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Fig. 3.3 Residual-stress distribution in rolled wide-flange shapes.
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The effect of steel grade on the residual-stress distribution is not as great as
the effect of geometry (Tall, 1964). Residual-stress measurements in the flanges
of similar shapes made of different steel grades show that the distributions and
magnitudes of the residual stress are similar and it is here in the langes  that
residual stresses have a major effect on the column strength of 11 shaped sec
tions.

Calculated critical-load column curves based on the residual stresses found
in the five particular shapes of Fig. 3.3 are plotted in Fip. 3.5 for buckling
about the minor axis, along with maximum strength column curves determined
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Fig. 3.4 Residual-stress distribution in W14 x 730 shape.

by computer analyses and based on a combination of the measured residual
tresses and an initial curvature equal to the maximum tolerated by the ASTM
Ao standard.

I'o mterrelate the residual stress and initial curvature effects systematically,
cutensive column strength analyses were made at the University of Michigan
(Hatterman and Johnston, 1967). The studics included yield stresses of 36, 60,
v 100 kst (248, 414, and 689 MPa); maximum compressive residual stresses ol
010 and 20 ksi (0, 69, and 138 MPa); five curvatures corresponding (o initial
mndlenpeth out-of=straightness ranging from 0 to 0.0047.; and slenderness ratios
tangimy from 20 (o 240, Emphasis was on buckling about the minor axis, and
the results of this condition are presented graphically in the work by Batterman
ind Johnston (1967), permitting maximum-strength evaluation within the
pange ol the parameters cited. On the basis of o maximum residual stress ol
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Fig. 3.5 Critical-load curves for straight columns compared with maximum-strength
curves for initially curved rolled steel W-shapes.

13ksi (90 MPa), which is the scaled average maximum for the five sections
shown in Fig. 3.3, together with a yield stress of 36 ksi (248 MPa), the maxi-
mum column strength predicted by Batterman and Johnston is shown by the
solid circles on Fig. 3.5. The solid curves are from an analysis neglecting the
webs. Although the shapes and residual stress distributions are different, there
is good correlation between the two independently developed analysis proce-
dures. These findings are also corroborated by those of a wide-ranging inves-
tigation of column strength (Bjorhovde, 1972), which examined the behavior
and strength of a large and diverse number of structural shapes. The computa-
tional procedure is very accurate but requires knowledge of the residual stresses
and the out-of-straightness. In the study performed at Lehigh University
(Bjorhovde, 1972), the full range of structural steel grades and shapes was
examined, as well as a number of welded build-up box and H-shapes.

The results obtained by the studies of Batterman and Johnston (1967) and
Bjorhovde (1972) show clearly that:

1. The separate effects of residual stress and initial curvature cannot be
added to give a good approximation of the combined effect on the maximum
column strength. Thus in some cases and for some slenderness ratios, the
combined cffect is less than the sum ol the parts (imtermediate slenderness
ratios, low residual stresses). Inoother cases the combined effect s more than

the sum ol the parts, ‘The Tatter apphies to the intermediate slenderness ratio
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range for heavy hot-rolled shapes in all steel grades and for welded built-up H-
“hapes. It is emphasized that the magnitudes of the maximum compressive
residual stresses in a large number of these shapes were 50% or more of the
vicld stress of the steel itself.

2. Residual stress has little effect on the maximum strength of very slender
columns, either straight or initially crooked, which have strengths approaching
the Euler load. However, such columns made of the higher-strength steels can
lolerate much greater lateral deflection before yield or before becoming
unstable.

3. Strengths are slightly underestimated in a computer analysis when bascd
on the assumption that an initial crookedness in the shape of a half-sine wave
remains a half-sine wave during further loading.

4. Differences in column strength caused by variations in the shape of thc
residual stress pattern are smaller for initially crooked columns than for in
iially straight columns.

More recent data on the residual stresses of very heavy hot-rolled shapes
confirmed the findings of Brozzetti et al. (1970a) and demonstrated further that
the relative maximum column strength (i.e., computed maximum strength
divided by the yield load) reaches a minimum for flange thicknesses around
i 1o 4in (75 to 100 mm). The relative strength increases as the flange thickness
cxceeds this magnitude (Bjorhovde, 1988; 1991).

