12x79 at X =1.007 = . 18
3.6. Load-deflection curves for WWF 14x202 at x = 0336 ... 49
3.7. Load-deflection curves for WWF' 14x.02 at \ = 0.672 H0
3.8. Load-deflection curves for WWF 14x202 at x = 1.007 ............ Hi
3.9. Models of residual stress distributions for WWF 12x79
(light) sections ... . H3
3.10. Models of residual stress distributions for WWI 14x202
(heavy) SeCtiONS ...........c...oooiii H49
3.11. Schematic diagrams of the residual stress distributions
investigated ... H6
3.12. Effect of out-of-straightness on load-deflection response
........................................................................................................ 5H9

xXvil



310

1.1,

4.3

1.4.

4.16.

Fffcct of residual stresses on load-deflection response ...
Geometric variations in plate alignment ... . .
requency distribution for plate thickness ...
Frequency distribution for plate width ...
'requency distribution for cross-sectional depth ................

IFrequency distribution for the yield strength of mill tests
of plates ranging in thickness from 0.20 to 0.75 inches .......

1 cquency distribution for the yield strengin of mull tests
of plates ranging in thickness from 0.75 to 1.50 inches ...

Stress-strain curve of Algoma coupon: plate number
HH372, plate thickness t=35mm ...

Stress-strain curve of Algo @ coupon: plate number
56162, plate thickness t=20mm ...

Stress-strain curve of Algoma coupon: plate number
H6247, plate thickness t=356mm ...

Stress-strain curve of Algoma coupon: plate number
56296, plate thickness t=14mm ........... TP

Stress-strain curve of Algoma coupon: plate number
56400, plate thickness t=9mm ............................................

Stress-strain curve of Algoma coupon: plate number
56401, plate thickness t=14mm .........................................

Stress-strain curve of Algoma Coupon: plate number
56461, plate thickness t=28mm ................................ ...

Stress-strain curve of Algoma coupon: plate number
56660, plate thickness t=9mm ......................................

Stress-strain curve of Algoma coupon: plate number
56723, plate thickness t=20mm .............................. ...

Professional ratio vs. of out-of-straightness for A = 0.336

XViil

61
65
67
68
69

79

80

31

82

83

84

85

86

87

88

89

97

98



4 18. Professional ratio vs. of out-of-straightness for » = 1.007

...................................................................................................... 99
4.19. Frequency distribution for camber ...................... ... . 105
4.20. Frequency distribution forsweep ... ... . . 107
4.21. Professional ratio vs. compressive residual stress at
mean out-of-straightness ... . 110
422 Professional ratio vs compressive residual stress and
out-of-straightness ... oo
4.23. Slope of best it hnes vs. compressive residual stress R
4.24. Normalized professional ratio vs. compressive residual
stressat X\ = 0.336 ... 119
4.25. Normalized professional ratio vs. compressive residual
stressat N = 0.672 ... 20
4.26. Normalized professional ratio vs. compressive residual
stressat A = 1.007 ... 122

X1X



Chapter 1

Introduction

CSA standard CAN3-S16.1-MB4 - "Steel Structures for Building -
lamit States Design” (Canadien Standards Association 1984) gives two
curves for the design of columns. kach curve, used for specific types of
columns, is intended .o reflect the differences in behaviour as a result
of diffecrent manufacturing processes. In the 1974 edition of S16.1
(Canadian Standards Association 1974) only a single column curve, that
given in clause 13.3.1 of Si6.1-M84, was given. However, the favourable
residual stress pattern and the relatively small magnitude of out-of-
straightness of class H I )llow structural sections (Kennedy and Gad Aly
1980) suggested that a higher curve than clause 13.3.1 was appropriate
for them This formed the basis for assigning these sections to the
sccond (higher) curve (clause 13.3.2) in the 1978 edition (Canadian
Standards Association 1978). Examination of the residual stresses and
out-of-straightness, both of which affect column strength, suggests
that Canadian WWF column sections may also be unnecessarily penal-
ized with their current classification in the first (lower) S16.1 column

curve along with rolled W sections.



The WWF sectinn= have a unique residual stress pattern charac-
teristic of the manufacturing process. CSA standard S16.1 stipulates
that "welded H-shapes should have flange edges flame cut’”. The flame-
cutting produces relatively high, but favourable, tensile residual
stresses at the flange tips. These tenc le residual stresses delay the
deterioration in minor axis stiffness, & ompared to rolled W sections,
where yielding begins at the tips and procresses inwardly  This delay in
minor axis buckling is of groat <ignifice . as il generally governs the
buckling of H-shapes. It also means that ti,.. weak axis and strong axis
buckling curves lie closer together than is the case for rolled l1-shapes.

Out-of-straightness, more specifically called camber or sweep
depending about which axis, major or minor, respectively, the out-of-
straightness occurs, is also of major consequence. Currently, the S16.1
column curve for H-shapes is based on the maximum allowable out-of-
straightness of 1/1000 for both axes (Bjorhovde 1972). it is more
appropriate to base any design equation, including column curvces, on

statistical quantities, that is, on mean values and associated

coefficients of variation.

In addition, examination of the differences in the manufacturing
processes of WWF sections and rolled W sections reveals that the
geometric variations of the former are smaller because of smaller varia-
tions in the plates used to manufacture WWEF sections than the
geometric variations of rolled W sections. This tight control on

geometric variations will also have a positive effect on the prediction of



column strength

The differences between WWF sections and rolled W sections affect
colurmmn strengths over the entire range of column lengths and suggest
that different coiumn curves should be used for the two types of sec-
tions. Geometrie variations affect columns irrespective of their lengths.
The effect of residual stresses and out-of-straightness are length
dependent. By defimtion, long columns fail by elastic instability and,
therefore, residual stresses have no effect in this range while out-of-
straightness may. For sufficiently short columns neither residual
stresses nor out-of-straightness have a significant effect. The most
notable effects of both residual stresses and out-of-straightness are
observed in the intermediate range of column lengths where they both

reduc o the strength of columns.

1.1. Objectives and scope

The objective of this study was to investigate statistically the resis-
tance of WWF columns produced in Canada by evaluating resistance fac-
tors appropriate for use with existing column curves. Recommenda-
tions for design equations and resistance factors are given. A detailed
statistical analysis of the variations in the geometric and material pro-
perties of the plates used to produce WWF sections and the sections
themselves was carried out. A finite element program, NISA (Stegmiller
et al. 1983), was used to asscsy quantitatively the effects of variations in
the characteristic resiucl stress pattern, the effects of out-of-

straightness, and u eir combined effect. Out-of-straightness was



restricted to a cubic deflected shape with the maximum out-of-
straightness at mid-height. The study was limuted to centrally loaded,
pin-ended columns, buckling about the major or minor axis and
laterally supported about the other axis when required. l.ocal buckling,
buckling about both axes simultaneously, and lateral torsional buckling
were not considered. Resistance factors were evaluated for values of

the lenderness parameter, -, of 0.336, 0672, and 1 007



Chapter 2

lLiterature Review

2.1, Ihsterical development of theories on column behaviour, strength, and

design

Althoupgh colunns have been used since man began constructing
structures, scientific approaches for solving the column behaviour and
strength problem appears to have begun as late as the cighteenth cen-
tury. Tall (1964a) 1dentifies the first paper concerned with column
strenglh as one published in 1729 by van Musschenbroek (Salmon 1921)
who presented an empirical column curve, developed on the basis of

experimental work, for rectangular sections:

2

12
)

The development of calculus in t! e seventeenth century provided a
most powerful tool enabling Leonard Euler (1759) to identify elastic
buckling in which column failure occurs because of geometric instabil-
ity with no fibre exceeding its elastic limit. The elastic buckling or Euler

load for centrally loaded, perfectly straight, pin-ended columns is
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~F

)
[2.2] Pr, = 1.,2

Although fault could not be found in Euler’'s logic, reluctance pre-
vailed in accepting his work because of .*s failure to predict the
strength of short columns. In 1845, Lamarle recognized that if the
extreme fibres of a coluimn are stressed beyond their limit of elasticity
then inclastic behaviour nccurs and thus eotablhished “the clastie it
to which Fuler's column formula applies (Bleich 1962). Lamarle recop:

nized inelastic column behaviour but could not explain 1t.

Considére in lFrance and FEngesser in Germany independently
developed the concept of adjusting the modulus of elasticity to take
inelastic behaviour into account. In 1889, Fngesscer (1889) presented
the tangent modulus theory, modifying Fuic:'s equation by substituting,
the tangent modulus of elasticity, I, for ‘he modulus of clasticity, |
Thus for a non-lincar stress-strain curve the tangent modulus critical

buckling load is

2 E,
[23] PTcr = Lzlr

Considére (1889), who presented a similar concept, rernarked that
as one side of the column is loading ana stressed beyond the elastic
limit, the other side would begin to unload elastically as bending pro-
gressed. This comment and those of Jasinsky (1895) led Engesser (1895)
to present the double (reduced) modulus theory. This theory was later

supported by experimental work by von Karman (1910).



During this time a second group of researchers conc~ntrated their
cfTorts on establishing column curves taking into account the effects of
imperfections such as initial out-of-straightness and eccentric axial
loads. This work led to the secant curve, semi-empirical column curves
such as the Rankine-Gordon and Perry-Robertson formulas as well as
cmpirica. column curves such as the Johnson parabola and simplified
straight-line approximations (Salmon 1921; Tall 1964a; Bleich 1952).
Fach formula was to cover the inelastic range with the Euier formula to
be used for the clastic range. These semi-empirical and empirical for-
mulas werc the most widely used for many years and sorne are still in
usc today (Narayanan 1982). Their popularity may largely be attributed
to their simplicity and ease of use for the design engineer. Any curve,
whatever its basis in theory or experiment, is ultimately only of practi-
cal use to the design cngineer if it compares well with experimental
resulls. Apart from von Karman's verification, researchers observed
experimental results which agreed inore closely with ithe tangent
modulus theory rather than the double modulus theory. This created
considerable confusion about Engesser’'s work and may also have been,
in part, responsible for the popularity of the semi-empirical and empiri-

cal fornulas.

In 1947, Shanley (1949) clarified this confusion establishing
li'ngesser's tangent modulus theory as a lower bound solution and the
double modulus theory as n upper bound solution. Shanley also
showed that an initially perfect column buckles at the tangent modulus

load, as stated by Engesser, but bends only a limited amount. The
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column then attains higher loads while bending further until the ulti-
mate load is reached at which point further bending occurs at reduced
loads. This concept of column behaviour, adopted in association with

Engesser’s tangent modulus theory, is known as the Fngesser-Shanley

model.

Although the presence of residual stresses werc well know and
attempts were made to establish whether they affect the load-carrying
capacity of steel columns (Wilsoa and Brown 1935), it was not until 1951
that Osgood (1951) presented the 1irst viable theory on residual

stresses whil' pplying the Engesser-Shanleyv theory. Together with the

work of Yang et al. (1952), this bro ~ attention of the rescarch
community to examine the impac sidual stresses have on
column strength. Considerable work . l.chigh University provided

cxtensive analytical and expcrimental verification  that  residual
stresses are responsible for reducing column strength for short and
intermediate length columns (Huber and Beedle 1994 ; Ketter et al. 1994
; Huber and Ketter 1958; Beedle and Tall 1962) with scveral disserta-
tions dedicated to this topic (Huber 1956; Fujita 1956; Tall 1961; kstuar
1965). The reduction in strength is greatest at L/r ratios of 70 to 90,

with recorded reductions of 25% (Beedle and Tall 1960).

The development of residual stresses resulting from welding was
established as early as 1936 by Boulton and Lance Martin (1936). Their
anal: 'ical work, verified with experimental results, showed that after a

weld cools plastic deformations arise creating residual stresses. Work



was extended at Lehigh University to determine the effect of residual
stresses on column strength of welded plates and built-up sections
(Nagaraja Rao and Tall 1961; Estuar and Tall 1963; Tall 1964b; and
Nagaraja Rao et al. 1964). In all studies, it was found that the perfor-
mance of welded shapes, fabricated from universal mill plates, was infe-
rior to their rolled equivalents because of the higher compressive resi-
dual stresses at the flange tips. McFalls and Tall (1969), Alpsten and
Tall (1970), Alpsten (1972a), Bjorhorde et al. (1972), and Alpsten (1972b)
investigated the strength of welded shapes made from plates with
Nlame-cut edges. The flame-cutting process was discovered to improve

the strength of welded columns significantly.

Ilarly in the work involving residual stresses it became apparent
that to predict column strengths accurately it was necessary to incor-
porate both out-of-straightness and residual stresses in the analysis.
Although the Engesser-Shanley theory could account for non-linear
stress-strain relationships and residual stresses, it could not take into
account geometric imperfections such as out-of-straightness and

cccentric loading conditions.

