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Chapter 8.  Shells

a. REGIONAL RECOMMENDATIONS

JAPAN

(There are no regional recommendations in Japan.)

NORTH AMERICA

(Key Document:

CYLINDRICAL SHELLS—HYDROSTATIC PRESSURE

The critical pressure in the elastic range is
__C8E (5)2
P = A= \d

where

E = Young’s modulus
¢t = thickness
d = diameter
u = Poisson’s ratio
C1 = a constant which can be determined from a curve
given in the Guide

Commentary—The above formula applies to elastic
buckling of unstiffened shells or elastic buckling between
stiffeners of stiffened shells. Additional procedures are given
in the Guide to calculate the inelastic buckling pressure and
to deal with overall buckling of stiffened shells.

SSRC Guide?')

SPHERICAL SHELLS—EXTERNAL PRESSURE

The critical pressure is
2
por=SnE (tﬂ) X
,

3
”0.21 (ZA—)Z +0.0715 (f—"i)}/z

m m

1/2

—0.459 tA]

m

where

n = plasticity reduction factor

E = Young’s modulus

A = deviation from perfect surface
effective membrane thickness
effective bending thickness

tm

tB

A method is given in the Guide for calculating 7, ¢,, and
tB.

Commentary—This formula applies to stiffened and
orthotropic shells as well as to unstiffened isotropic shells.
The formula can account for imperfections of any magni-
tude.

WEST EUROPE

(Key Document:

The March 1978 edition of the ECCS Recommendations
does not contain any rules regarding the design of shells.
A first draft of such rules is to be found in Chapter 10 of the
ECCS Manual?, used as the Introductory Report for the
Second International Colloquium on Stability. The fol-
lowing summarizes the February 1979 draft of those
rules.
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ECCS Recommendations??#)

UNSTIFFENED CYLINDERS SUBJECT TO
MERIDIONAL COMPRESSION

For the rules to apply, //7 may not exceed 0.95 v/7/¢ and
the maximum inward imperfection measured from a
template of length /, = 4 \;;‘t may not exceed 0.02/,. If it

exceeds 0.01/, , the given reduction factors o must be
halved.
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Figure WES8.1

The strength condition 64 < ok must be checked, g4
and ok being the factored acting meridional compressive
stress and the design value of the buckling stress, respec-
tively. The ratio o,/ 0, is given (Fig. WES8.1) as a function
of the slenderness parameter A = v/ ¢,/« 0., , where

0. = 0.605E(t/7) (WES.1)
ox/0, =0.75/\2 when X\ = /2 (WE8.2)
=1-04123\12 when A <+/2 (WE8.3)

The reduction factor « is given numerically as a function

of r/¢ for:

1. Axially loaded cylinders.

2. Cylinders subject to pure bending.

3. Cylinders subject to compression and bending.

4. Cylinders subject to axial compression and an internal
pressure p.

In case 4, a depends also on pr\/ 7/Et\/t. The values of
« are derived from the lower bound of a cloud of experi-
mental points. Equation (WE8.2) contains an additional
partial safety factor v = 4/3 which accounts for the high
imperfection sensitivity of meridionally compressed cyl-
inders.

CYLINDERS UNDER UNIFORM EXTERNAL
PRESSURE

The rules apply if the out-of-roundness does not exceed
0.5% of the radius. The strength requirements are:

For the cylinder: py < pgx where py and pg are the de-
sign values of the acting external pressure and of the
buckling pressure.

For the stiffening rings: Considering both direct stresses
and bending stresses, the latter due to an assumed out-
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of-roundness of 0.5%, the pressure 4p,/3 shall not cause
the stiffener flange to yield.

The requirement relating to the ring is detailed for “light”
and for “heavy” stiffeners, the latter being capable of re-
taining circularity. As to the cylinder wall proper, px/p,
is obtained from Fig. WE8.2, where p, is the pressure
causing the highest circumferential direct stress in the wall
to reach o, , and p,, is the lowest bifurcation pressure on
a perfect elastic cylinder, given by a formula which is a
slight modification of the von Mises formula. The abscissa
in Fig. WE8.2 is

N=Vb,/per (WEB8.4)
The curve in Fig. WE8.2 represents the lower bound of
many experimental results.
CYLINDERS UNDER COMBINED AXIAL LOAD
AND EXTERNAL PRESSURE

The strength requirement
9d 4 bd oy (WES.5)
0Kk Pk

reflects Dunkerly’s straight interaction line.
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UNSTIFFENED SPHERICAL SHELLS UNDER
UNIFORM RADIAL PRESSURE

The strength condition p; < px must be checked. The ratio
of the design value pk of the buckling pressure to p, =
2ta,/r is obtained from Fig. WE2, where the abscissa is

_\

=\/_ﬂk_
bor 0.605(E

hy (WES.6)

The ordinates of the curve in Fig. WE2 are those of a lower
bound of experimental points, divided by the additional
partial safety factor v = 4/3 in order to take into account
the high imperfection sensitivity of radially compressed
spheres. The design curve only applies to spheres which
are spherical to within 1% on radius and whose radius of
curvature, based on an arc length of 2.4 \/t, does not ex-
ceed the nominal value by more than 30%.

EAST EUROPE

(No regional recommendations on shells from East Europe)

b. SPECIFICATIONS AND CODES

JAPAN

AlJ STANDARD FOR STEEL STRUCTURES

Diameter-to-thickness limitations of steel circular tubes:

a) Allowable stress design:

D _ 23,540

—=<—= 8.1

=< =2 gJs.1)
b) Plastic design:

D _ 11,770

— <= 2

- (J82)

where F is the specified minimum vyield stress in MPa.

Commentary—Equation (J8.1) is specified under the
condition that a tube subject to axial compression should
not buckle until the axial stress reaches the yield stress.

Equation (J8.2) is specified under the condition that a
tube should not buckle and unload until the axial strain
attains eight times the yield strain.