Welded Built-Up Columns. Residual stresses resulting either from welding
or [rom the manufacture of the component plates have a significant influcnce
on the strength of welded H- or box-section columns. The maximum tensile
residual stress at a weld or in a narrow zone adjacent to a flame-cut edge is
cqual to or greater than the yield stress of the plates (Alpsten and Tall,
1970; McFalls and Tall, 1970; Alpsten, 1972a; Brozzetti et al., 1970b; Bjou
hovde et al., 1972). Welding modifies the prior residual stresses due cither (o
(lime cutting or cooling.

Iigure 3.6 shows that the strengths of welded columns made of highei
strength steels appear to be influenced relatively less by residual stresses than
are the strengths of similar columns made of lower-strength steels (Kishima cf
al.. 1969; Bjorhovde, 1972). It is also evident that the differences in strengths of
columns with the maximum permissible initial crookedness are less than (he
differences in critical loads of initially straight columns (see ig. 3.5)

As shown in Fig. 3.7, plates with mill-rolled cdges (universal mill plates)
have compressive residual stresses at the plate edges, whercas Tame-cut plates
have tensile residual stresses at the edges. In built-up Heshapes made of uni
versal mill plates, the welding will increase the compressive stress at the (lanpe
tips, enlargimg the region of compressive residual stress and adversely affecting
the column strenpth. Thus, as illustrated i Fig 3.8, an Heshape column made

from Hame-cut plates will have favorable tensile residual stresses at the langpe
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Fig. 3.6 Critical-load curves for welded WW12 x 79 of flame-cut plates compared with

maximum-strength curves for initially curved members (Kishima et al., 1969;
Bjorhovde, 1972).

[ ] [ Il
Before Before
welding weldin
c mm ﬂﬂl c ¢ & 2
T T T T
C = compression
T = tension
O —+ ] [ ot n
C C
After C m“" After
welding [ q welding
(top surface) (top surface) T
T
T
(a) (h)
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e It therelore exhibits greater column strength than that of a column of the
tie section with flanges consisting of a universal mill plate in which both
colled edpes are retained. It is also seen that for short welded columns, the
i strength of an initially curved column may in some cases be greater
thin the eritical load of a straight column. Obviously, the maximum strength
[ anmitially straight column will always be greater than the critical load of the
e column,
dienpth differences between box section columns made of universal mill
sl e cul plates are relatively small, because the edge welds override the
ilial stresses in the component plates (Bjorhovde and Tall, 1971). The
jience of welding can be a significant factor for such columns, particularly
for those with large welds (Beer and Tall, 1970).
cialmvestigations have considered the effects of column size. It has been
Bioown (lashima et al., 1969; Alpsten and Tall, 1970; Brozzetti et al., 1970b;
Hioihiovde ¢ al, 1972), that welding has a greater influence on the overall
Lotiibntion of residual stress in small and medium-sized shapes than in the
ol heavy shapes.
e distiibution of residual stress in heavy plates and shapes is not uniform
thivonph the thickness (Brozzetti et al., 1970a; Alpsten and Tall, 1970). As

ke mereases, the difference between surface and intertor residual stresses

tey b much as 1O kst (69 MPa). As an example, Fig. 3.9 shows an isostress

Baprnm for o heavy welded shape made from flame-cut plates. However, it has
Been tound that calculated critical Toads and maximum column strengths are

wily oo tew percent less when based on the complete residual-stress distribu
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Fig. 3.9 Isostress diagram for WW23 x 681 welded built-up shape (stresses in kips per
square inch) (Alpsten and Tall, 1970).

tions, as compared with analyses that assume the stress to be constant through
the thickness and equal to the surface-measured residual stress.

In general, shapes made from flame-cut plates exhibit higher strength than
shapes that are made from universal mill plates. This is demonstrated by the
curves in Fig. 3.10. Similarly, flame-cut shapes tend to have strengths that arc
comparable with those of similar rolled shapes, whereas universal mill shapes
tend to be comparatively weaker (Fig. 3.10).