As carly as 1921, it was known that out-of-straightness affects
column strength immensely (Salmon 1921), as confirmed subsequently
by many such as Lin (1950) and Wilder et al. (1953). The compiexity of
including both out-of-straightness and residual stresses prevented

significant progress until the advent of computer technology.
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While work continued on the tangent modulus approach (Johnston
1961), the Lehigh group, in particular, Fugita (1956), Nitta (1960), and
Tall (1961), were among the first to apply the ultimate strength theory
to inelastic columns. In the ultimate strength theory the relationship
between the load and mid-height deflection are determined by calculat-
ing the equilibrium between external and internal forces and moments

at the mid-height cross-section using incremental load steps Out-of-

straightness and residual stresses are accounted for simultanconsly.
Even so, the tangent modulus theory was not easily replaced by t:.« ilti-
mate strength theory. The tangent modulus theory was thourht to
compare well with the ultimate strength theory because the ul' aate

strength is reduced slightly due to the initial out-of-straijghti.ss
(MclPalls and Tall 1969). Ultimate strength theories are now used in . on-
junction with progressively advancing numerical analysis techm es

such as finite element simulations.

Fig. 2.1 illustrates the load-deflection curves for various melastic
column theories. The reduced modulus and tangent modulus curves
form upper and lower bounds, respectively, for initially straight
columns with the Engesser-Shanley tangent modulus curve located
between them Below these curves lies the ultimate strength curve for
initially curved coluiins, as lateral deflections proceed immediately with
the onset of loading. The bifurcation phenomenon exhibited by the
tangent modulus theories for initially perfectly straight columns is

replaced by a strength phenomenon.
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Engesser-Shanley Tangent
Modulus Load for Initially
Perfectly Straight Column
~ Reduced Modulus Load
(Upper Bound Limit) /
!’ /W'lnr);z(-rlt Modulus lL.oad
Iy (Lower Bound Lumit)
—
Ultimate Strength for
Colurnn with Initial
Out-of-straightness, dyps
>
I(SOOS | . . .
Total mid-height deflection, §
Fig. 2.1 Load deflection curves of various inelastic columm

theories



Bjorhovde (1972) integrated probability theory into the analysis of
centrally loaded, initially curved, prismatic steel columns with residual
stresses. He recognized that all parameters influencing column
strength demonstrate inherent variability. In addition, he proposed a
set of three column curves to reflect the different strengths of columns
produced in industry. The Structural Stability Research Council (1976)
adopted the concept of multiple column curves. Two of these curves are
currently in use in CSA standard CAN3-516.1-M84 - "Stcel Structures
for Building - Limit States Design” (Canadian Standards Association

1984).
2.2. Residual stresses

2.2.1. General

Residual stresses exist in every steel member (unless deliberately
relieved) prior to the application of external loads duc to the manufac-
turing process. Residual stresses are classified as cold working residual

stresses and thermal residual stresses.

Cold-working operations such as gagging and rotorizing, used to
straighten initially curved members or to induce a desired curvature or
camber into a member, create residual stresses. Gagging, an outdated
but still used operation, involves the application of concentrated loads,
bending and local yielding of the member at specific intervals with the
net effect of altering the curvature of the member as a whole. Rotoriz-

ing is the preferred practice for straightening and cambering a
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member. 1L involves passing a member through a series of rollers offset
from a straight line. This process deforms the member evenly along the
length unlike gagging which results in localized and heavily concen-
trated yielding These cold-working procedures introduce new residual
stresses which override the thermal residual stresses (Lay 1982). How-
ever, not all steel members are subjected to these forces. In fact, less
than 2% of WWI' columns, in particular, require straighter. .g. When
St ibes g e TOgnn e o, cot ciies are used Lo hical the member
at several intervals rather than using a cold-working process. For these
recasons, thermal residual stresses are of chief significance for WWE

meoembers.

Thermal residual stresses are created as a result of uneven cooling
during rolling, welding and flame-cutting operations. For rolled sec-
tions, cooling begins at the flange tips and progresses inwardly towards
the web-flange junction. As the steel cools, its ctiffness increases and
the material shrinks. While the cooler and stiffer flange tips shrink, the
hotter web-flange junction is subjected to compressive forces and
because of its lower material stifiness, yields easily, deforming plasti-
cally. When the web-flange junction eventually cools, it too develops
shrinkage forces while increasing in stiffness. However, it is prevented
from shrinking by the already stiff and set, cold flange tips. Thus the
restrained web-flange junction goes into tension and the flange tips go
into compression. The same principle applies to welding and flame-
cutting operations. The hotter areas are the last to cool developing ten-

sile residual stresses while the remaining portions of the section are



induced into compression. Fig. 2.2 shows models of residual stress pat-
terns characteristic of various manufacturing procedures for struc-
tural steel H-shaped members. The residual stress pattern is, in a

sense, a blue-print revealing the stress history of the member.

Residual stress or strain patterns tend to be syinmetrical about the
major and minor axes of a cross-section. Fig. 2.3, giving the results of
detailed experimental work by McFalls and Tall (1969) on residual stress
distributions for two welded shapes, excmplifies this symunetry
Although small deviations are observed, equilibrium is never compronr
ised. Ultimately, a free member with no external forces must be in
equilibriuim Thus, the sum of internal axial forces, bending moments
about both the major and minor axcs, and torsional moments must all
be zero. Residual stresses are more or less constant throughout the
lcngth of the member except for a distance cquivalent to the largest

dimension of the cross section (Alpsten and Tall 1970).

2.2.2. The eflect of residual stresses on column strength

Compressive residual stresses reduce the strength of intermediate

length columns, that is, those that fail by inelastic buckling The colurmn

yields at a load level equal to the yield stress rmim CINAXirmurm resi-
dual stress. For example, those portions of the - A INAXITm
compressive residual stress of 25% of the yield st- "at a load
of 75% of the yield stress. The yielded portions h N Tness.
However, in a stub column test flexural stifin. f concern

as the column is short. Premature yielding due to compressive residual
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Fig. 2.2 Models of typical residual stress distriLutions for various
manufacturing procedures.
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stresses is compensated for by those portions of the section with ten-
sile residual stresses which prolong the column’s ability to attain
further load. The last portion of the cross-section, that with the max-
in: . tensile residual stress, yields when the applied strain, ¢,, is equal

to

|31I “a “y ! “Yrnax)

There s no not effect of residual stresses on the stub column strength
althoupgh the lo. 4+ ction (stress-strain) curve is rounded because
of the carly vieldiuy, Gnee the section is fully yielded, strain-hardening
may allow the colinr: to attain further load. This it case in capacity is
not considered in design standards as local buckling generally ensues

shortly thereafter.

The mognitude of compressive residual stresses for rolled sections,
are typically in the order of 70 to 100 MPa (Adams et al. 1981),
corresponding to 23 to 30% of the yield strength of 300W steel. Thus,
such columns begin to yield at 70 to 77% of the yield strength with

accompanying loss in stifiness and capacity

Welded members fabricated fromi universal mill plates have a similar
distribution but greater magnitude of residual stresses, in the order of
b to 175 MPa (Lay 1982). These correspond to 25 to 58% of the yield
stress of 300W steel and extend over es much as 67% (Alpsten and Tall
1970) of the flanges as compared to 50% for rolled sections. Therefore,
welded shapes made from universal-mill plates will not perform as well

as equivalent rolled shapes as has been verified experimentally by
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Beedle and Tall (1960), and Nagaraja Rao and Tall (1961).

Welded members fabricated from flame cut plates exhibit higher
compressive residual stresses than rolled sections as well. They are in
the order of 80 to 110 MPa (McFalls and Tall, 1969), corresponding t» 27
to 37% of the yield strength of 300W steel About 50 to 60% of the lange
arca is subjected to the compressive residual stresses  Although these
compressive residual stresses are relatively high and extend over o
large portion of the flange arca, they are compensated for by the hapgh
tensile residual stresses at the flange tips induced by the flame cutting
operation. These vary from 1265 to 210 MPa (MclFalls and Tall 1969)

corresponding to 42 to V0% of the yield strength of grade 300W steel

The distribution of compressive residual stresses over the cross-
section greatly affects the performance of columns that buckle incelasti-
cally as stiffness is first lost where the compressive residual stresse:
are maximum For rolled sections, this occurs at the flange tips result-
ing in the rapid loss of weak axis stiflness which is accelerated by the
progressive reduction in the moment arms of the unyielded portions of
the cross-section. For strong axis buckling the effect is less severce
because areas with tensile residual stresses, which therefore exhibit
delayed yielding, are as far from the neutral axis as those with
compressive residual stresses. The tensile residual stresses at the
flange tips of WWF members delay the rapid loss in cross-sectional
stiffness observed in rolled and universal-mill welded shapes. Thus, the

strong and weak axis buckling strengths are virtually the same for a
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WWI' member of a given slenderness ratio with approximately equal
cross-scctional width and depth. Rolled columns exhibit a significant
difference in the buckling curves about the two axes and WWF columns
made from universal mill plate exhibit even a greater difference. When
columns are designed on the basis of a single curve for both weak and
stronp axc buckhng, the lower curve for weak axis buckling must be
used. Thus, the objective of maintaining relatively uniforin safety for all
structural members 1s not met for rolled and welded universal-mill

colunmms as it 1s for oxygen-cut WWF members.

The magmtude of residual stresses depends on the size of the plate
clements and therefore the performance of both light and heavy sec-
tions needs to be examined. Mcelalls and Tall (1969) reported that the
magnitudes of residual stresses due to flame cutting and welding in
heavy flame-cut welded columns were less than in light sections. The
heavier sections cooled more uniformly. The residual stress patterns in
heavier scctions were also less peaked than in lighter sections as shown
in Iig. 2.3. Therefore, it would be expected, other things aside, that

heavy colurmns would perform better than lighter columns.

The concern and complications that residual stresses bring forth
can be alleviated by post-heating or annealing the members, a process
where the cooling rate is controlled to give sufficient time for the inter-
nal stresses to be relieved. The test results of Huber and Beedle (1954)
and Brozzetti et ol (1971) confirm that the performance of members in

which residual stresses have been removed by annealing, is much supe-



rior to that of members containing residuul stresses. However, the cost

of the process gencrally renders it impractical for structural steel con-

struction.

2.3. Limit states design

The designing of steel <tructures using the himit states design
method was first intrcduced into Canada with CSA (1974) Standard
CAN3-516.1-1974, "Steel Structures to Building - Limit States Desipn’
Limit states design provides a system ot design of relatively uniform
reliability (constant level of safety) and economy (Galambos and Ravin-
dra 1977) Of prime concern in this study is the ultimate bt state

associated with the strength of columns.

The basic criterion for an ultimate limit state is satisficd when the
factored resistance is greater than or equal to the factored load effect,

such that,
[25] #R>a'S

Fig. 2.4a gives schematic distribution curves for the resistance, R, and

the effect of loads, S.

The fac'.ors o and ¢ are set such that the probability of failure s
acceptably small, consistent with economic restraints. The analysis to

determine these factors is simplified by combining the two curves in Fig.

2.4a to produce a risk distribution curve (Fig. 2.4b) of ln%— (Galambos

and Ravindra 1973a). The evaluation and implications of different risk

models are given in Gad Aly (1978).
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Fig. 2.4b Risk distribution curve for lng-
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The shaded area, when ln-§—<0, represents the probability of

failure which can be set at any desired level by selecting a value of .
is the number of standard deviaticns that the mean lies to the right of

zero. The factor, B, the safety or reliability index is (Allen 1975)

R | 1+V§
In R VSZ
B = 3
In[(14+v&)(14V)]
The target value of B adopted for building structu. in the National

Building Code of Canada is 3.0 (Allen 1975). Galambos and Ravi -«

(1973b) use a different approach to arrive at the same results.