NORTH AMERICA

North American codes contain little if any information
regarding shells.

WEST EUROPE

Very few national codes in Western Europe contain rules
relating to shells.

Great Britain (BS 5500, 1978)

BS 5500 provides rules for stiffened cylinders and cones
subject to external pressure and for radially loaded spheres
or dished ends of pressure vessels. The specifications re-
lating to cylinders are equivalent with the ECCS draft. In
fact the ECCS draft is a rewrite of BS 5500. The British
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specification relating to spheres differs only from the ECCS
draft by the use of a somewhat lower overall safety factor.
Meridionally compressed cylinders are not dealt with in
BS 5500.

Austria (Onorm B 4650—Teil 4, 1977)

The norm considers only cylinders. Axial load, bending,
combined axial load and bending, external pressure,
combined axial or eccentric load, and external or internal



pressure are treated. For the basic case of axial loading,
Onorm B 4650 does not differ substantially from the ECCS
draft, but it does provide a rule for long cylinders. The
Austrian rules for stiffened cylinders under external
pressure are simpler than the ECCS rules. The code states
that geometrical imperfections unavoidable in construction
practice are covered by the reduction factors, but no specific
limitation of the shape imperfections is laid down. Speci-
fications concerning stepped cylinders are being prepared
by the Austrian code-writing body.

Germany (Draft)

The German Arbeitsgruppe Stabilitdt-Schalen is pre-
paring a code pertaining to shells. To the best of the writer’s
knowledge the specifications will be in keeping with the

general ECCS philosophy and the ratio of the buckling
stress ¢x or pressure pg to o, or p, will be given as a
function of the ratio of o, or p, to o, or p,.

Norway (Det Norske Veritas rules regarding
offshore structures)

The rules apply only when the structural imperfections are
within stated limits. They deal very comprehensively with
cylinders: unstiffened cylinders, ring stiffened cylinders,
stringer stiffened cylinders, and ring and stringer stiffened
cylinders, and with axial compression, bending, external
pressure, torsion, shear, or a combination thereof. Plasticity
is taken into account by means of a correction factor given
as a function of a slenderness parameter A which is quite
similar to the one used in the ECCS recommendations.

EAST EUROPE

Soviet Union
1. Limit stress (o) of axially compressed cylindrical
shells:
In the elastic range:
0y =0, =c (Et/R) (EE8.1)

where ¢ is given in Fig. EE8.1a, based on experi-
ments.
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Figure EE8.1

In the inelastic range a lower limit is given accord-
ing to Broude’s theory,?*° reducing the actual problem
to the analysis of an eccentrically compressed beam-
column on elastic foundation of effective length /* =
V21, (Fig. EE8.1b) and initial eccentricity a, as rep-
resented by Fig. EE8.1c. By further approximations,
results are given as limit stress o, ... [Chapter 5, Eq.
(EE5.8)] of a beam-column with fictitious slender-
ness

N=323vVR/t (EE8.2)
and initial eccentricity
e = e,(W/4)
ep = 1.2(a0/t)} (EES.3)

Formulae can be used only if tolerances in fabrication
and erection given in the corresponding codes are not
surpassed.

2. Limit stress of cylindrical panels under uniform me-
ridional compression:

If 562/Rt < 20, as represented in Fig. EE8.2
If b2/Rt > 20, given by Egs. (EE8.1) and (EES8.2)
3. Limit stress 0, = p,, /Rt of a cylindrical shell of length

{ under uniform external radial pressure p:
If0.5 < I/R < 10:

/2 E R )32

=0.6
33 (1 —12)¥4 |
R

3/2
=0.55 7 (1—%-) (Ref. 251) (EE8.4)
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% replacing factor 1/ v/3(1 = 2 = 0.606 in theoretical
o formula by 0.1 because of effect of imperfections.

~ _
In all cases further diminishing factors can be applied
—— taking into account special circumstances.
o % .
- Go N\ Czechoslovakia
Tml 0.8 =Y -3 TE t 12 Similar methods are adopted with concise formulae for all
m _, _TTE [t . :
20 -2 ‘ b ) steel grades, using no%g)n
Ous n= — (o) in MPa)
Ty
1 l 1 ] 1. If R/t < 50n*/3:
0 37 100 150 200 Oys = O'y/'Ym (EE88)
1 b
1+ T T If R/t = 180n*/3;
155t)3/2
Figure EE8.2 Ous = (T) -2 (EE8.9)
with linear interpolation between the two limits (Fig.
IfI/R > 20: EE8.4)
E ¢ )2
w =060 ——|=
7 #1—12) (R)
t\2
=0.17 E|l—= EE8.5
4 (EE85)

Effect of initial imperfections is taken into account
in both equations by factor 0.6.

4. Interaction of meridional and radial compression is 510 i 18,0, | L | L
expressed by 0 100 200 300 400 500 600
4
LA BIL)™3
Ous  Our vin
5. Limit load of a conical shell is given by Eq. (EE8.6), 0, Figure EES.4

being the limit stress of a cylindrical shell of radius R,.
In case of external pressure Eq. (EE8.4) can be used

5 S .
replacing R by R, (Fig. EE8.3). 2. If b2/Rt < 4, the cylindrical panel is treated as a

plate.
6. Limit stress 0,,, = p,R,/2t of a spherical shell under ) )
uniform external radial pressure p: If4 < b2/Rt < 20:
Tusp = 0.1E(t/R;) (EE8.7) For b/t < Ll:
1+—
\/ 2n?
} Gus = 03/ Ym (EE8.10)
_ 09R,+ 0.1R, For b/t > 587:
Re= —2 "0 or n:
2Ro e
& ! cos Bo 5212
~ 2R t Ous = |7~ n%(0y/Ym) (EES8.11)
}Z : \ Ny=2TRgt:Oy g cos?f,

with linear interpolation.