Figure 3.11 compares the strengths of two typical welded columns with
flame-cut flange plates, and one being distinctly heavier than the other. It is
seen that the heavier shape tends to be relatively stronger than the lighter one
This is even more accentuated for shapes that are welded from universal mill
plates; for these the strength of the lighter shape will be significantly lower than
(he heavy one (Bjorhovde and Tall, 1971 Bjorhovde, 1972). This is the reason
the Canadian Standards Association in its limit-states desipn standard has
since 1974 required that welded built-up shapes can only be made from

flame-cut plates In o major study, Chernenko and Kennedy (1991) examined
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fensive range of welded built-up wide-flange shapes. In addition to per

fominye maximum-strength computations for columns with a varicety ol resi

fal ctrens distributions and out-ol=straightnesses, the work also examined

Crtetienl data on o material and other properties. Resistance factors for use

Gt T RED criterin Tor welded columns were developed. 1t s shown thit
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of L/500, L/1000, and L/2000 (Bjorhovde, 1972).

1983, 1984), and Shen and Lu (1983), among others. In addition, the analysis
of frames with semirigid connections has been dealt with in several studics
(DeFalco and Marino, 1966; Romstad and Subramanian, 1970; Frye and
Morris, 1975; Ackroyd, 1979; Lui and Chen, 1988; Nethercot and Chen,
1988; Goto et al, 1993, King and Chen, 1993, 1994: Kishi ¢t al.. 19932 and

b. The column investigations have examined different aspects ol restramed

member behavior: specifically, determumimg the influence ol

RS SV

Fig. 3.15 Column curve bands for 112 columns, based on initial out-of-straightnesscs
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| Iype of beam-to-column connection

I ength of column
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| Initial out-of-straightness

i ati rift charac
Il (rame analysis studies have focused on evaluations of the drift cl

U of frames with less than fully rigid connections, .in part pro.mpt.cdlh:v .:l‘
fuly by Disque (1975). However, frame-related subjects of this kind arc

1l (he scope of this chapter. In fact, connection flexibility and member

iy are closely related, and their interaction effects can have a significant
Lihicnee on the overall performance of the frame.

would be intuitively expected, the stiffness Qf t.he restraining c01‘m~ccl‘ :(:u‘\l
Ctigor factor. One illustration of the influence is given by th.e Md—.g‘cuxl vlL..”d
' 1 another by the load-deflection curves for columns Wll'[.h i e‘ru;] C ,
At that are shown in Fig. 3.17 (Jones et al., 1.982). A Bptlsh V\./lt.t,: lan):
i wos used for the data generated for Fig. 3.17 incorporating an 1111111{1‘ .Ul‘l\\
't hiness of L/1000. The curves that are shown apply for a slendernes:

Lt ol 120 (A = 1.31), but similar data were developeq for longer as wc‘ll' as
! Lo Columns, Other investigators have provided additional load-deflection

(e primary differences between the in.dividual stludies are foumj‘n;l:]l:(‘-
L ihieds ol column analysis and end-restraint modeling, but the rgs:n{)mp‘,
e very similar (Jones et al., 1980, 1982; Razzaq and Chang, ),

oo | ‘hen, 1982). .
: .‘ ”, .' \ ||”;l;|(ls‘::;]ncludez the load-deflection curve for. a pm—.ended Cf)!tll'll.l'l.l
Wlent the ereater the connection restraint, the stiffer will be th(,”ln-l.l'ltll
hiine ol the miumn, and the greater the maximum loa.d that can bc ‘Ll“m.lf«“
i diped 1o o pin-ended column. The same rela"uve picture emer‘gvcs .T|l ‘tl »
e atios, although the magnitude of the increase becomes small o1

0 >SS ,
|1|I i I.lll‘l’u;lul;‘l(lli(l:x of the influence of end restraint is given' by the (F;ll(l mn
1 which shows column strength curves for mcmbcrsrwnh uwvm'lcl‘y |“‘.
dions (Jones et al., 1982; Lui and Chen, 19'8311). T'he _cll‘cc_t‘ o‘l. l‘.u
o ype 1s again evident, as is the fact that the influence dlmm,lh.h;:R((”‘
e Also included in the figure is the Euler curve, as well as S
(o hovde, 1972).

i I:). |l|.|,\'<‘:‘l vllln:nl/tl)lc connections that were used ln‘dcvvclop the “).I“m,nl
Chae bR are all of the “simple™ type. The potential for ll?c structura
V Mt may be pained by incorporating lhc. end n‘slr»;un( um‘» lll‘,(,‘
g desipn proceduare is clear, although the realistic ranges lot the values

| ¢ ol braci educe frame
e borne in mind and the possible use of bracing to redu

S s considered

ening semirigid frames with flexible base jonts must be considen
' ! ' eloeel: / neld stresses