Galambos and Ravindra (1973a) proposed a first order

sumnplification of [2.8] to give

In

]

(27) p=—S
[Va+vg]
Galambos and Ravindra (1973b) further simplified [2.7] based on Lind's

(1971) proposal of an approximate separation factor, a, such that:

Galambos ar awvindra (1973b, 1977) used an error minimization pro-
cess to obtain a value of 0.55 for a which results in a 10% probability of

a total unconservative error of less than 2% in magnitude. Thercfore,

[2.7] becomes
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(29] 5. __5

which can be rewritten to take the form

[210] S Vs R o™ *F'r

Introducing the ratio of the measured-to-norninal value, such that

S
:)‘ ]] Yoo e =
I b os= g
ard
[202] py= }—E-
R

FIVes
1213] peS ™™ pRe”
which, when compared with {2.5], defines the resistance factor, ¢, as:
[2211] & - /)}«(rﬂﬂvR

and the load effect factor, «, as:

[2.10] o = /)S-C“WS

The measured-to-nominal ratio, pg, and its associated coefficient of
variation, V., for the resistance of a structural member depends on the
cquition to det rmine the resistance of the member which includes the
variattons of gecometric and material properties and on how well the

design equation fits the experimental test results, that is,
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[2.16]) pr=pc " Py - PP

For columns, the current CSA standard S16.1-M84 "Steel Structures for
Buildings - Limit Statcs Design (1984) uses an equation of the form
[2.17] Cr = ¢~A-F‘y-f()\)

where f()\) i« an expression defining column strength as a function of

the slenderness parameter \, and

218 S [721“]

Therefore, the measured-to-nominal ratio, pi, becomes
[2.19] pr = PaPr, Py PP

The slenderness parameter, A, is a function of the yield strength, 1),

thus grouping the two terms Fy and f()\) such that
[2.20] F =F, f())

and

[2.21] F=F,f(\)

results in

[2.22] pr = Pr Py

The quantity F is therefore a function of the yield strength, radius of
gyration of the section and the modulus of elasticity. The measured-
to-nominal ratio for the professional factor, pp, 1s the ratio of the test
strength of a column to that predicted by the design equation. There-

fore, [2.19] becomes
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[2.23] pr=pa Pr Pp

The values for the measured-to-nominal ratios and coefficients of
variation for the area and the professional factor are found by using
sitmple statistical analyses. The derivations presented here for Vi follow

Kennedy and Gad Aly (1980).

From CSA standard S16.1-M84, clause 13.3.1, for H shapes and class

C hollow structural steel sections, f()\) is defined as:

2.24] (o) f(A)=1.0 , for 0<X<0.15
(b) f(\) = 1.035-0.202x—0.222)%  for 0.15<x<1.0
(¢) f(\) = —0.11140.636X"'+0.087)\"" L for 1.0<0<2.0
(d) f(\) = —J.009+0.877\"% ,for 2.0<)<3.6
(¢) f(\) = \72 or 3.6- X

Therefore, the mean of f(N) is:

226] (a) f\) =1.0 . for 0<X<0.15
(b) f(\) = 1.035-0.202\—0.222) 2 ,for 0.15<x<1.0
(¢) f(\) = —C.11140.636X ~'+0.087X ~2 . for 1.0<0\<2.0
(d) f(A\) = —0.009+0.877X\ 2 , for 2.0<)<3.6
(¢) f(\) =Xx-2 , for 3.6<\

Applying the definition of p, that is, the measured-to-nominal ratio,

gives

> I

[2.26] p)\ =

which reduces to
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2.27 /’x =
pr pL

Combining [2.21], [2.25]. and [2.26] gives

[2.28] (a) F=F, , for 0<A<0.15
(b) F = F,(1.035-0.202xp,—~0.222)\%p] for 0 1H<X<1 0
(c) F=F,(-0.11140.636X!p ' +0.087X7%p72) | for 1.0<x<2.0
(d) = [,(~0.009+0.877x%p.?) Cfor 200836
(c) = ( ;2) for 3.6< )

The associated cocfficient of variation, Vg, is calculated from funda-
mental cquations of statistics for the standard deviation (Kennedy and
Neville 1976) assuming that the variables affecting 1Y, that is, I, v, and I

are independent, such that

[2.29] V; = ‘;T*
and
2
_(3EF 42 o [3F) 42 [2E) L2
[2.30] or = [aFy] ”Fy+[ar] o aE] 7

From each term in [2.30] the participation of cach of the variables
affecting I is obtained. Using [2.28](b) as an example, the terms n

[2.30] become:

[2.31] (a) [_PF—] =(1 035-0.3032-0.414)3)% }J—a,
y

= (1.035—0.303x_o.444x2)2-F‘fv,?y
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= PRFS VR
5F)" Fy
(b) [— of = (0.202>\+0.444>\2)2-—F‘Y5-a,.2
= (0.202X+0.444)?)2-FZ.V?
= PZFZVE
(c) [;‘g-]hag = (0.101>\+o.222x2)2§2—-a§
= (0.101X+0.222)\%)2F 7 V3
= P,?}T‘f\/FZ
where Py, Py, and Py are the participation factors which represent that
portion of the equation which is a function of . Therefore, [2.30] can be

simplified to

vy e = [2ye 2.y2 2 y2l%
IJSBI 0}-‘ = l y[])l v}"y + I)z Vr + 1)3 \L]

and thus [2.29], in general form, becomes

= 2 %
2aa] v Fy[PevE + Pavz + P2 vE]
T F,f(\)

y

[P2VvE + P2V 4 Pz-vg[’
B fO)

in summary, the statistical quantities p¢, and V, are:

|2.34] In accordance to clause 13.3.1:

I: For Short Columns: 0<\<0.15

Per = pA'pr'p}’

Ver = (VF + VB + VH)%



[I: For Intermediate Columns: 0.15<)\<3.6
Pcr = PA'PF Pp
Ve, = (V2 + VB + V3)%

(PRVE, + P3V2 + V3)¥
™)

where Vi =

where f(A\) = 1.035-0.202X—0.222X\ 2 for 0.1H<2<1 0
and P, = 1.035-0.303\—0.444X 2

P, = 0.202X\+0.444X 2

Py = 0.1012+0.222) 2

where f(\) = —0.1114+0.636X "'40.087x2 for 1.0<X<2.0
and P, =-0111+0318\"!
P, = 0.636X ~'+0.174x ~2

P; =0.318X~'40.087)\ 2

where f(\) = 0.009+0.877\ —2 for 2.0-X3 6

and P, =0.0009
Py = 1.754X 2
Py = 0.877x 2
(II:  For Long Columns: x>3.6
Pcr = PrPE Pp
Ve, = (VR+VE+VE)*

[2.35] In accordance to clause 13.3.2
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[ For Short Columns: 0<X<0.15
Pcr = PaPr, Pp
vCr = (VA2 + vl'zy + Vg)%
Il For Intermediate Columns: 0.15<X<3.6
Pee - Pa Py Py
V(?r = (V/% + VPZ + V}Z’)%

(PEVE, + PEVE + VR)¥
10y

where Vi =

where f(X\) = 0.990-0.122X—-0.367X? for 0.15<A<1.2

and P, = 0.990-0.187XA—0.734X 2
P, = 0.122X+0.7341 2

P, = 0.06 1X\+0.367Xx 2

where f(\) = 0.051+0.801X 2 for 1.2<)\<1.8
and P, =0
P, = 1.602\ 2

P, =0.801\ "2

where f(\) = 0.008+0.942) 2 for 1.8<)\<3.6
and P, =0

P, = 1.884\ 2

Py = 0.942X\ -2

- For Long Columns: X>3.6

Pcr = P Pg Pp



Ve = (VE+VE+VE)
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Chapter 3

Computer Aided Analysis of Column Behaviour and Strength

3.1. General

With the application of ultimate strength theories and progressively
advancing techniques in structural analysis, such as the finite
difference and finite element methods, the analysis of column behaviour
has bceen reduced to the problem of establishing the mathematical
modecl that truly reflects the behaviour of the material and the member.
This is confirmed by verifying computer simulations against experimen-

tal results.

3.2. Ultimate strength analysis

The ultimate strength analysis is a method of determining the ulti-
mate strength of a member (column, beamrcolumn) by tracing its
load-deflection response using incremental load steps. The ultimaic:
strength of the mernber is that point on the load-deflection curve where
the member can no longer sustain further increases in load and will
procced to deflect at reduced loads. At each load step, equilibrium

between external loads and internal forces and moments is established



for each of the longitudinal elements into which the member is divided
using an iterative procedure. Early techniques (Bjorhovde 1972) were
restricted to evaluating the internal forces and moments at the mid-

height cross-section, and thus the deflections at the mid-height cross-

section

Initial geometric imperfections are considered and thus the column
begins to deflect with the onset of loading. The analysis also takes into
account the initial residual stress pattern by subdividing the cross-
section and setting an initial residual stress or strain for cach subdivi-
sion. This subdivision of the cross-section permits the analysis of a
non-homogencous member and, in conjunction with the incremental
load steps, permits progressive vielding across the cross-scction to ve
taken into account. This, together with the longitudinal clements, per-
mits progressive yielding along the length of the member to be taken

into account as well.

3.3. Finite element method

The Finite element method 1s a sophisticated extension of numer-
cal methods for matrix analysis (Liable 1985). It is a versatile method
for analyzing structures that allows the evaluation of loads and dis-
placements at any predetermined points along the structure. Thus, it is
not restricted to mid-height displacements as with the carlier ultimate

strength analysis techniques.

The principles of continuum mechanics are applied to a discretized

structure. The structure is subdivided into 'discrete” or “fimte"”
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elements which are joined by a system of nodes. Each element is
analyzed independently of the others with equilibrium enforced only at
the nodes; stresses along the inter-element boundaries are not neces-
sarily in equilibrium (Liable, 1985). Each node can have up to six
deprees of freedom for each of the three translational and three rota-

tional displacements.

The stiflness or displacement method of analysis is preferred in
finite elements because it is easier to program (Chen and Atsuta 1977)
than the flexibility or force method. The element stiffness matrices are
developed using energy theorems relating the nodal forces and dis-
placements (Ghali and Neville 1978), and thus enfor~ing equilibrium at
the nodes They are assembled into an “overall system matrix”" by
superimposing the clement stiffness matrices at the cormmon nodes
(Willems and Lucas 1978). Thi~  ystern matrix is then used to solve for
the unknown displacements at the nodes from which the stresses and

strains can be determined (Willerns and Lucas, 1978).

3.3.1. Finite element analysis of columns

The equilibrium equation for the elastic column takes the form

[31] (KU + [KJEUS = {FY

where (U] and {F] represent tl. »odal displacements and forces respec-
tively. The material stifiness matrix, [K;], contains the elastic flexural
stiffness matrices of the elements which are dependent on the material

properties of the member, while the geometric stifiness matrix, [Kg] is
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dependent on the geom« or displacement of the member (Chen and

Atsuta, 1977).

For an initially perfectly straight column, the buckling phenomena
1s defined as the change in deflection at the constant load such that

from [3.1]) we get a hoinogeneous equation, such that
[3.2] [K AU + [K]{aU = {AF) = (0§

and can be solved as an eigenvalue problemn, such that
[3.3] [KjtaU —\K]{auj =0

However, wit  he introduction of initial geometric imperfections, U {,

[3.1] take- rm

[3.4]  [KJIUY + [KJHUS + [KGJEUS = {1y
for which there is a unique solution.

The analysis of the plastic response is a more involved process than
that of the elastic response. Detailed descriptions can be found in
several texts dealing with plastic theories. Chen and Atsuta (1977) give
a brief review on "Flow theory” which is the most widely used thcorem in
conjunction with finite elements. “Flow Theory” is a method of modecling
the plastic stress-strain relationship which identifies the plastic strain
as a function of the final state of stress, the plastic strain and the
stress increment (Chen and Atsuta 1977). Elastic strain and plastic
strain are dealt with independently, the sum of which, makes up the
total strain. This theory is versatile and is capable of tracing the load-

deformation response, even during load reversal.
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3.3.2. Solution techniques

i3ccause the geometric stiffness matrix 1s displacement dependent,
it cannot be determined until the displacement is determined which, in
turn, cannot be determined until tlhie geometric stiffness matrix is
determined. The nature of this problem requires an iterative solution
technique which basically calculates successive increments of displace-
ments for a given load step by updating the geometric stiffness matrix.
The algorithms begin by sctting the geometric stitines., matrix to zero
and only using the material stiffness matr:x ' the firs' 'ere*ion cycle.
The resulting incrernent in displacemer.:. 1. Cu deterrmine the
gceometric matrix which, in combination with - it rial stifiness
malrix, 1s used, in turn, to calculate an addit, »nal increment :n the dis-
placements (Chen and Atsuta 1977; Willems and i.ncas 1978). This rou-
tine is repeated until equilibrium is established at an acceptable level of
precision.

There are several iteration techniques. The Newton-Raphson tech-
nique uses the tangent stiffness matrix, while the modified Newton-
Raphson technique saves computer power by using the initial stifiness
malrix and thus omits the calculations required to modify the stifiness
matrix at each cycle. Because the latter technique does not update the
stiffness matrix, it requires additional iterations. Figs. 3.1a and 3.1b

illustrate the difference between the two techniques.

The above mentivnicd colution techniques fail as they approach the

critical or ultimate load because the ztiffness matrix becomes ''soft’ or,
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mathematically speaking, approaches singularity. Beyond the ultimate
load, the solution techniques diverge and therefore cannot trace post

buckling behaviour.

Solution strategies successful in tracing the post-buckling
behaviour are discussed and analyzed by Ramm (1980). Two powerfu
techniques are the displacement-control method and the constant-
arc-length method. The displacement control method avoids the prob-
lem of sigularity by making displacement the dependent variable and
load the mmdependent varable The constant arc-length-method, also
known as the Riks-Wempner method (Riks 1972, 1979; Wempner 1971)
basically sets the arce length of the tangent stifilness matrix to a
prescribed value and converges by following a path normal to the

tangent (Rammun 1980).