8.6
1N 8.5/ If 62/Rt > 20, Eqs. (EE8.8) and (EE8.9) are to be
Figure EE8.3 applied.
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3. If0.5 <I/R < 10:
| [R)3/2
— 1= < 330n2%:
ForR(t) n

Cur = 03/ Ym (EE8.12)

3/2
For 11—{ (172) > 51002
R{t)32 1
0ur = 408 7 (}_3) ﬁ(oy/'ym) (EE8.13)
If i/R = 20:
For? <9
Our = 03/ VYm (EES8.14)
For}t—3 = 137:
t\? 2
o =126 (E) n°0y (EE8.15)

with linear interpolation between the limits and for 10
<I/R < 20 as well.

4. Interaction formula
o o

it + r

O-US Uur

050,
< \/1 + T (EE8.16)

is adopted.

In case of interaction of axial compression ¢, and in-
ternal pressure p; , limit stresses 0”,; and 7 are:

If o/, =p,-§ = 1.33 0/,:

Fori—2 < 360n%
0us = 0y/Ym (EE8.17)

For%{ > 56012

t
0’y = 450 ® 203/ Ym (EE8.18)

If o/, > 1.330":

O'”us =0yt (O'/ux - qu) % J,r (EE819)
207y

c. COLLOQUIUM CONTRIBUTIONS (COMMENTARIES)

JAPAN
S. KOBAYASHI (TOKYO)?52 Lo Both 4nds simply spported
. -
Buckling of cantilever conical shells, which are clamped at o :_r, Nozzle skirt {o FEM resul
the small radius end and free at the large radius end, under o @ £p 1@:0.77) B Experiment
external lateral pressure: “Pe Viking geroshell {v FOM result
Toda and Komatsu?>3 proposed the following approximate asf~=-2 (ax700 {& Experiment
formula FEM Results for
Conirleverd cones
por = (0.4 + 0.55)p, —
where p. is determined by Eq. (J8.6) and ¥ = 1 — o L ~
r1/72 is the taper ratio. See Fig. J8.1. % Q2 04 06 a8 w0
RI
Proposed design formula for the buckling of isotropic YR
truncated conical shells (symbols shown in Fig. J8.2): '
Figure J8.7

1. Axial compression:

1
Por = gpcyl(COS a)Z (J8.3)

where
27w EL?

2. Axial compression and internal pressure:
Forp, <1:

per — TpiTi2 = %(1 + 2B )poilcos ) (J8.4)
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Figure J8.2

Forp; > 1:
,bcr - 7"[31712 = Pcyl(COS 0()2
where

= = pi| m 2
2 E (t cos a)

. External pressure:

— 2
W N 'TTf p L
H u I =t
]

per = 0.75p, (J8.5)
where
0.92E
, = 8.6)
P = ) o) (0o 572 U
and
— 71 + T2
2 cos
. Torsion:
T, =0.67T, (J8.7)
where
T., = 1.7073D(1 — v2)3/8 \/1/H X
r1 cos o | 5/4

T

and
Et?

b=ha-m»
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5. Interaction curves:

P op [T
Pt (T) 1 (J8.8)

where

P, = critical axial compressive force calculated
from Eq. (J8.3)

per = critical hydrostatic pressure calculated from
Eq. (J8.5)

T., = critical torque calculated from Eq. (J8.7)

Experimental buckling pressure of spherical caps by Su-
nakawa and Ichida:

In Fig. J8.3,

= -—2—_ E _}_Z_ 2
4T V30 =2 \R
is the classical buckling pressure.
The test specimens were formed from Poly Methyl

Methacrylate plate by the use of air vacuum forming
process at elevated temperature.
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B. KATO (WASHINGTON)254

Empirical formulae for ultimate stress and strain of circular
steel tubes (cold-formed, seamed by electric resistance
welding) subject to wall buckling. Dashed lines are 95%
confidence limits on the basis of the Student’s ¢-distribution.
The information on the maximum stress can be used to
predict the rotation capacity of tubular members subject
to bending. .0, is related to the tensile yield stress of the
base material , 0, as

c0y =[1.38 — 0.009(D/1)] , o),

Confidence interval

i F - 0- 549 ’,’
..... m = -
- /Gy (0.507 ) X .
10t
5 o
o ‘:/// m 0 52
i o ::;/@ o /6 = U 5 d
] S(Eyt
- o g o=(5Xp)
. 1 ' 4 . !
0 10 20 30
Figure 8.5
1. Maximum stress 6,,: See Fig. J8.4.
2. Maximum strain €,,:  See Fig. J8.5.

In Figs. J8.4 and J8.5:
D = diameter of tube
¢t = wall thickness of tube
0,, = mMaximum compressive stress
0y = compressive yield stress of tube (from stub-col-
umn test)
€, = maximum strain corresponding to ¢,

€ =.0,/E

NORTH AMERICA

K. BUCHERT (WASHINGTON)255

The paper compares the provisions in the ECCS Manual
with those in the SSRC Guide for buckling of spherical
shells under external pressure. The main differences are
that the ECCS Manual restricts itself to unstiffened shells,
whereas the SSRC Guide covers a variety of different types.
The ECCS formula is based on a lower bound to experi-
mental results, while the SSRC formula is theoretically
obtained. The ECCS relation is valid only for small im-
perfections below a given size, whereas the SSRC formula
makes it possible to consider imperfections of any size.
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A. CHAJES (WASHINGTON)256

The paper compares the provisions in the ECCS Manual
with those in the SSRC Guide for buckling of cylindrical
shells under external pressure. Both publications base their
formulas on the von Mises theory. They differ in that the
ECCS Manual gives an allowable pressure based on a
lower bound to test results, while SSRC simply gives a
theoretical value of the critical pressure. One formula
handles both elastic and inelastic buckling in the ECCS
Manual, whereas two different procedures are given for
these cases in the SSRC Guide.
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WEST EUROPE

Among the papers presented at Liege, the one by Saal?>’
and the one by Esslinger, Geier and Wood?*8 corroborate
specific points in Chapter 10 of the ECCS Manual.