(o1 2 have been delineated in Fig. 318 for steels with yield |
I b + 0 / I T8l ll
Ak (248 and 345 MPa). Consequently, the very larpge colum

40 sy oare real
cennen that have been reported by geveral researchers a
boncreanes th ¢
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A computerized maximum strength analysis was performed first on basic
data available from carefully constructed column tests performed at Lehigh
University, and it was demonstrated that the method of numerical analysis
gave an accurate prediction of the test strengths. Next, a set of 112 column
curves was generated for members for which measured residual-stress distribu-
tions were available, assuming that the initial crookedness was of a sinuosoidal
shape having a maximum amplitude of 1/1000 of the column length and that
the end restraint was zero. These shapes encompassed the major shapes used
for columns, including rolled and welded shapes from light to heavy dimen-
sions. The column curves thus obtained represent essentially the whole spec-
trum of steel column behavior. The resulting curves are shown in Fig. 3.22.

Bjorhovde then observed that there were definite groupings among the
curves, and from these three subgroups were identified, each giving a single
“average” curve for the subgroup (Bjorhovde and Tall, 1971; Bjorhovde,
1972). The resulting three curves are known as SSRC column strength curves
1, 2, and 3, and they are reproduced in Figs. 3.23 through 3.25. These figures
contain:

1. The number of column curves used as a basis for the statistical analysis
and the width of their scatter band

2. The calculated 2% and 97% percentile lower and upper probability limits
for the particular set of curves

3. The column types to which each of the three curves is related
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1.0

Column strength curve 1
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of column curves that
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Algebraic representations of the three column strength curves were obtained

by curve fitting, and the resulting equations are as follows;

SSRC curve 1:

For 0 <A <0.15

For0.15<Xx<1.2
Forl2<x<1.38

For18 <A <28

For A > 2.8

0, =0y,
0, = 0,(0.990 + 0.122% — 0.36717)
0, = 0,(0.051 4 0.80117%)
0, = 0,(0.008 + 0.9421.7%)

o, = ay)fz (=Euler curve)

b b

SSRC curve 2:

1. ForO0<aA<0.15 0, =0,

2. For0.15<i<10 o,=0,(1.035—0.2021 — 0.222)2)

3 Forl0<2<20 o0,=0,(-0.11140.6361"+0.08747%) 0 (3.11)
4. For20<i<36 0,=0,0.009+0.877172)

5. ForA=>36 o, = ay)fz (=Euler curve)

SSRC curve 3:

1. For0<A<0.15 0, =0,

2. For0.15<i<08 o,=0,(1.093 —0.6221)

3. For08<1<22 o0,=0,(-0.128+0.7072"" —0.102272) » (3.12)
4. For22<i<50  g,=0,(0.008+0.792172)
5

For » > 5.0 o, = ay)fz (= Euler curve)

These expressions can also be represented quite accurately (maximum devia

tions —2.1 to 43.6%) by one equation (Rondal and Maquoi, 1979; Lui and
Chen, 1984):

G' 2 '77
(nziéq}- 0* —4x%) <o, (3.13)

where

O 1w 015 1 A"

(3.14)

and

(3.10)

351

s (

i

than 3

|

i i i in a double exponential
\nother expression using a single parameter n in a . i
(opresentation, as used in CSA Standard S16.1-94 (CSA, 1994, Loov, 1995), 1s

curve 1P:

lor 0 <a<0.15

For0.15<A <12
lor 1.2<x <18
lor 1.8<A <26
l'or A > 2.6

curve 2P:

lor 0<x<0.15

For 015 <2 <10
For 1.0=x <138
bor 18 <A<32
lor A - 3.2

cuive 3P

For 0 A= 015

For 015 - & - 08
For 08 - A = 2.0
Por 2.0 A - 4.5

For A 4.5

il
o, = Fy(l + )\2n) n
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0.103 for curve 1
0.293 for curve 2
0.622 for curve 3