3.4. NISA

The program NISA is a multi-element, non-linear, finite element
program of which the thin-walled open cross-section beam element
(Osterrieder 1983) was used. This program was chosen for its ability to
analyze three-dimensional rnembers in the plastic range, for its capabil-
ily of large deformation analysis which follows into the post-buckling
range, and for its cepacity to include both out-of-straightness and resi-
dual strains in ‘he analysis. As cross-scctional distortions have not
been incorporated in the program yet, it was not possible to include the

nflucnce of local buckling. This is considered to be inconsequential

because the tt)_ ratios are selected to preclude preincture local



buckling.

With this program, the principles of continuum inechanics are
applied to the elastic-plastic analysis of welded wide flange columns.
The column is discretized into two systems of subdivisions. The first sys-
tern defines the cross-section which is degenerated to a set of one-
dimensional line elements on a two dimensional grid as shown in Fig. 3.2.
This system of points is used to define the gecometry of the section, the
plate t' (l:.c<5, and to assign the residual strains according to a
chosen residucal stress model The program uses this set of points to
calculat- the cross-sectional properties and the locations of the
geometric and shear centers. The second system of subdivisions defines
nodes along the length. This permits the assignment of geometric
imperfections along the length, such as out-of-straig: = ss for the

three translational and three rotational displacements.

A type of bearmrcolumn behaviour particular to thin-walled open
cross-sections is twisting due to the small torsional rigidity t.hésc sec-
tions possess. Rajaskaran and Murray (1973) were the first to introduce
the concept of representing the element displacements by nodal dis-
placements and assigning a seventh degree of freedomn to cach node to
account for warping displacements (Chen and Atsuta 1977) Howcever,
this seventh degree of freedom, was restrained in this study on the
premise that the axial loads in conjunction with the initial out-of-

straightness about a single axis of symrnetry would preclude warping,

and the column would remain untwisted. Although it is true, in prac-
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tice, that some degree of out-of-straightness exists concurrently about
both axes which could lead to biaxial buckling, this was considered to be

outside the scope of this study.

The length of the column was represented by six clements (seven
nodes) and the cross-sectional geometry was defined by as many as
twenty-nine points. Rajasekaran in Chen and Atsuta (1977), illustrates
the typically rapid convergence characteristics of the finite clement
method for a column buckling problen. The error in the critice! load is
less than 1% for a four elerment member and decreases with more ele-
ments. Increasing the number of elements increases the computer time
without significant benefits as was confirmed by testing two dentical
columns with one divided into six clements and the other into ten cle-
ments. The ten element approximation only altered the sixth significan!
digit, unnecessarily exceeding the accuracy of any other data. This
rapid convergence, characteristic of the finite clement method, distin-
guishes it from other methods such as the finite difference method
which can yield a 5% crror for a four element approximation and con-
verges relatively slowly toward the exact solution. The number of points
used to define the geometry of the cross-section strictly depends on

the complexity of the residual stress modcl

The ultimate buckling load for a given column is determined by fol-
lowing the load-deflection response through a sequence of load steps
Two iteration techniques were used, the modified Newton-Raphson

iteration technique was used in the elastic range, and the constant-
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arc-length method was used up to and beyond the ultimate buckling
load. When convergence at a particular load step was not obtained, a
restart file containing the last column configuration was used and the

loading paramecters were reset.

3.4.1. Computer simulation programme

The computer testing programme consisted of a total of fifty simu-
fations of column compression tests The objective of the testing pro-
pranmume was to establish quantitatively the individual and combined
ctleets of out-of-straightness and residual stresses and thus these
parameters were varied. The simulations were conducted on steels with
vicld strenoths besed on McFalls and Tal'  969) except | two simula-
tions which were run on steel with a yield strength of 300 MPa as
currently used in Canada. Six experimental tests reported by Mclalls
and Tall (1969) and Bjorhorde (1972) were used as the benchmarks for

the study.

Table 3.1 gives the details of the geometric and material properties
for cach of the computer simulations, together with the yield (compres-
sive) loads and ultimate loads obtained. In addition, the maximum mid-
height deflection at the ultimate load is given for a majorit: of the comr
puter simulations Al tests are limited to the two cross-sections examr
ined by McFalls anc 1411 (1969); the typical light section, 12H79, and the
typical heavy sectio 202. The various residual stress patterns are
identified by two or etter codes as discussed subsequently. The

magnitude of out-of-strai, htness investigated ranged from 0.0000182 =~
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1/655,000 to Lhe code tolerance limit of 0.001 = 1/1000. The valie of the
modulus of elasticity used in this study of 29,500 ksi = 203.400 MPa, was
obtained from data reported by Huber and Beedle (1954), Fugita and
Driscoll (1962), and Galambos (1965) in association with the data given
by Mclalls and Tall (1969) and Bjorhovde (1972) on the six experimen.al
tests. The value of the modulus of elasticity was not given in the latter
two references. The three values for the slenderness parameter, X, the
corresponding column lengths, and the initial out-of-straightn~ss were
based on the data reported by Mclolls and Tall (1969) 1n conjunction

with that reported by Bjorhovde (1972).

3.4 lvaluation of NISA

NISA's ability to simulate column behaviour accurately can be
assessed, in part, by comparing the load-deflection response cobtained
using NISA to that of the six experimental tests reported by the Lehigh
group (McFalls and Tall 1969; Bjorhovde 1972) as shown in Figs. 3.3 to
3 8 for simulations 1, 2, 3, 27, 28, and 29 respectively. The comparisons
were somewhat restricted as the original data were reported to only two
significant digits. Moreover, as the NISA simulations, in general, were
not carried significantly beyond the maximum load, the extent of the

flat portions of the curves in this region cannot be compared.

The ultimate loads predicted by the computer simulations are in
good agreement with the test values with a mean test (experimental) /
predicted ratio of 1.010 and a coefficient of variation of 0.046 for the six

tests. Even the greatest difference. for simulation 29 with the
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expcranental / predicted ratio is 1.098, did not exceed 10%. However,
simulation 29 is believed to exhibit an excessive difference for a finite
element analysis of this caliber and may be attributed to the fact that
an insufficient number of significant digits were reported in the litera-

ture on the test results.

Although deflections of structural members, especially those
related to inelastic stability, are more difficult to predict, the sinmlated
load-deflection curves in Figs. 3.5 to 2 8 are in reasonable aprecment
with the test curves. They refiect the imitial elastic behaviour, followed
by progressive yielding until the maximum load is reached. The
deflections ot maximuin load are also in reasonable agreement with the
experinental values, but of greater significance, is that NISA, was able
to model the behaviour at ultimate loads where the load remanced virtu-
ally constant as deflections increased significantly (sce Figs 34, 35,

and 3.8 in particular).

3.4.3. Models of residual stress patterns

In Figs. 3.9 and 3.10 typical residual stress patterns are shown by o
solid line and variations by dashed lines. These patterns were used to
~xamine the effects of residual stresses on colunn strenpgth and
behaviour. The solid patterns are modeled after those reported by
McFalls and Tall (1969) shown in Figs. 2.3 and 2.4 a1:d confirmed by Tall
and Alpsten (1969) tc e characteristic patterns for 14H202 (heavy)
and 12H79 (light) sections, respectively. Besides incarizing the residusl

stress pattern, the minor modification of setting the maximum tensilc
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residual stress at 1.0 times the yield strength was made because the
program for the open beam cross-section element of NISA can analyze
homogeneous structures only. Although this does not recognize the
smiall volume of material in the tensile residual stress region at the
web-flanpe junction which could experience property changes due to
the high heat input and rapid cooling, it is believed to be inconsequen-

tial

Fo broadien the spectrum of the restdual stress patterns studied,
that for light sections was used for heavy sections and vice versa. As
well, heavy and light scctions were investigated with no residual
stresses, wich tensile residual stresses at the flange tips ranging from
O H0a,, to 0820, and with average compressive residual stresses in the
flanpes ranging from 0.27{)(ry to 0.405L0,, extending over 0.450 to 0.650 of
the flange width. As shown in ligs. 3.9 and 3 10, the tensile residual
stress were either considered to be constant over a small region near
the flange tip or to decrease rapidly from the maximum value. The m.. -
imum compressive residual stresses do not vary greatly. Fig. 3.11 read
i conjunction with Table 3.2 gives a schematic presentation of the vari-
ous proportions and magnitudes of the residual stress distributions
mvestipated. They are identified by the two or three letter codes used in

Table 3.1,
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3.4.4. Analysis of the load deflection curves from the parametric study

The variations in out-of-streightness and in residual stress distri-
butions affect the load deflection curves. Initially, the response of the
columns is elastic with departures from linearity due to second order
geometric effects. With the onsct of plastic deformations, the colunns
lose stiffness an7 the load-deflection curve. maximum loads are
reached. Fig 3.12 shows that for the columns mvestigated, the increase
i load after the onsct of yielding 1s only about 25 percent of the total
The overall shape of the load-deflection curves s typical of members
attaining an ultimate strongth, as distinet from those associated with
the buckling of members The large increase in deflections as the ulty-
mate load is approached indicates that the behaviour s ductile and, in

a structure, would provide warning of failure.

3.4.4.1. Effect of out-of-straightness

In g, 3.12, for columns with a slenderness parameter of 0.672, the
load-deflection curves are drawn for three diffc - ent magnitudes of ini-
tial out-of-straightness witlk other parameters affecting cclumn
strength held constant. All three curves are similar in shape and with
increasing out-of-straightness:

(1) the initial slope of the curve increases,

(2) inelastic action begins earlier,

(3) the ultimate load decreases, and
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(4) the mid-height deflection at ultimate load increases

Although the ultimate load decreases with out-of-straightne:s, the
increase in mid-height deflection prior to reaching the ultimate load.
results in greater deformation at the maximum load. The load-
deflection response for the column with an out-of-straightness of
171000 attained a total mid-height deflection of 098 inches (074
inches plus initial out-of-straightness of 0.24 inches) at maximum load
as compared to 060 inches (0.53 inches plus initial out-of-straiphtness
of 0.07 inches) for the colurmn with an initial out-of-straightness of

173400

3.4.42. Kffcct of residual stresses

The effect of residual stresses on the load-deflection curves is it
trated in Fig. 3.13 with other parameters affecting column strength held
constant. The four residual stress patterns represented are WB for the
pattern typical of heavy sections, W for a variation of this pattern, WNT
for the pattern typical of heavy sections modified to have no tensile
residual stresses at the flange tips, anc WL, for the pattern typical of
light sections. The initial elastic portion of the load-deflection curve
remains the same, as would bc expected. However, the onscet of inclastic
action occurs earlier with increased residual stresses as seen by conr
paring the curve WL for a column with a maximum compressive residual
stress of 0.4050, with the remaining three curves all having a maxirmum

compressive residual stress of 0.3CHa,.
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The cu.ves with resiaual stress codes WB, W, and WNT all have the
same maximum compressive residual stress of 0.3050, with the only
di..erence being the maximum tensile residual stresses at the flange
tips and the residual stress pattern. The differences in the maximum
load observed between residual stress codes WB ond W must be attri-
buted to this pattern. The column with no tensile residual stresses at
the flange tips (curve WNT) has its strength v duced by about 10% bt

with increased deflection at maximum load, improving ductility



Chapter 4

Statistical Para ters

11 General

The statiztical data required to determine the factored resistance
of WWi secthions consist of that related to the varmations of the
ccona bt properties, material properties, and the professional factor,
that s the ratio of experiinental test strengths to that predicted by
the appropriate design code. Data related to geometric and materiai
properties were collected during a site visit to Algoma Steel Corporation
Linited i Sault Steo Marie in April, 1986, These data were substantiated
with a hmited number of coupon tests conducted at the University of
Alberta. Additional data necessary to establish the professional factor
woere obtammed from the parametric study on column behaviour and

from data reportedn various publications.



4.2. Geometric variations

The term geometric variations is used to describe the variations in
the dimensions of the plates used to manufacture WWF mermbers. the
cross-sectional properties of the WWF's, and includes the alignment of
the plates with respect to each other (tilt and skewness) and the cut-
of-straightness of the member. These variations are depicted i Fig
4.1 \isible tilt or skewness of the asseinbled plates rarely occurs as the
manufacturing process s desyre ¢ to numinuze this occurrence ihe
magnit - ics of the urerfections are believeo to L ‘neonsequentinl
although no data supporting this assumption was available  Out-of-

straightness, that 1=, camber and sweep s discussed subsequently

The cross-sectional properties of concern are the arca, A the
moment of inertie about both principal axes. 1, and 1, wnd the
corresponar o redii of gyration, r, and ry. Vartations in these geometric
propertics were derived frommeasurcinents of the lange and web plate

thicknesses L :d w, respective.y, the flange wid' hs, b, and the cross-

sectional de 7 d.