The paper by Galletly>>® and the one by Massonnet and
Baltus?%° bring to light a discrepancy between certain ex-
perimental buckling pressures and buckling pressures
predicted by the BOSOR 5 program, which can handle
elastic-plastic shells of revolution. So far the discrepancy
is unexplained.

At the Liege colloquium, Gachon?%! gave an account of
an interesting test on a beam with a corrugated web. The
comparison with the behavior of a flat web does not seem
to reveal any superiority of the former.

Bornscheuer2e? complained about the lack of coherence

in the presentation of the ECCS Recommendations, as
initially drafted, relating to cylinders under axial load and
to those under external pressure, and also wanted to switch
from the allowable load to the limit load concept, while
Wo0d?63 pointed out a lack of consistency in the safety
factors: 2 for a very thick, axially loaded cylinder when it
is considered as a shell, 1.5 when it is considered as a col-
umn. The writer believes that the three points brought up
by Bornscheuer and Wood have been corrected in the
February 1979 version of the ECCS Recommendations.

At the Budapest colloquium, White?%* presented the
results of measurements of residual stresses in cylinders due
to flame-cutting and to welding and found that their order
of magnitude can be predicted theoretically.

EAST EUROPE

L. KOLLAR (BUDAPEST)265

In his General Report on “Shells,” the author comments
on Colloquium Contributions.

M. CERNY (BUDAPEST)266

Finite element method is applied to axisymmetric shells by
replacing the shell with a series of conical rings for the
analysis of the linear critical load. Linear viscoelastic ma-
terial is also dealt with.

P. BROZ (BUDAPEST)267

Linear critical load and post-buckling behavior of cylin-
drical panels with simply supported curved edges and ar-
bitrary conditions along straight edges is analyzed by using
mixed (trigonometrical and power) series. Non-uniform
curvature can also be dealt with. Numerical results and
comparison to other methods are given.

E. DULACSKA (BUDAPEST)268

Approximate method is given for estimating the upper
critical load of spherical and cylindrical shells in the in-
elastic range. Decrease in flexural rigidity is taken into
account according to the behavior of the most affected cross
section. Results are presented by graphs for engineering
practice.

F. HUNYADI AND M. IVANYI (BUDAPEST)269

Paper presents a useful practical approach for the com-
putation of the linear buckling stress of cylindrical shells
with longitudinal stiffeners under combined axial load and
internal pressure (of importance in metal silos). Results of

ENGINEERING JOURNAL / AMERICAN INSTITUTE OF STEEL CONSTRUCTION

field measurements regarding the structural behavior of
silos are reported as well.

S. FERNEZELY AND M. IVANYI (BUDAPEST)270

Results of full-scale tests with built-up aluminum arches
of two corrugated plates are reported and compared to
analytical data. Special care was given to the effect of local
buckling and decreasing effective width on structural be-
havior and overall stability.

S. FERNEZELY, L. KRISTOF, AND A. SZITTNER
(BUDAPEST)271

Above mentioned investigations were carried through with
a different type of aluminum arch, giving special care to the
behavior of shear connectors.

J. NAGY (BUDAPEST)272

The influence of shear creep on the critical load of shallow
sandwich arches with soft core is investigated. General
equations and their solutions for different loading condi-
tions are given, presented by graphs. General conclusions
could be drawn concerning the importance of shear
creep.

Z. F. BACZYNSKI (BUDAPEST)273

An analysis of stability problems of open-top cylindrical
steel tanks with floating roofs is presented, including wind
pressure.

J. ZIOLKO (BUDAPEST)274

Distribution and magnitude of wind pressure and suction
upon cylindrical steel shells (tanks) were investigated by
wind tunnel model tests.



Z. BYCHAWSKI (BUDAPEST)275

Proper directions in investigating rheological stability of
spatial structures as shells and enclosures are dealt with.

Lacking stability criteria for rheological systems, some
new concepts are given regarding energetical premises.
Special features of rheological stability as compared to
classical elastic approach are pointed out.

A. SZITTNER (BUDAPEST)276

Paper points out the importance of small-scale tests related
to stability problems, defining the field of their economic
application and gives a survey of many interesting small-
scale experiments carried out in the Department for Steel
Structures, Technical University Budapest.

d. CURRENT STUDIES

JAPAN

(No current studies on shells were reported for Japan.)

NORTH AMERICA

Subjects currently under investigation include:

e Analysis of shells with openings and intersecting
shells
¢ Buckling under dynamic loadings

Inelastic instability of shells

Development of more efficient methods for investigating
nonlinear systems

Buckling of shells under combined loads

Effect of residual stresses on shell-like structures

L[]

]

WEST EUROPE

Buckling of cylinders under wind pressure, of cylinders
locally anchored to a concrete jacket and subject to external
pressure, and of externally pressurized cones is under in-
vestigation at the Technical University at Graz, Austria.

An experimental program on hydrostatically loaded
cones is being carried out at Ghent University, Belgium.

The research which is under way in the Federal Re-
public of Germany bears upon axially loaded and exter-
nally pressurized cones, stringer stiffened cylinders in pure
bending, unstiffened long cylinders at the transition be-
tween shell and column buckling, cylindrical sandwich
panels, and axially loaded cylinders containing granular
material, at the Aeronautic and Space Research Centre at
Braunschweig, and upon long unstiffened, axially or ec-
centrically compressed cylinders and horizontal simply
supported cylinders partially filled with liquid, at the
Technical University at Darmstadt.

Computer routines for analysis of elastic and elastic-

plastic buckling by the finite element method are developed
and their results compared with tests, at the Nuclear Centre
at Saclay, France.

In Great Britain the following topics are being studied:
elastic and elastic-plastic buckling of internally pressurized
ellipsoidal and torispherical shells at the Universities of
Liverpool and of Manchester, external pressure on com-
posite cylinders at the latter university, unstiffened or
stiffened cylinders and cylindrical panels related to off-
shore structures at Imperial College and at University
College, London, stiffened cylinders at Glasgow, and
spheres at Oxford University.