(3.15)

ire = 2.24 for curve 1, 1.34 for curve 2, and 1.00 f(?r curve 3 (the latter 1s
t Llilized in the CSA standard). These expressions give strengths generally
‘lin 1% of the polynomials of Egs. 3.10 through 3.12, and are never more
Yo di rent. o
H|nrh:jdf: (1972) also developed multiple column curves where the lmltlflﬁ

Wit ol straightness was equal to its mean Valug Qf 1/1470 of the columr; 1elng !
(i 1 ! 14). The mathematical equations describing these curves are as follows:

0, =0y )
o, = 5,(0.979 4 0.205% — 0.42317)
o, = 0,(0.03 +0.842177)

o, = 0,(0.018 4 0.88117%)

o, = ay)fz (=Euler curve)

(3.16)

0, =0y

o, = 0,(1.03 = 0.158% — 0.2061%)
o, = 0,(—0.193 + 0.8031~" +0.0561 %) ¢ (3.17)
o, = 0,(0.018 + 0.815,7%)

-2
o, = Uy)‘

— (T_\'
~0,(1.091 — 0.608%)
0, — a,(0.021 +0.38507" + 0.066172) % (3.18)

o, 0,(0.005 4 0.9% %)

0, 0, " luler curve)
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Fig. 3.26 European multiple column curves, recommended by the European
Convention for Constructional Steelwork (ECCS 1978). (Based on initial out-of-
straightness, o = 0.001L.)

tabulated for use with effective-length-factor alignment charts, or should the
design curves implicitly contain minimal end restraints? The latter approach
was used in the development of the AISC-LRFD column curve, which is bascd
on an implicit end restraint producing an elastic effective-length factor of (.96
(G = 10), as well as an initial out-of-straightness of 1/1500 of the length.

Summary. In the previous discussion on the strength of steel columns a
number of alternatives were presented. Specification writing groups need (o
make decisions to select the column curve satisfying their needs and wishes
The necessary theory is available to do so, and much information is on
hand. Tt is the SSRCs firm opinion that design criteria for steel columns
should be based on the inittially crooked column with residual stresses. With
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Column Curve Selection Table

‘ Specified Minimum Yield Stress of Steel (ksi)
j i ahirication Details Axis <36 |37t049|50t059|601t089| =90
F Light and medium | Major 2 2 1 4 1
| o= I“ 7”':(.1 W-shapes Minor 2 2 2 1 1
B Heavy W-shapes Major 3 2 2 2 2
[ (flange over 2 in.) | Minor 3 3 2 2 2
| Welded Major 2 2 2 1 1
: ) Flame-cut plates Minor 2 2 2 2 1
| Universal mil Major| 3 3 2 2 2
| thahapos plates Minor 3 3 3 2 2
: el Flame-cut and Major 2 2 2 1 1
universal mill
Jhapes plates Minor 2 2 2 1 1
[ Major N/A 2 2 2 2
[ iviare and Cold-formed Minor N/A 2 2 2 2
| Asuiamis Hot-formed and Major 1 1 1 1 1
[ cold-formed heat-
| Fube treated Minor 1 1 1 1 1
! pnilan Cold-formed N/A 2 2 2 2 2
il Hot-formed N/A 1 1 1 1 1
Major
i Al stions rolioved Shapes and
| Minor 1 4 1 1 1
I'ip. 3.27 Column curve selection table (Bjorhovde, 1972, 1988).
S concept as a basis, intelligent choices for column design can be made, rc

e e tational method of design.

= =7 Aluminum columns

Bizi=iial Properties. Alloying eclements, heat treatment, and working have
ntluence on all the essential properties of aluminum, with the excep
(the clastic modulus, which falls within the range 9900 to 10,200 ksi

() for other than aircraft alloys. In general engineering, a value

PO 000k (08 YGPa) s used.

Ll trenpth s more strongly influenced by heat treatment and working

(i ultiate strength. For heat-treated or strain-hardened alloys there s

v mcreased sharpness o the “knee™ between the clastic and plasti
Gec el spniicant for columns in the lower range ol slenderness ratios

fo i renson column formulas for aluminum alloys are divided into (wo
o hent treated and non-heat-treated, which reflect the differing ratio
Vloys that are solution heat-treated but not artificially aged, seldom

b enpmectmg, fall i the non-heat-treated proup. Guaranteed values for
G b strenpth, detined by the 0.2% offset, and the ultimate strength are

b hed at tevels at which 99% of the material s expected to conform at a