4.2.1. Plate thickness

Plate thickness, monitored i the plate mmll by a compuater anded
production systermn, allows plates to be rolled to very close Lolerance . A
quality assurance team performs spot checks to avoid gross errors oad
to ascertain that the computer monitoring cquipmenc is functioning
correctly. A sccond sct of spot checks, conducted by the quahlty

assurance teain of the mill's welded-bearn division, ar+  cported i this
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study.

The mean or mode of three measurements, taken at different loca-
tions when the member is cold with a micrometer having a sensitivity of
0.001 inches, is recorded as the official plate thickness. Measurcements
taken by the author at ditTferent locatioirs along the length of t o plates
with nominal thicknesses of 1.57b and 0 HH 1 inches gave a cocflicient of
variation for the two sets of 13 measureme ts of 00036 s indicates
that the variation of thickness within a plate is neghgible

Fig 1.2 gives the frequency distribution of a sarmple of 92 volues of
the measured/nonunal plate thicknesses obtamed from the quahty
assurance fites No thickness s less than Oy Hf the nonnnal thackne:
consist 1th the practice of rolling plates shpyhtly over nonmnal The
mean valiuco of the measured/nominal ratio was found to be 1070 with o

cocfficient of variation of 0 00784,

4.2.2. Plate width and cross-scction depth

The variation 1 cross-sectional depth depends chiefly on varia-
tions in plate width as the plate thickness variations are small A visaal
comparison of the data in Figs. 43 and 44 giving frequency distribua
tions for the plate width, b, and cross-scctional depth, d, show:s that the

welding process does not have a significant additional effect

The variation in plate width depends on the care taken i setting
the torch heads Distances between the heads are set, allowing for loos
of width due to burn-off. A numbcer of measurcements between scveral

combinations of terch heads are taken as an additional check After the
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0.4
mean = 1.010
st. dev. = 0.00784
V =0.00776
n=92
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12 Frequency distribution for plate thickness
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mean = 0.9993
st. dev. = 0.00257

0.5 V= 000257
n=95%)
04 b=
)
= )
- A .
3 0.3 !
=, t
o
=
= 0O
3]
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0.1 I
0.0

0.980 0.990 1.000 1.010 1.020 1.030

Plate width (measured/nominal), b

Fig. 4.3 Frequency distribution for plate width
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Cross-scctional depth (measured/nominal), d

Frequency distribution for cross-sectional depth
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cutting process is started, a final check i~ made in the first foot of ut-
ting and adjustments are made, if necessary, before cutting continuces
This procedure proauces exceptional contraol as clearly shown in iy 13
where the measured/nominal rat. "+ 0 9993 and the coeflicient of v
ation s 600257, In cutting plates, negative tolerances are preferr- 1 to

help avord ntting problems in the fic!

1.23 Oross sectional pro, e

Complete data of all measurements for o piven crosssection arc
not avatlable becanse of the production - cocess The production of Wi
mermboer=anvolves several divisions= of the ndl cach wiihve 0 g
iy control tests For any given element of the WW o ancmber, te t e
ples arce randomly chosen from a large population Thoercfore, the  t

al variation of geometric propertios st bhe dorived from the
ncasurcments taken of plate thicknesses, plate widths and oo

coctional depthes.

For any georn reperty, the ratio of the measured to the nion
nail value is

[4.1] p, = =+

x

—~

Thus, the mean vali. for the area of a given section s
(42] A=2bt+ (d-20w + 25°

where the last term represents the arca of the filler welds jomnng: the

web to the flanges.
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The measan value for the 1. ment of inertia about the rjor and

nunor axes, I and l_y for a given secti - are
(d- 7"+ W(d-20)° + Lg* + 2g%(Ld-1-1g)?

|

. = Lhtt 4 L
[4 3] I, (;h , +2k
i,
T T o= — IR
f1a] L Mib™ e L(d-2n)w?® + -2 R (W+27)°
. o , cdinof g ation are
| (T
el 2
<13
o ¥
it | —
‘ Yoo
v the coometrie dimensions v cependenthy ) the cooflicn nt of
vartation for the cross-scctional properties s
]
2 — 2 —_2 —y 2 —_2
. : 1 2 a( 2 I 2 ¢ ' 9 :
Ilri V.. =i o P g ! < el 4 | &4 o8
' G au| ! [oW) ¥ ObJ b 1d d dg| ®
! partial derivatives are evaluated o mean.  Because
. the variation in

The

whore t o
actual measuremernits of weld sizes were not ava
srmall eress-secticnal area of

has not been considered

wold

the welds makes this approximation valid.

to 1.6 summarize the calculated meens, measured-to-
of cach per-

11

Tables
associated coeflicients of varation

nonunal ratiox, and
tinent geoinetric property for each standard meriber produced in
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Canada, using [4.1] to [4.6]. Nominal values listed have been taken from

the Handbook of Steel Construction (CISC 1985).

For all sections taken as a whole, the mean value of the measured-

to-nominal ratios and the coefficients of variation are ~alculated from

i=n

(48] pPg= XPc =Pc, +Pc,+  +Pc

jm1
and

[4.9] Vo= il" Y L( Vg, pc,)? +2(Pcpc)2
(n -1)

jm=1

A summary o1 he measured-to-nominal ratios and the coeflicients
of variation are given in Table 4.6. The mecan values range from 0.997 to
1.010 of the nomina! value with coefficients of variation ranging between
0.00257 to 0.0113. This indicates extremely close control on the

manufacturing process.

Table 4.6. Statistical quantities, pg and Vg,
for geometric variations.

Geometric  Sample

property size Pe Ve
G n
tw 92 1.010 0.00784
b.h 50 0.999 0.00257
d 13 0.999 0.00370
A 1.008 0.00690
I 1.003 0.0109
I, 1.008 0.0111
Iy 0.997 0.00440
ry 1.000 0.00386
I 1.005 0.0113

r 0.998 0.00432




4.3. Matecrial variations

The material properties of significance, with respect to column
strength, are the static yield strength, o,, and the modulus of elasticity,

k.
1.

4.3.1. Yicld strength

The statistical evaluation of the yield strength was determined in a
two-step process. Figs. 4.5 and 4.6 give the probability density functions
of the mill test yield strengths on 300W steel from Algoma's quality
assurance tests for two samples of plate thicknesses ranging between
0.20 and 0.7% inches (5 and 12 mm) and between 0.75 and 1.50 inches
(19 and 38 ram), respectively. The overall mean mill test yield strength
for the two populations taken together, representing thicknesses of 5
to 38 mm, is 53.9 ksi or 371.7 MPa with a coefficient of variation of

0.0611.

Recognizing that the mill tests do not provide static yield
strengths, ten coupons were tested at the University of Alberta to
obtain static yield strengths to correlate with the mill test strengths of
sister coupons conducted by Algoma Steel. The stress-strain curves for
the tests conducted at the University of Alberta are given in Figs. 4.7 to
4.15 except for plate number 56943, which failed prematurely due to a
laminar flaw. The results of the tests are shown in Table 4.7. Static
yield strengths were obtained from seven of the ten coupons. In addi-
tion to the plate that failed prematurely, in the tests on plates 56400

and 56723 the load was carried beyond the yield point inadvertently.
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Table 4.7. Comparison of UofA coupon tests with Algoma coupon tests:

Plate Plate Yield Strength, g, Ultimate Stress, 0, Mod. of
ramber thickness Algoina UofA  yofa Algoma UofA 1A elasticity

t. mm MPa MPa Algoma Mpa Mpa Algoma E. MPa

556372 35 3735 327.1 0.8758 532.6 515.7 0.9683 202,700
56162 20 369.2 350.7 0.9499 4937 517.0 1.0472 217.200
56247 35 356.0 324.5 0.9115 504.9 493.4 0.9772 -
56296 14 3405 316.8 .9304 480.9 475.7 0.9892 205,800
56400 9 3509 - - 4566 470.3 1.0300 212,000
56401 14 326.0 291.1 0.8929 4803 473.8 0.9865 205,200
£6461 28 377.1 354.4 0.9398 5280 525.8 0.9958 201,600
56660 9 401.3 362.2 09026 5137 515.8 1.0041 205,700
HB723 20 406 4 - 51T 546.7 0.9980 211,200
96943 11 as6.1 - i6.9 - - -

" 0.9147 0.9996 207,700

T 0.0266 0.0250 5310

\i 0.0291 0.0250 0.0255

When the seven test results are compared to the mill tests, a mean
value of the ratio of the static yield to the mill test yield of 0.915 and a
cocflicient of variation of 0.0291 are obtained. The mean difference
between the statie yield and the mill test yield strength is 31.6 MPa.
Combing the results of the two sets of tests gives a ratio of the

measured-to-nominal yield strengths of 371.7 x 0.915 / 300 = 1.133.

Before combining the coefficients of variations, they must be
adjusted to account for the errors in experimental testing. The true
coefficient of variation of experimental measurements is less than the
apparent one as the latter reflects errors in the measurements themr
selves as well as the natural variation of the test results (Ellingwood et
al. 1980). The errors in the coefficient of variation can be represented

as (Mirza and MacGregor 1982; Kennedy and Baker 1984)

[4.10] V, = [V2+ VY]
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where Vj is due to:

(1) the variations between the test and control specimens, and
(2) the variat.ons of actual specimen dimensions from those
measured,

and V,, a result of uncertainties in the test loads, is due to:

(1) inaccuracies in the load monitoring devices,
(2) inaccuracies in the recording procedure, and
(3) differences in the definition of failure.

The breakdown of errors in measurement are shown in Table 4.8
For WW!I' sections comprised of plates, it is considered that the varia-
tions between the yield strength measured in the coupons and in the
plates is inconsequential provided that the coupons arc obtamed from
the column cross-section. Several measurements were taken of cach
coupon dimension to establish the second item under V. The variations
listed under V, are obtained from equipment specifications or
estimated. The magnitudes of the errors in the coeflicient of variation
for the Algoma coupon tests are estimated, in part, according to obscr-

vations made during the site visit.

The coefficients of variation for the error in measurement of the
yield strengths are estimated to be 0.0175 for the tests conducted at
the University of Alberta and 0.035 for the mill tests conducted at
Algona. The latter figure reflects the fact that the strain rate, known

to have a profound effect on the yield strength, may vary below the
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Table 4.8. Corrections for errors in testing

Location \A \'A Ve
of test (1) (2) 1) (2 (3)
University - 0.00282 0.01 0.01 0.0t 0.0175
of Alberta
Algoma - 0.0111 001 001 0.03 0.0350

upper limit specified in the standards codc lhis introduces a rando
variation that 1s not a function of the material per se. TV - the

coefficient of variation of the yield strength is estimated as
Y%
[4.11] Vp. = {(0.0644% — 0.035?) + (0.02912 — 0.0175%)]" = 0.0588

rather than 0.0707 if no errors in measurement were acknowledged.

The American lron and Steel Institute (1974) shows that the yield
strength for ingot cast steel varies within a given heat and within a
given plate depending on the location of the coupon acro-s the width
and along the length of a plate. Strand cast steel, to which Algoma is
currently converting, should display less variability. One factor not
taken into account, however, is that the coupons were acquired from
the tail end of the plate which, being cooler, ar~ subject to more cold

working than the remainder of the plate.



4.3.2. Modulus of elasticity

The mean value of the modulus of elasticity for the eight tests given
in Table 4.7 is 207,700 MPa with a coefficient of variation of 0.0255. The
mean value of the measured-to-nominal ratio is 1.038. Because the
value for the coefficient of variation is relatively small in itself, no

adjustment has been made for errors in measurement.

4 4. Professional factor

The professional factor relates the test strength of a member to
that predicted by the appropriate equation given in the design stan-
dard. The column equations given in S16.1-M84 reflect the variation in
column capacity as function of the slenderness ratio and, on the aver-
age, take into account the effects of out-of-straightness and residual
stresses. The professional factor accounts for variations in column
capacity other than those considered as geometric and material pro-
perties. These include variations in out-of-straightness, residual stress
distributions, cross-sectional geometry, axes of bending, and non-lincar
interaction of the above parameters. However, for WWI' columns, out-
of-straightness and residual stresses are primarily responsible for the
variations in column capacity that can occur for a given slenderness

ratio.