Task Group VIII-9 experiences considerable difficulty
in formulating practically usable and safe rules, for axially
loaded, stiffened cylinders, in spite of the many published
mainly theoretical studies on the subject. Another legitimate
question is whether the rules drafted for steel shells are
applicable to aluminum structures.
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Chapter 9. Composite Members

a. REGIONAL RECOMMENDATIONS

JAPAN

(There are no regional recommendations in Japan.)

NORTH AMERICA

(Key Document:

In regard to composite columns, there are no “Regional
Recommendations” in the formal sense, since Chapter 19
of the SSRC Guide does not contain any specific recom-
mendations. It merely reviews the field and recent research,
mostly other than North American.

On the other hand, Task Group 20 of SSRC, in May

SSRC Guide!)

1978, was given the task of working with Prof. R. Furlong
in developing the approach of his Washington Colloquium
contribution. The aim is to incorporate this method in the
AISC Specification. Considerable progress has been made
in this work which, in an informal sense, can be regarded
as a regional recommendation.

WEST EUROPE

(Key Document: ECCS Recommendations?*)

No clauses relating to the design of composite columns are
contained in the ECCS Recommendations. Information
relating to this topic appears, however, in the ECCS
Manual on Stability? and in the draft Joint ECCS-CEB-
JABSE Committee Recommendations on Composite
Construction. The ultimate load design method outlined
therein covers concrete-filled steel tubular columns as well
as concrete-encased steel section columns. They relate to
equivalent pin-ended columns, the effective lengths being
determined by appropriate frame design methods.
Basically a definition of nondimensional slenderness is
proposed which allows the European Column Curves to
be used for the design of axially loaded imperfect composite
columns. This slenderness factor was suggested by Virdi

and Dowling?’” and is
N=L/Lg (WE9.1)
where
Ly = 1 | Eleoscrie + ElLce

Fy
F,, = squash load of the composite reinforced steel-
concrete section
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Beam-columns are designed using parabolic interaction
formulae which can be used for columns subjected to any
ratios of factored end moments and axial loads of given
slenderness and concrete contribution factor. Basu and
Sommerville?’8 showed that the same interaction curves
could be used for composite columns possessing the same
slenderness and concrete contribution factor «, where

Acfe

“Capradrar VP
Typically, an interaction formula is of the form
M _. |t
M, =/ (Pu) (WEJ9.3)

It is, of course, necessary to define the plastic moment of
resistance M, of the composite section in the above non-
dimensionalized formula. Simple expressions and graphs
are given to help designers evaluate these moments.
Biaxial bending is accounted for by use of a modified
Bresler type interaction formula, proposed by Basu and
Sommerville?’® and modified by Virdi and Dowling.277



Practical details of casing reinforcement and concrete
quality are also discussed.

Commentary—The work in the Manual on Stability is
based mainly on theoretical work carried out at Imperial
College, but which has been validated against experimental

work done in Belgium (Liege), Germany, USA, and Japan,
as well as Great Britain. Since then, an alternative ap-
proach for beam-column design has been proposed by re-
searchers at the University of Bochum. Both approaches
to beam-column design are contained in the draft Recom-
mendations for Composite Construction.

EAST EUROPE

Regional Recommendations give no specific rules for
composite columns. Design is usually based on principles

given in recommendations for reinforced concrete struc-
tures.

b. SPECIFICATIONS AND CODES

JAPAN

AlIJ STANDARD FOR STRUCTURAL
CALCULATION OF STEEL-REINFORCED
CONCRETE STRUCTURES (See Fig. J9.1)

When the maximum slenderness ratio of columns exceeds
50, the section shall be proportioned for axial force and
bending moment increased by the following coefficient:

_ 100
150 — A

where A = h/r is effective slenderness ratio of columns, A

is the distance between lateral supports of a column and »

is minimum radius of gyration of concrete section. Maxi-
mum permitted slenderness ratio of columns is 100.

a

(Jo.1)

Commentary—This method will be revised in the future
to the same method used in the new Al]J Standard for
Structural Calculation of Mixed Tubular Steel-Concrete
Composite Structures.

AlJ STANDARD FOR STRUCTURAL
CALCULATION OF MIXED TUBULAR
STEEL-CONCRETE COMPOSITE STRUCTURES
(draft for revision; see Fig. J9.2)

When the effective length exceeds 12 times the depth of the
cross section, the section of columns shall be determined by
the following formulas:

For N <, NorM < M,/6:

N=,N
M=.M,/o + rM] (Jo-2)
For N > ,N, or M < M,/6:
N=,N,+ N
M= M/ (J9:3)

Figure J9.7

(a) encased (b) encased and (c) infilled

infilled
Figure [9.2

where
5=1/(1—%.\;E—M)and5_>_l

5’=1/(1—"’A’]’N)and5’z1
E

(Jo-4)

for encased columns.

In the case of concrete encased and infilled steel tubed

columns, infilled concrete shall be neglected.

In the case of concrete infilled steel tubed columns, the

formulas are:

For N < N,or M = M,/6:
N =_N

M <M,/ + M (J9-5)
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For N> N,or M < ;M,/8:

N<.N,+ N
M= M/S J9-6)
where
6=1/(1—M3)and521
Ng
e N Je. 7
/= _cl*ec ’>
0 1/(1 Np )and6_1
In Egs. (J9.2) through (J9.7),
_ 7_"3 E- cI
Ng = 2 ( 5 +,E sl) J9-8)

[ = effective length of composite column
N = allowable axial force for steel tubed long

column subjected to bending moment ;M
and shall be computed by Al ] Standard for
Steel Structures

+N, .N = allowable axial forces for covering rein-
forced concrete and infilled concrete long
beam-columns, respectively, and shall be
computed by AIJ Standard for Structural
Calculation of Reinforced Concrete
Structures assuming that their cross-sec-
tions are subjected to ,6-,M and .6-.M,
respectively

,5=1/(1—1%%/)

c6=1/(1—%/)

(J9.9)

_2w2E-. .1
NEST 5 (J9.10)
_w%E- 1 Tl
Ne ="

+N,, :N, = allowable axial force for covering rein-
forced concrete and infilled concrete long
columns, respectively, under minimum
permitted eccentricity
v, v = safety factors for reinforced concrete and
infilled concrete portions, respectively; 1.5
under permanent load
E, ;E = Young’s moduli of concrete and steel cross
section, respectively
oI, I = moment of inertia of concrete and steel
cross sections, respectively

Minimum permitted eccentricity is 5% of the depth of
the cross section.