Chernenko and Kennedy (1988) proposed that the effect on column
strength due to statistical variations in out-of-straightness and resi-
dual stresses be assessed sequentially and finally that the effects of

different residual stress patterns, axes of buckling and whether the
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sections are heavy or light, be considered. This method has the advan-
tage that the effects of out-of-straightness and residual stresses can be
assessed independently and the statistical variations of these parame-
ters can be used directly to obtain the statistical variation in the
strength. It is, of course, necessary to know the mean value and stan-
dard deviation of the out-of-straightness and average compressive resi-
dual stress. The professionid ratio can be written as

[4.12) Pp = PgPnPex

In {4.12], p; is the simulated professional ratio, that is, the ratio of the
strength determined by the computer simulations divided by that
predicted by the design equation (such ar clause 13.3.1 of the S16.1-
M81) for the mean value of out-of-straightnuss and average compres-
sive residual stress, for a given value of A. The second term, p,,
accounts for variations due to the different residual stress patterns
and the like while the third term, p.,, is the mean value of the ratio of
strengths determined by experiment and that determined by computer
simulations. Overall, the professional ratio, pp, is the required test

(experimental) /predicted ratio.

The third term is required as a computer simulation is only as good
as the assumptions used in the program and therefore must be verified
by physical experiment. Provided good correlations are obtained, it is
advantageous to do computer simulations rather than physical tests for

a number of reasons:
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(1) the effects of specific parameters on column strength can be

systematically examined,

() the input is programmed so that defined values of the paranr
eters are used and thus the need for the sometimes tedious
measurements of residual stresses, cross-sectional geometry,

yield strength and out-of-straightness is eliminated,

(3) the cost of computer simulations is much less than physical
tests, and,
(4) the physical size of the colurnn simulated is not limited by the

capacity of the testing machine.

Provided that the computer simulations cover the expected range
of the parameters studicd, it is of little consequence what particular
welded wide flange cc'umn sections are used. The only restriction is
that they should represent the correct ratios of the flange/web arca
and width/thickness of the plate elements As nearly all WWF column
sections in grade 300W steel meet the width/thicknes:; ratio of Class 1
sections in compression, and as the variat n of the flangc/web area
ratio is small, this study was limited to the use of two sections, a WWF
12x79 and a WWF 14x202. The corresponding S.I. desigr.ations are WWF
314x118 and WWF 400x301.
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4.4.1. Effect of out-of-straightness and residual stresses

In Figs. 4.16, 4.17, and 4.18 the simulated professional ratio, p,, for
slenderness parameters, A, of 0.336, 0.672, and 1.007, respectively, is
plotted against out-of-straightness ranging from O to 0.001 (the max-
imum out-of-straightness permissible by CSA Standard G40.20) and for
the various average compressive residual stresses indicated. The simu-
Lited professional ratio was calculated by dividing the maximum capa-
city of the column obtained in the computer simulations by the unfac-
tored resistance given in clause 13.3.1 of CSA Standard £16.1. All the
data used to plot the figures are given in Tables 4.9, 4.10, and 4.11
Most simulations were carried out for three levels of average compres-
sive residual stress, that of 0.00,, 0.3050,, and 0.4050, as shown in Figs.
416, 4.17, and 4.18. The few simulations conducted at other values of
average compressive residual stresses are considered subsequently.
Magnitudes in out-of-straightness investigated ranged from just above
zero at 0090001132 ~ 1/55,000 (so selected to give a strength rather
than a bifurcation problem) to 0.001 = 1/1000 (the code tolerance
limit). Strong and weak axis bending were considered and a variety of

residual stress patterns were investigated.

Also given in Tables 4.9, 4.10, and 4.11 are the simulated profes-
sional factors based on clause 13.3.2 of CSA Standard S16.1-M84. As only
the predicted strengths change, the only effect on Figs. 4.16 to 4.18
would be Lo change the value of the ratio p,, that is, the vertical scale.

Thus, mean values and standard deviations of p, would change but the
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Fig. 4.16 Professional ratio vs. of out-of-straightness for »=0.336
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Table 4.9a. Simulated professional factor for A=0.336 (Heavy section 14x202)

Cl v Cl. 13.32

Test 2 o, g, Axis Prrax 00s. ' PNISA

PNisA="Tp == = PNISA

no. 9, y Pe Ps161 Ps Psie1

~ code (NISA) Ps18.1=0.9420 psie.1=0.9895

1 0336 WB 0305 W 0.9700 0.000901 1.0297 0.9803
4 0336 F 0340 W 0.9627 0.000901 1.0220 0.9729
6 0336 W 0305 W 0.9607 0.000901 1.0199 0.9709
11 0.336 none 0.0 w 0.9778 0.000901 1.0380 0.9882
15 0.336 WB 0.305 S 0.9852 0.000294 1.0459 0.9956
18 0336 WB 0 305 S 0.9677 0.001000 1.0273 0.9780
50 0336 none 00 w 0.9935 0.000294 1.0547 0.10041

Table 4.9b Simulated professional factor for 2=0.336 (light section 12x79)
- ’ Cl. 1331  Cl. 13.32

Test A a. Ore Axis Pnun( 00sS. PNISA PNISA
no = Prisa="p Ps=5H—— Is= 0.
Uy y Psig1 Psi6.1
o (“()(](,‘ (NISA) [)516_1-0.9423 [)51(;‘1-0.9896
2Y 0336 WI, 0.405 \i 0.975 0.000165 1.035 0.985
30 0.336 WB 0.305 w 0.991 0.000165 1.062 1.001
33 0336 WI, 0.405 S 0.970 0.000294 1.029 0.980
3H 0336 W, 0.105 S 0.950 0.001000 1.008 0.960
42 0.336 Wi 0.385 w 0.9685 0.0001641 1.0278 0.9787

Table -i.10a. Simulated professional factor for A=0.672 (heavy section 14x202)
Cl. 13.3.1 Cl. 13.3.2

Test X o, o.. Axis Prmax 00S.
No. 5 PNisA= —py—‘ Ps= ?— = pﬁﬁ"—
y S16.1 S16.1
code (NISA) Ps18.1=C.7989 pg1e.1=0.9061
2 0672 WB 0305 W 0.8240 0.000595 1.0314 0.9094
5 0673 F 0340 W 0.8403 0.000595 1.0518 0.9274
7 0672 W 0305 W 0.7977 0.000595 0.9985 0.86404
9 0.672 WNT 0305 W 0.7252 0.000595 0.9077 0 804
12 0.672 none 0.0 w 0.9298 0.000595 1.1639 1.0<062
14 0.672 Wi, 0405 W 0.7746 0.000595 0.9696 0.8549
16 0.672 WB 0305 W 0.8499 0.600294 1.0638 0.9380
19 0672 WB 0305 W 0.7972 0.001000 0.9979 0.8798
21 0672 WB 0305 S 0.8212  0.000588 1.0279 0.9063
23 0672 WB 0305 S 0.7999 0.001000 1.0008 0.8824
25 0.672 none 0.0 S 0.9640 0.000194 1.2067 1.0639
45 0672 WNR 0275 S 0.8143 0.000595 1.0193 0.8987
16 0.672 WB 0305 W 0.8309 0.000500 1.0401 09171
47 0672 WB 0.221 L 0.8558 0.000595 1.0712 0.9445
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Table 4.10b. Simulated professional factor for A=0.672 (light section 12x79)

P Cl. 1331 Cl. 1332
Test A o, o, Axis max  O0OS. S s
No. NISA= T‘y— po= gﬂ_ﬁ_ - ::NI\A
y S16 1 S161
code (NISA) Ps18.1=0 7996 (15,8 =0 9067
28 0.671 WL 0405 W 0.796 0.000330 0.962 0.848
31 0671 WB 0305 W 0 350 0.000330 1.063 0.937
36 0.671 WL 0405 W 0.725 0.001000 0.907 0 800
38 0.671 WL 0405 S 0.783 0.000588 0.979 0 864
40 0.671 WL 0405 S 0.761 0.001000 0952 0 839
43 0671 F 0385 W 0.8186  0.000328  1.0237 09028

Table 4.11a Simulated professio.aal factor

for x=1.007 {(heavy scction 14x:20:2)

Cl 1331 cloy3as
Test X o, 0. Axis Paax  00S. PNISA PNISA
Pnisa-- - )g= R
No. g, PY— ST RLSTY
code (NISA) Psie 1=0 6GOHI  pye =0 7398
3 1.008 WB 0.305 W 0.6647 0.000191 1.0981 0.8985
8 1.008W 0.305 w 06633 0.000191 1.0068 0 8966
10 1.008 WNT 0305 W 0.6443 0.000191 1 0644 08709
13 1.008 none 0.0 w 0.8453 0.000191 1 3965 1.114:26
17 1.008 WB 0305 W 0.6531 0.000294 1.0790 0 8828
20 1.008 WB 0.305 w 0.5982 0.001000 0.9883 0.8086
22 1.008 WB 0.305 S 0.6305 0.000588 1.0416 0 8523
24 1.008 WB 0.305 S 0.6051 0.001000 0.9999 0.8179
26 1.008 none 0.0 w 0.7506 0.000585 1.2400 1.0146
48 1.006 WB 0.221 w 0.7317 0.000191 1.2088 0.9891
49 1.008 none 0.0 w 0.6908 0001000 1.1413 0.9338

Table 4.11b. Simulated professional factor for A=1.007 (light section 12)(79) N

p Cl 1331 Cl 13
Test X o, O, Axis max 00sS. PNISA PNISA
Prisa="p = =
No. Uy y P Ps1e1 Psie
code (NISA) Ps16.1=0.6069 psie,=07418
29 1.006 WL 0405 W 0.619 0.0000183 1.020 0835
32 1.006 WB 0305 W 0.690 0.0000183 1.137 0.931
34 1.006 WL 0405 W 0.595 0.000294 0980 0.803
37 1.006 WL 0405 W 0.550 0.001000 0.906 0.742
39 1.006 WL 0405 S 0.590 0.000588 0972 0.796
41 1.006 WL 0405 S 0.568 0.001000 0.936 0.766
44 1.006 F 0385 W 0.6527 0.0000182 1.0755 0.8807
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cocflicients of variation would remain the same.

In cach of Figs. 4.16, 4.17, and 4.18, three straight lines are drawn
for scctions with average compressive residual stresses of 0.0o0,,
0 3050, and 0.4050,. The lines were obtained using the method of least
squares  In general, the data for strong and weak axis bending were
mmdistinguishabie as exarmination of Tables 4.9 to 4.11 shows. Where a
mimor difference occurred, as was the case for an average compressive
residual stress of 04050, for X = 0.672 and 1.007, equal weight was given

to cach axis of bending.

IF'or the most part, the data for an average compressive residual
stress of 030ba, were obtained from computer simulations using the
L1202 while the daota for a residual stress of 0.4050, were obtained
with a light section, the 12H79. Again the data were generally indistin-
puishable and in any event no distinction is currently made in the
design standard. The data for zero residual stresses were obtained
from computer simulations using the 14H202. The linear relationships

for cach ratio of average compressive residual stress and each value of

the slenderness parameter, A, are given in Table 4.12.

In two cases, in Fig. 4.18 for A=1.007, with average compressive resi-
dual stresses of 0.00, and of 0.3050,, curved lines are also drawn. The
curved lines were based on points where the only variable was the out-
of-straightness; that is, the same section, the same axis of bending, and
the same residual stress pattern were used. This indicated that the

variation in the ratio, p,, with out-of-straightness is slightly non-linear
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Table 4.12. Best fit curves

e e
Eqn A o Eqn for Best Fit Curve Pa
re

No. o, Pa=m- A/L+ b [A71.=0.00030:2]

1 0.336 00 p. = -20.5%A /L+1.062 1053

2 0.305 Py = -28.6xA 71.+1.056 1.047

3 0.405 P, = -28.2xA /1.+1.036 1.027

4 0.672 0.0 Ps = -107xA /L4127 1.19H

S5 0.305 Ps = -90 6xA /1.+1.088 1.061

6 0.405 pe = -82 1xA /1,41 008 0 963

7 1.007 00 ps = -31HxA/1+1 446 1351

8 0 30 Py T 13HxA /L1126 1 O8H

9 0.1400 Ps ~  Lidxd /0L L OZH 0 994

and the rate of decrease decreases with increasing out-of-straightness.
However, a best-fit straight line is considered the most appropriate
representation when differences in residual stress patlerns, the use of
heavy and light sections, and bending about both axes are taken into
account. Furthermore, design standards gencerally give a single cqua-
tion to cover all these situations The deviations from the best-fit
straight lines, therefore, reflect the different residual stress patterns,
strong and weak axis bending, heavy and ligh'. sections, and the funda-

mental non-linearity (other parameters held constant)

Examination of Figs. 4.16, 4.17, and 4.18 shows, as would be
expected, that the ratio of the test/predicted strength decreases with
increasing out-of-straightness for given values of A\ ana compressive
residual stress. The slope of the lines, that is the rate of decrease of
strength with out-of-straightness, also increases with increased valuces

of the slenderness parameter (compare Fig. 4.16 to Fig. 4.17 to Fig 4.18
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for a given valuc of residual stress). Thus out-of-straightness has a
greater effect in reducing the column strength for larger values of X
(within the range studied) than for smaller values. In fact, the slope of
the lines approaches zero for X =0.336, indicating that out-of-
strai htness has little effect or. the strength of short columns. Based
on this, an out-of-straightness of up to 0.001L is concluded to have

negligible effect on the strength of WWF sections for X less than 0.336.

It is also of interest to note, as can be seen particularly in Fig. 4.18
for X = 1.007 and to a lesser extent in Fig. 4.17 for A = 0.672 that the
rate of decrease of strength with out-of-straightness. that is the slope
of the straight lines, decreases as the residual stresses become larger
(sce also Table 4.12). A zero change in slope would indicate the two
cffecets of out-of-straightness and residual stresses were simply addi-
tive. An increased slope with increased values in the compressive resi-
dual stress would indicate a multiplicative or synergistic effect with ihe
combined effect greater than the sum of the individual effects. In fact,
the data show that there is a negative synergistic effect and that the

effect of increasing out-of-straightness is softened.

4.4.2. Out-of-straigh'ness

To assess the effect of the variation in out-of-straightness on
column strength, its mean value and coefficient of variation must be
cstablished. Fig. 4.19 gives the probability density distribution for 120
measurements of camber taken by Algoma personnel as obtained from

the quality assurance files. The mean camber is 0.000530 (1/1890) with
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a coefficient of variation of 0.307. In no case does the camber exceed
the tolerance of 1/1000 for, when members develop an excessive
camber, they are straightened by heating to meet the limit and then
included in the population. Members exceeding the tolerance limit sel-
dom occur (less than 2% of all recorded measurements) and, in any
case, are casily spotted. This prescribes the sampling prccedure
cmployed by the Algoma personnel; measuremmcnts are taken of those
columns that appear to have the greater camber. It is estimated con-
servatively that the sample cited is 1/20 of the total population and
furthermore that the remaining population of columns are, on the aver-
age, straighter with an estimated mean camber of 0.0003 and an
estimated standard deviation of 0.0001, corresponding to a coefficient
of variation of 0.33. Combining these two samples gives a mean camber

of 0.000311 (1/3210) with a coefficient of variation of 0.370.

Fig. 4.20 gives the probability density function for 11 measure-
ments of sweep made during the site visit. The mean value of sweep is
0.000293 with standard deviation of 0.000154 corresponding to a
cocfTicient of variation of 0.525. These figures are substantiated by
observations made by Algoma personnel that sweep rarely exceeds the
tolerance limit of 1/1000 and generally exhibits smaller magnitudes in

out-of-straightness than camber.

Giving equal weight to the sweep and camber measurements gives a
mean out-of-straightness 0.000302, a standard deviation of 0.000136,

and a coefficient of variation of 0.451. The large coefficient of variation
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is due to the fact that the mean value is so small.

On Figs. 4.16, 4.17, and 4.18 vertical lines are drawn at this mean
value of out-of-straightness of A/L=0.000302 and also at one standard
deviation to the left and right of the mean, at out-of-straightness
values of 0.000166 and 0.000438, respectively. The point were the verti-
cal it for the mean out-of-straightness intercepts the line for a par-
ticular value of residual stress gives the ratio p, for the mean out-of-
straightness at that level of residual stress. The vertical distance
between the intercepts of the right and left standard deviation lines,
with the same residual stress line, is equal to two standard deviations of
p, associated with out-of-straightness. Therefore, the standard devia-
tion for the simulated professional ratio is computed by multiplying the
slope of the equation for a given residual stress line by one standard
deviation for out-of-straightness, that is, ' »e x 0.000136. From this,
the coeflicient of variation is computed .y for the given residual
stress level. Because the slope of the equations vary as the residual
stress level varies, so does the coefficient of variation vary, for a given
out-of-straightness. Therefore, the coefficient of variation for the pro-
fessional factor as related to out-of-straightness, V, .., is calculated in a
subsequent section when the mean value of the average compressive
residual stress is established. The variations in p, due to different resi-
dual stress patterns and like factors are considered in the following two

sections.
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4.4.3. Residual stresses

From Figs. 4.16, 4.17, and 4.18, or the equations given in Table 4.12,
the values of p, corresponding to the mean out-of-straightness of
0.000302 for residual stress levels of 0.00,, 0.3050,, and 0.4050, are
determined for each value of X studied. These are plotted in Fig. 4.21
against the average value of the compressive residual stress, o../0,. Fig.
4.21 is therefore a slice through ligs. 4.16, 4.17, and 4.18 combined, at a
value of A/L of 0.000302. This is illustrated in Fig. 4.22, a composite of
Figs. 4.16, 4.17, 4.18, and 4.21, giving a three dimensional plot of the
simulated professional ratio pg against out-of-straightness and average
compressive residual stress. Figs. 4.16, 4.17, and 4.18, plotted originally
for three separate slenderness parameters, are reformed, now appear-
ing on planes of constant residual stress. The planc of o,./o, = 0.0 dep-
icts the variation of p, with out-of-straightness for each of the threce

slenderness parameters as do the plancs of g,./0, = 0.305 and 0.400.

Fig. 4.21, evaluated at the mean out-of-straightness, is used to
establish p; given in [4.12], corresponding to the mean value of the
out-of-straightness and the mean value of average compressive residual
stress, as well as the standard deviation of p; due to the variation of
residual stresses as was done for out-of-straightness. In order to do so,
the mean value of the average compressive residual stress and its stan-

dard deviation must first be established.

Table 4.13 gives the results of 10 sets of residual stress measure-

ments reported by Tall and Alpsten (1969), McFalls and Tall (1969).
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Table 4.13. Average compressive residual stress for various sections

Heavy Sections Light Sections
- Section Orc : Section Orc

No. Section (Algoma)  (ksi) No. Section (Algoma) _ (ksi)

1 12H210 350x315 14.4 1 12H79 350x137 12.4

2 20H354 500x561 8.8 2 12H79 350x137 13.1

3 24H428 550x620 7.7

4 24H1122 8.0

) 14H202 350x315 92

6 2311681 7.4

7 15H290  400x444 7.6
B 15011290 400x444 6.2

Alpsten and Tall (1970), and Bjorhovde et al. (1972). Two of the sections
are classified as light and the other eight as heavy sections. Equivalent
S.1. sections manufactured by Algoma steel are also given. The mean
value of the average compressive residual stress for the six heavy sec-
tions with Algoma equivalents is 8.98 ksi with standard deviation of 2.85
ksi and for the light sections the mean value is 12.75 ksi. (If all eight
sccetions were used, the mean value becomes 8.66 ksi and the standard
deviation becomes 2.49 ksi.) Assuming production to be equally distri-
buted between heavy and light sections (the same distribution which
was used previously), the mean value of residual stress is 10.87 ksi or 75
MPa. Lacking data, it is conservatively assumed that the standard devi-
ation for light sections is the same as for heavy to give an overall stan-

dard deviation of 3.42 ksi or 23.6 MPa.

Although residual stresses are reported in the literature as decimal
fractions of the yield value, as has been donc here, it is argued that
residual stresses per se are not a function of the yield stress. Unless

residual strains due to uneven cooling exceed the yield level over a
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significant portion of the cross-section, the average compressive resi-
dual stress, only a fraction of the residual stress, should not be a func-
tion of the yield stress at room temperature. This is substantiated by
experimental results of McFalls and Tall (1969) and Alpsten and Tall
(1969) on 12H79 sections made of steels with yield strengths of 36.8 ksi
and 44.6 ksi which gave virtually the sume average compressive residual
stresses of 12.4 ksi and 13.1 ksi, respectively Taking the ratio of the
two yield strengths gives a value of 1.21 as compared to 1.06 for the
ratio of the average compressive residual stresses, thus substantiating
this argument. Therefore, for CSA G40.21 grade 300W steel, the most
widely used steel, the ratio of the mecan valuc of compressive residual
stress to nominal is 75/300 = 0250 with a standard deviation of

23.6/300 = 0.079.

In Fig. 4.21 vertical lines are drawn at the mean value of the
compressive residual stress, 0.2500,, and at one standard deviation to
the left and right of the mean, that is at 0.1710, and 0.3290,. By enter-
ing Fig. 4.21 or Fig. 4.22 at the mean value of the average compressive
residual stress, the mean value of the simulated professional factor, p;,
is established at the mean out-of-straightness and mean commpressive
residual stress, as found at points A, B, and C for X\'s of 0.33€, 0.672, and
1.007, respectively. The values for the ratio of the simulated profcs-
sional factor are 1.049, 1.088, and 1.134 for slenderness parameters, X\,
of 0.336, 0.672, and 1.007, respectively. The vertical distance between

the left and right standard deviation lines represents two standard



114

deviations in the simulated professional ratio, leading to standard devi-
ations (in the same order as above) of 0.0035, 0.038, and 0.070. The
corresponding coefTicients of variation are 0.00334, 0.0358, and 0.0617.

The coeflicients of variation, V_ , and mean values for the simulated pro-

feos.onal ratio, pg, are tabulated in Table 4.14.

Although one mean value has been determined for the professional
facltor related to both the mean value of out-of-straightness and the
compressive : esidual stress, there are two coefficients of variation, one

related to the - 1 1l stresses, Va, as found above, and the other

r

related to out-of-sirathtness, Va . The latter is evaluated at the mean
value of the averaoc compressive residual stres of o, /0,=0250 by
interpolating between the values for o,./o, = 0.0 and o,./o, = 0.305,
using Fig. 4.23, to dctermine the slope of the best fit line for this resi-
dual stress level for the three values of the slenderness parameters.
The values for Vg, are 0.00373, 0.0117, and 0.0180 for X\'s of 0.336,

0.672, and 1.007, respectively, as given in Table 4.14.

Table 4.14. Statistical parameters for the professional factor

Clause
from X Ps  Van Vo, Pn Vn Pe Ve pp Vp
S16.1

13.3.1 0.336 1.049 0.00373 0.00334 0.999 0.00362 0.993 0.0204 1.041 0.0213
0.672 1.088 0.0117 0.0358 1.002 0.0194 0.933 0.0204 1.083 0.0470
1.007 1.134 0.0180 0.0617 1.003 0.0134 0.993 0.0204 1.130 0.0688

13.3.2 0.336 0.999 0.00373 0.00334 0.999 0.00362 0.993 0.0204 0.991 0.0213
0.672 0959 0.0117 0.0358 1.002 0.0194 0.993 0.0204 0.955 0.0470
1.007 0.928 0.0180 0.0617 1.003 0.0134 0.993 0.0204 0.925 0.0688
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4.4.4. Miscellancous factors

In Figs. 4.16. 4.17, and 4.18 variations in the professional ratio
about the best-fit straight lines exist that were attributed to factors
such as different residual stress patterns, strong and weak axis bend-
ing, the heavy and light sections, and the fundamental non-linearity of
the relation. The additional effect of these miscellaneous factors can be
assessed by neutrahzing the effect of both out-of-straightness and resi-
dual stresses. This is accomplished by normalizing the plotted profes
sional ratio for any slenderness parameter and residual stress level by
dividing by the value obtained from the linear expressions given in
Table 4.12 for that specific residual stress level and slenderness paran
cter. FFor residual stress levels not represented by equations in Table
4.12, supplem=ntary expressions were derived by interpolal ng between
the slopes for residual stress levels using Fig. 4.23 and evaluating the
coefficient for the intercept, b, such that for an out-of-straightness,
A/, of 0.000302 for which Fig 4.21 is plotted, the professional ratio
given by the expression would coincide with that given in Fig. 4.21. All
these data are given in Tables 4.15, 4.16, and 4.17 for the three X\ values

of 0.336, 0.672, and 1.007, respectively.