Commentary—For short composite beam-columns, a
method of superposition has been used in AlJ standards.
In the present Standard for composite tubed columns,
bending moment and axial force in a long column are
multiplied by a factor a = 100/(150 — \), as in the present
AlJ standard for Structural Calculation of Steel-Reinforced
Concrete Structures [see Eq. (J9.1)]. This method will be
revised by March 1980, as shown above, along the line of
the recommendation presented in the two papers to the
Colloquium.

If 6 = & =1, Egs. (J9.2), (J9.3), (J9.4), and (J9.6)
become identical with the equations of superposition for
short columns.

NORTH AMERICA

ACI BUILDING CODE

In the USA, the design of composite columns is covered only
in the American Concrete Institute Building Code, ACI
318-77.

The Code is written in the Load and Resistance Factor
(LRFD) or Limit State format; that is, loads are multiplied
by appropriate load factors L.F. (larger than 1.0) and
nominal member strengths by strength reduction factors
¢ (smaller than 1.0). The design method for composite
columns is substantially identical with that for reinforced
concrete columns, with minor modifications.

For composite columns loaded axially or with small ec-
centricity, the design strength of the cross section is

Ny =K¢N, = K$(0.85 [, A. + Acfys + Arfyy)
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where

N, = nominal axial strength

K =085
¢ =0.70 (except ¢ = 0.75 for spiral-reinforced
members)

f’c = concrete cylinder strength
¢ = concrete area
A, = area of steel shape
fys = yield strength of steel shape, not to be taken
larger than 50,000 psi
Jfyr = yield strength of reinforcing bars
A, = area of reinforcing bars, if any

For composite columns subject to simultaneous com-
pression plus bending, the nominal compression and mo-



Figure NA9.1

1ent strengths N, and M, are calculated from strain
ompatibility.
The design strengths Ny and M, are then

Ny = ¢N, and M, = ¢ M,

vhere ¢ is either 0.70 or 0.75, as defined above.

The relationships so obtained between V,, , N , M,, and
A4 are schematically shown in Fig. NA9.1 for a typical
oncrete-encased W-shape.

Slenderness effects, i.e., instability effects, are accounted
or by a moment magnification factor 6 applied to M. For
olumns with small or no calculated moments, a minimum
ccentricity (0.6 + 0.034) is prescribed, where 4 is the
sertinent width or depth of the cross section. This moment
nagnification factor is

Cn
1- Pu/(d’Pcr)

=1

P, = appropriately factored applied loads
= as defined above
C,, = 1.0 for columns not braced against sidesway
=0.6 + 0.4M/M, = 0.4 for braced columns,
where M is the numerically larger of the two
end moments
Pe, = w2El/(kL,)?
KL, = effective length
El=(E,/5+ EJ)/(1+ )
(3 = a factor accounting for creep, depending on
dead-to-live load ratio

Commentary—This design method for composite col-
umns, essentially identical with that for reinforced concrete
columns, in most cases is excessively conservative for the
following reasons: (a) The same low ¢-factors are applied
to composite as to reinforced columns, in spite of the fact
that the fabrication and erection methods of steel con-
struction produce a much better geometrical accuracy than
in sttu concrete construction. (b) The same holds for the
additional reduction factor K which is presumed to account
for accidental end eccentricities. (c) The creep factor 3 is
applied not only to the concrete portion of the section which
does creep, but also to the steel section which does not. (d)
The same minimum eccentricity for slenderness effects is
used for composite as for reinforced columns.

This conservatism is probably the main reason for the
fact that very little use is made of composite columns in the
USA.

CANADIAN STANDARD CSA S16.1

The Canadian Standard CSA S16.1-1974, written in the
LRFD or Limit State Design format, contains the fol-
lowing provision, applicable only to hollow, concrete-filled
structural sections:

Nd(comp) = Nds + Ndc

where
Ny; = factored (i.e., multiplied by ¢) axial compres-
sion strength of steel member
Ny = factored compressive strength provided by
concrete area
= JeAc
A, = concrete area
2K —
V (2E/f,)
for Ki/r < \/7r2E/fys
=0 for Ki/r > \/ﬂ-zE/fy:
¢ =0.67

Kl/r = slenderness ratio of steel section

For compression plus bending, bending is to be resisted
entirely by the steel section, which is to be proportioned as
a beam-column to carry the total moment plus Ny =
Nd(comp) - Ndc-

Commentary

(a) Any concrete contribution to the stiffness £7 is ne-
glected.

(b) The Standard contains no provisions for concrete-
encased structural steel shapes.
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WEST EUROPE

The approach proposed in the draft recommendations has
been adopted in a modified or draft form by the following
countries:

United Kingdom: BS5400, Part 5 (1979)

German Federal Republic: DASt-UA Verbundkon-
struktionen, Tragfaihigkeit von Berbundstuetzen
(Draft Nov. 1978)

Switzerland: Normenentwurf SIA 161 (1978)

EAST EUROPE

Design rules for composite columns (concrete-encased steel
sections) are given mainly in specifications for reinforced
concrete structures, using similar principles as for ordinary
reinforced concrete columns, for both centrally compressed
members and beam-columns, adopting the same reduction
factor depending on slenderness ratio.

» Hungarian specifications do not allow taking into ac-
count complete plastification of steel section in bending:
an elastic core around central axis is to be supposed.

¢ German specifications deal with concrete-filled built-up
steel columns. Slenderness ratio and ultimate stress are
calculated taking into account cross-sectional data of steel
components only; calculating effective stresses, a reduced
contribution of concrete core can be considered.

c. COLLOQUIUM CONTRIBUTIONS (COMMENTARIES)

JAPAN

M. WAKABAYASHI (TOKYO)279

New design formulas for long composite columns and
beam-columns applying a method of superposition are
proposed and it is shown that the errors involved are suf-
ficiently small. In the proposed method the ultimate load-
carrying capacity of a beam-column is obtained by adding
the capacities of steel and reinforced concrete long columns.
This method has an advantage that steel and reinforced
concrete portions can be designed using independent design
specifications. See Fig. J9.3.

r71

1 As/Ac=010
0O h/D=08
- oy = 2400 kg/cm?

oy = 300 kg/em?
X =0876

- S+C
.
\i( - Proposed

S\

Figure J9.3
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M. WAKABAYASHI (WASHINGTON)280

Concerning the application of the author’s method of su-
perposition for the ultimate strength design of slender
composite beam-columns, considerations on the effect of
creep and end moment ratio are presented. Modified design
formulas applicable to the allowable strength design are
presented. The errors involved in the proposed formulas
are examined for concrete-encased and concrete-filled
beam-columns. See Fig. J9.4.

| N/N,
e
As/Ac=01

Exact
--—— El=Eclc+Esls
— — El=Eclc/S +Esls

Figure [9.4



M. TOMII, K. YOSHIMURA AND Y. MORISHITA
(WASHINGTON)281

This paper presents the results of an experimental inves-
tigation on concrete-filled steel tubular stub columns under
concentric loading, to investigate the effects of shape and
size of steel tube and mechanical properties of concrete on
their structural behavior. Ultimate strength of circular and
octagonal columns are considerably higher than their
nominal squash load N, due to triaxial effects, but this is
not the case in square columns, as shown in Fig. J9.5.

it gt
8 . okM(sAv 22M (e Aver
13 : s A3M(AAv::ggZ) NUI,NO ° -Em-:v:r:gzg
s g v4M( v Average ) f o
12 LI TN 13 - & . %
2 ' fre H
11 5 v . 12 . § D=150mm
1.0 °
L 1 1 1 J 1.1 -
0 10 20 30 40
. A 1.0 .
(a) Circular .
Nu/No 0.9
©2M(e Average ) L 4 L —
o4M(= Average) = 0 10 20 30
1.1 . % o A
. 1 b t
1.0 RS | D-150mm (&) Octagonal
0.9 °
0.8 ) ) |
0 10 20 A30
(c) Square
Figure J9.5

NORTH AMERICA

See Sect. d, Current Studies, which also reports on the
Colloquium Contribution made by R. W. Furlong.

WEST EUROPE

J. P. GRIMAULT AND J. JANSS (LIEGE)282

In this paper the problem of local buckling of the walls of
a concrete-filled steel tubular column is treated. It is sug-
gested that columns with tubes where walls are more
slender than those to which the method in the Manual on
Stability? is limited can be treated using an effective area
concept to allow for premature local buckling.

P. J. DOWLING, H. F. CHU AND K. S. VIRDI
(LIEGE)283

A more accurate treatment of columns subjected to biaxial
bending than that referred to in the Regional Recom-
mendations is given. The treatment can be used in con-
junction with a bilinear interaction curve approach to
uniaxial bending, which is simpler than the parabolic in-
teraction curve suggested earlier. A comparison of results
using this improved design method with exactly calculated
results shows that there is a significant advantage to be
gained by its use, especially for columns failing biaxially.

A. K. BASU (LIEGE)284

This paper gives a more rational treatment of the effects
of frame action on composite column behavior. It is shown

that the simple concept of equiv

alent pin-ended columns

may not always prove to be satisfactory in design.

H. S. BIUTENKAMP AND ]J.

H. WENDRICH

(LIEGE)285

In the prepared discussion the authors presented a method

for simulating buckling curves for

composite columns, using

a Monte Carlo method. It is suggested that the use of the
ECCS curves as outlined in the Manual does not give the
same consistency as was obtained for bare steel columns.

This compromise is one that the
proposals were aware of, and is a
by Dowling, Chu, and Virdi.?83

originators of the ECCS
cknowledged in the paper

EAST EUROPE

(No colloquium contributions on composite members from East Europe.)
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d. CURRENT STUDIES

JAPAN

An experimental study on the ultimate load-carrying ca-
pacity of concrete-encased steel columns under concentric
and eccentric compression is being carried out by Waka-
bayashi et al.28¢ So far, the correlation between test results
and theoretical prediction is satisfactory.

An analytical study on the load-carrying capacity of
concrete-encased steel columns under combined axial load
and bending was performed by Morino, Huang, and
Lee.?87 A series of interaction diagrams will be available.

NORTH AMERICA

This discussion briefly sketches an approach which has
since been greatly elaborated by Prof. R. W. Furlong with
the initiative and guidance of Task Group 20 of SSRC,
with the specific aim of eventual inclusion in the AISC
Specification. Consequently, the following condensation
of Furlong’s Report to Test Group 20 of Oct. 1978 repre-
sents, simultaneously, a report on his Colloquium Con-
tribution®8 and a report on Current Studies and Informal
Recommendations.

The basic approach is to take the AISC Specification
provisions for steel columns and steel beam-columns, and
to modify the appropriate quantities in these provisions to
reflect the strengthening and stiffening effects of concrete
in the composite member.

In contrast to the ACI and CSA Codes, the AISC
Specification is formulated in the allowable stress format.
In the following, quantities with the subscript m are those
which appear without such subscript in the AISC Speci-
fication for steel members and which are modified to reflect
the effect of concrete in composite members.