Of course, the average value of the normalized professional ratio,
Pn. should equal 1.00 for any residual stress level for which a best-fit
straight line has been used. The normalized professional ratio for X\ =
0.336, 0.672, and 1.007 are plotted in Figs. 4.24, 4.25, and 4.26, respec-

tively. The mean values and coefficients of variation for the three
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Table 4.15. Normalized values of the simulated professional ratio for A = 0.336

ST TR

Test Residual o,. Out-of- Ps P =mA/lAb  p, P

no. stress 5 straightness = S Pn= o,

code y A/l b
1 none 0.0 0.000901 1.038 -20.5Aa/1 + 1.062 1.035 1.003
50 none 00 0.000294 1.055 1.053 1.001
1 WB 0305 0.000901 1.030 -286A /1, + 1.056 1.030 1.000
6 w 0305 0.000901 1020 " 1.030 0.990
15 wB 0.305 0.000294 1.046 " 1.047 0.998
18 wB 0.305 0.001000 1027 - 1.027 1.000
30 WB 0.305 0.000165 1.052 1.051 1.001
27 W, 0.405 0.000165 1.036 ¢ 1 031 1.003
33 Wi, 0405 0000294 1029 " 1 028 1 001
30 WL 0.400 0.001000 1.008 " 1.008 1.000
G NN TR DR S TN DI R 6 AP B S TR

42 WL 0385  0.000i64 _ 1.028 " 1.0390  0.989

Table 4.16. Nermalized values of the simulated professional fe_tio for A '.01_6,7_2

Test Residual o,, Out-of- P Ps.=mrA/l4b  p, Pa
ne. stress 5 straightness o M o= P
code Y A/l ey
12 none 0.0 0.000595 1.164 -107A/1.+1.227 1.163 1.001
25 none 0.0 0.000194 1.20v " 1.206 1.000
2 WwB 0.305 0.000595 1.031 -906A/:..+1.088 1.034 0997
7 W 0.305 0.000595 0.999 " 1.034  0.966
16 WB 0.305 0.000294 1.064 " 1.034 1.029
19 WB 0.305 0.001000 0.998 0.997 1.001
21 WB 0305 0000588 1.028 " 1.035 0993
23 WB 0.305 0.001000 1.001 0.997 1.003
46 WB 0.305 0.000500 1.040 1.043 0.997
31 WB 0.305 0.000330 1.063 " 1.058 1.005
14 WL 0.405 0.000595 0.970 -82.1A/L+1.088 0959 1.011
28 WL 0.405 0.000330 0962 0.981 0.981
36 WL 0.405 0.001000 0.907 " 0926 0.980
38 WL 0.405 0.000588 0979 0.960 1.020
40 WL 0.405 0.001000 0952 "~ 0.926 1.028
5 F 0.340 0.000595 1.052 -87.6A/L+1.066 1.014 1.037
45 WNR Y275 0.000595 1.019 -838a/L+1.032 1.005 1.019
47 WB 0221 0.000595 1.071 -922A/L+1.105 1.050 0.971
43 F 0.385  0.000328 1.024 -95.1A/L+1.134 1.077 0994
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Table 4.17. Normalized values of the simulated professiona' ~atio for A = 1.007

Test Residual o, Out-of- Ps ps_=mA/L+b Pe Ps
no. stress 5 straightness = Pn = P
code y A/L Seq
13 none 0.0 0.000191 1.397 -315A/L+1 446 1.389 1.008
26 nonc 0.0 0.000585 1.240 °© 1.262 0.983
49 none 0.0 0.001000 1.141 " 1.131 1.009
3 wB 0.305 0.000191 1.098 -135A/L+1.126 1.100 0.998
8 w 0.305 0.000191 1.096 " 1.100 0.996
17 wB 0.305 0.000294 1.07¢ " 1.086 0.993
20 wB 0.305 0.001000 0.988 " 0 991 0.997
22 wB 0.305 0.000588 1.042 " 1.047 0.995
24 wB 0.305 0.001000 1.000 " 0.991 1.009
ar Wwi3 0.305 0.0000183 1.137 “ 1.1:4 1.012
29 WL 0.405 0.0000183 1.020 -114A/L+1.028 1.026 0994
34 Wl 0405 0.000294 0.980 " 0.995 0.985
37 WL 0.405 0.001000 0.90v6 " 0.914 0.991
39 Wi, 0405 0.000588 0972 " 0.961 1.011
41 WL 0.405 0.001000 0936 NQ914 1.024
18 wB 0221 0.000191 1.209 -118.2a/L+1.051 1.050 1.024
14 F 0.375 0.0000182 1.076 -184.6A/L+1.214 1.173 1.024

different slenderness parameters are giver: in Table 4.14 as p, and V,
respectively. The mean values in each case is nearly equal to 1.00 and

the coefficients of variation are small.

4.4.5. Experimental factor

In Table 4.18, the results of six computer simulations are compared
with the experimental results of Mcfalls and Tall (1969). All strengths
have been non-dimensionalized by dividing by the yield capacity of the
column. The mean value of the experimental/computer simulation
value is 0.993 with a coefficient of 0.204 when test 3 on the 12H79 at a

slenderness ratio of 90 is excluded for not meeting Chauvenet's cri-
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Table 4.18. Professional factor relating experimentai
strengths to strengths predicted by NISA

]

oot EXP
Section - Ci/Cy Pe = Nisk
NISA EXP.

12H79 30 0.976 0.97 0.994
60 0.769 0.76 0.989
90 0.619 0.68 1.098

14H202 30 0.970 0.97 1.000
60 0.824 0.84 1.019
90 0.665 0.64 0.963

terion for outliers These values are given in Table 4.14.

This comparison is compromised to some extent because the exper-
imental results were reported to only two significant figures. It is
expected that if detailed measurements of pertinent geometric and
malerial properties had been available that the computer simulations
would produce results consistently closer to the experimental tests
such that p,, would be closer to 1.00 with a smaller coefficient of varia-
tion than that obtained in the study. It is also expected that no simula-
tion would fail Chauvenel's criterion for outliers. This statement is valid
as long as the computer simulations have the capacity to model the
behaviour observed in the laboratory. Further testing to confirm the

computer simulations is therefore seen as being crucial.
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4.4.6. Summary

The professional factors are given in Table 4.14 for the three
slend. . ness parameters studied, for the case when the reference
strength taken from the standard is based on clause 13.3.1 of CSA Stan-
dard S16.1 and when it is based on clause 13.3.2. The only factors that
change in the second case are the values p; and thus pp. These differ by
a factor of the ratio of the predicted strengths of clauses 13.3.1 and
13.3.2 which are 0.9521, 0.8817, and 0.8187 for the three slenderness
ratios. The strengths predicted by clause 13.3.1 are lower than thosce
predicted by 13.3.2 for given slenderness ratios and, thercfore, the
valucs of pg when based on clause 133.1 are higher than those when

based on 13.3.2.



Chapter 5

fivaluation of the Performance of WWF Columms

5.1. Resistance factors

liquation [2.14] is used to calculate resistance factors based on the
data asscmbled in Table 5.1 using a coefficient of separation, a, of 0.55,
and a reliability index, 8, of 3.0 consistent with limit states design of
building in Canada. Resistance factors are evaluated at the three values
of the slenderness parameter studied and for use with the column

resistance equations given in Clause 13.3.1 and 13.3.2 of CSA Standard

S16.1.

The high (and relatively uniform) values of the resistance factor
obtained with equation 13.3.1 indicates that this equation is conserva-
tive for usce with WWF columns and that within the range studied the
predicted strengths could be increased by 1.074/0.90 = 1.19 times and

still maintain a resistance factor of 0.90.

Clause 13.3.2, on the other hand, gives resistance factors that vary
from 1.14 to 0.99 times the current valuec of ¢, within the range of A

values studied. Although a value of ¢ of 0.90 could be used for X =
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1.007. as is currently used in CSA standard S16.1, it is too conservative
for the lower slenderness parameters and does not fit the data well.
Clause 13.3.2 is inappropriate for use with a constant value of the resis-
tance factor, as is deemed, without being unduly conservative at lower

values of A
9.2. Proposed column curves for WWF's

5.2.1. Usc existing clause 13.3.1

The existing column curve given in clause 13.3.1 can be used with a
resistance factor of 1.07 within the range of slenderness studied to

maintain a reliability index of 3.0.
9H.2.2. Use a resistance factor of 0.90

H.2.2.1. A seccond degrec curve

Having established factored resistances for three values of X equal
Lo the resistance factors given in Table 5.1 for use with Clause 13.3.1, a

second degree curve can be fitted to this data, thus

[5.1a] Cr = $AF,[A+0.336B+0.336%C] = 1.074AF f(\)
|5.1b] Cr = $AF,[A+0.672B+0.6722C] = 1.087AF,f(\)

[5.1c] Cr = ¢AF,[A+1.007B+1.007%C] = 1.075AF,f(X)

where f()\) is the appropriate equation from clause 13.3.1, evaluated at
the respective values of X\, as used as the basis of comparison with the

current value of ¢ of 0.90. Solving these equations gives
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[6.2] Cr = $AF,[1.201-0.106X—0.365)%]

This is valid over the range of A's studied only and of course must not
exceed 0.90AF,. This latter limitation restricts its use to values of X\
greater than 0.611, or stated in a more positive sense, no reduction in
column strength with slenderness is necessary for values of X less than

0611 to maintain a safety index of 3.0

[t has been tacitly assumed that it is valid to use all the statistical
parameters used in developing the resistance factors. These include the
coefficient of variation Vi and the measured/nominal ratio py both of
which depend on Clause 13.3.1. They actually should be modified in
accordance with the proposed equation but the effect is not considered

to be large.

5.2.2.2. Modification of existing clause 13.3.1

The current Clause 13.3.1, valid over the range 0.16<X<1.000, is
[6.3] Cr = ¢AF,(1.035-0.202)\—0.222)%)
results in resistance factors of about 1.07 or 1.19 times the current

value of 0.90. The above equation could therefore be modified using

$=0.90 by multiplying f()\) by 1.19 thus,
[5.4] Cr = $AF,(1.232-0.2407\—0.264)%
This is virtually indistinguishable from [5.2] when plotted and is valid
for \>0.587. This confirms that it was valid to use the coefficient of vari-

ation V; and measured/nominal ratio gy in the previous derivation in

522.1.
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Chapter 6

Concluding Notes

Summary and conclusions

1.

Data on the magnitude, variation and typical residual stress
patterns for welded H shapes were developed from the litera-
ture. The mean values of the average compressive residual
stress and its coefficient of variation were established.

Fifty computer simulations of compression tests on initially
out-of-straight welded wide flange sections with a variety of
residual stress patterns characteristic of WWF sections and
bent either about the strong or weak axis, were performed
using the finite element program NISA. The load-deflection
response of two column sections, a 12H79 (WWF 305x312) and
a 14H202 (WWF 356x300) was obtained at values of the
slenderness parameter of X\ of 0.366, 0.672, and 1.007 Th:
out-of-straightness investigated ranged from near zero tc the
tolerance limit of 1/1000.

Statistical data on yield strengths, geometric properties and

out-of-straightness were collected during a site visit to
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Algoma Steel in Sault Ste Marie, Ontario. The data on yield
strengths were supplemented by a limited number of tests
conducted at the University of Alberta. The modulus of elasti-
city was also evaluated statistically from these tests. All data
were used to establish measured/nominal ratios and
coefficients of variation of the geometric and material proper-
ties and out-of-straightness.

The professional factor, relating the test or experimental

strength to that predicted by a design equation (Clause 13.3.1

»f CSA Standard S16.1-M84), was evaluated sequentially for

each value of the slenderness parameter X\ by:

(i) determining the mean value of the professional ratio
corresponding to the mean values of out-of-straightness
and average comgrcssive residual stress,

(ii) multiplying this value by a ratio, normalized to exclude
the effect of out-of-straightness and residual stresses
and thus account for other factors such as variations in
residual stress patterns, axes of bending, and the use of
heavy or light scctions, and

(iii) multiplying by the mean ratio of experimental strengths
to those determined by computer simulation.

The coefficient of variation of the professional factor was

evaluated sequentially in four steps:

(i) that due to the variation in out-of-straightness,
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(iil) that due to the variation in the average value of
compressive resic .l stress,

(iii) that due to variation in residual stress patterns and the
like, and,

(iv) that due to the variation in the experimental
strength/computer simulation strength ratio.

The statistical evaluation shows that the factored resistance

of WWI"s within the slenderness ratio studied (A = 0.336, 0.672,

and 1.007) is 1.19 times that given by Clause 13.3.1 of CSA

Standard S16.1-M84. Comparisons with Clause 13.3.2 give

variced results.

Three proposals are given for determining the factored

compressive resistance of WWE’s. These are:

(i) Use of existing Clause 13.3.1 with a resistance factor of
1.07

(11) A new second degree curve used with a resistance factor
of 0.90

(i) Modification of Clause 13.3.1 used with a resistance fac-

tor of 0.90
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6.2. Further research

In some sense this sti'! can be considercd to be preliminary in
nature in that the entire spectrum of work that could have been
covered was far too extensive. In some cases data gleaned from the
literature were limited. This work has, however, established an effective
method of assessing out-of-straightrss, residual stresses, and residual
stress patterns. It has shown that current design equations are conser-
vative for WWF's in the range investigated by a factor of 119 tlimes.

Areas of further research touch on many of the facets of this work.

These are:

(1) re extensive analysis of both sweep and camber based
iata collected at the mill and confirmation of sizes of

. .aples.
(Q) More extensive analysis of mill yield strengths correlated
with static tests that also provide data on the modulus of
elasticity. This study should include variations in yicld

strengths across the width and over the length of the

plate.

(3) Sampling of Algoma’s production to determine variations
in the level of residual stresses and residual stress pat-

terns for shapes of different weights.

(4) Extending the computer simulations over a broader
range of slenderness parameters to include columns with

values of A up to 3.6
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Physical tests of Algoma production, once all properties
are established, to verify the ratio of test strength to the
computer simulation developed here.

Computer analysis in which warping of the section is
allowed and compared to test results in columns having
significant out-of-straightness about both axes would be

valuable.
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