Axially Loaded Columns—The allowable stress on the
structural steel section of the composite member is given
by the following two equations, the first of which applies
in the range of low and moderate slendernesses, and the
second for slender columns in the Euler range:

Fom = (1/S.F)1 = (KU/1:0)%/2Ccn ) Fym
Fom = (1/S.F)w2Ew/(Kl/1n)?]

where

S.F. = AISC safety factor, varying from 1.67 at Ki/r,,
= 0to 1.92 when K//7,, exceeds C.,,

Com = 212E/Fym
For concrete-encased structural shapes:
Tm =T
Fym = Fyg + 0.7F,,(4,/A4;) + 0.6 f'.(A,/Ay)
E,, =29 X100+ 0.2E.(A./A;s)
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For concrete-filled pipe or tube:

rm =715, but = 0.3h,, where i, = overall concrete
thickness of encased columns perpendicular
to plane of bending

Fym = Fys+ F,(A4,/4;) + 0.85 [/ (A./As)
E,, =29 X 10+ 04E.(A./A)
In the above,

rs = radius of gyration of steel shape
F,; = specified yield strength of steel shape =< 55,000
psi
F,, = specified yield strength of reinforcing bars <
Fys
E. = modulus of elasticity of concrete

Eccentrically Loaded Columns (Beam-Columns)—The
AISC Specification deals with beam-columns by means of
a linear interaction equation between the allowable axial
stress F, when M = 0 and the allowable bending stress F,
when NV = 0. This linear interaction equation is not ap-
plicable to composite columns, since it is known that for
them (similarly as for reinforced concrete columns) the
interaction plot is curvilinear of the general shape of the
solid curve of Fig. NA9.1. (See Ref. 1, pp. 534 and 537.)
Consequently, it is proposed to adopt the general form of
the AISC interaction equation, except that the first term
is squared, resulting in a parabolic curve of the desired
general shape. Hence, the interaction equation reads:

AT

Fam _ fa bm
F’e‘m
where

Ja = N/A4;

fb = M/Sm
Ay Fys

Sm = SS + 1/3 Ar(hZ - 26}) + h2/2 - Ay
17",y



= average of distance from compression or tension
face to reinforcing bars next to that face

A, = web area of structural shape (4,, = 0 for steel
tubes)
h1 = thickness of concrete in plane of bending of en-

cased column
S = section modulus of steel shape

w2E
Fom =(1/1.92) —"—
A2 Ky
F,,, = as defined for axially loaded columns, above

Fym = 0.75F,; for concrete-filled pipe or tube
= 0.6F) for encased steel shapes
C,, = as given in the AISC Specification

and all other terms are as defined for axially loaded col-
umns.

Comparison with Test Data—Comparison of allowable
loads with test loads yielded:

For 73 axially loaded concrete filled tubes:
Avg. Ntest/Na =2.04
Standard dev. = 17%

For 29 axially loaded encased shapes:
Avg. Niewt/N, = 2.17
Standard dev. = 15%

For 32 eccentrically loaded filled tubes:
AUg. N[ext/Na =2.52
Standard dev. = 16%

For 60 eccentrically loaded encased shapes:
Avg. Niew/N, = 2.16
Standard dev. = 15%

Commentary—Comparison with test results, as given
above, shows satisfactory and slightly conservative agree-
ment, except for eccentrically loaded tubes (see below). A
test load ratio of about 2.1, compared with the AISC
nominal safety factor which varies from 1.67 to 1.92, seems
acceptable in view of the greater uncertainty introduced by
the composite action of the two materials.

The following points need to be made: (a) Some lower
limit needs be set for the steel ratio of the structural shape
or pipe, in order for a column to qualify as composite rather
than reinforced. Evidently, four small angles, one in each
corner and lightly laced together, will not endow the column
with the qualities of a composite member. A minimum
structural steel percentage of 4 to 6% may be in order. (b)
The third term in the equation for S, , containing both 4,,
and f’. , is supposed to account for the relatively minor
contribution of the steel web and the concrete to the simple
bending strength. Since, for steel tubes, 4,, = 0, this third
term drops out. If; in addition, 4, = 0 as usual for filled
steel tubes, one obtains S, = S , i.e., no increase in simple
bending capacity of the composite tube as compared to the
bare tube. If this interpretation is correct, it would account
at least in part for the high test load ratio of 2.52 for ec-
centrically loaded tubes. Clarification of this third term is
needed.

WEST EUROPE

Work on encased composite columns loaded biaxially with
stub beams has been reported recently from Warwick
University, England.

Research on circular tubular columns with centrifugally

cast concrete annulus is in progress at Imperial College.
Both CIDECT and the Tubes Division of the British

Steel Corporation have commissioned design manuals on
concrete-filled steel tubular columns at Liege and imperial
College, London, respectively.

Work on the fire-resistance of concrete-filled tubular
columns using steel fibers as reinforcement for the concrete
filling has also been commissioned by CIDECT.

EAST EUROPE

Further development of design rules based on actual tests
is needed.
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Chapter 10.  Cold-formed Steel

a. REGIONAL RECOMMENDATIONS

JAPAN

(There are no regional recommendations in Japan.)

NORTH AMERICA
(Key Document: SSRC Guide)

The design philosophies applied to cold-formed steel in
North America are discussed in Chapter 9 of the Third
Edition of the SSRC Guide. In general, post-buckling
strength of thin plate elements with large width-thickness
ratios is considered either directly or indirectly in the design
expressions; allowable loads are based on the ultimate
strength of the member. Von Karman’s effective width
concept, modified by Winter and others on the basis of
experimental results, is used to determine the strength of
stiffened compression elements; thus the post-buckling
strength is considered directly. For unstiffened compression
elements and for flat elements subjected to bending and
shear (such as beam webs), design stresses are a function
of critical buckling stresses, and the post-buckling strength
is considered indirectly by using a reduced apparent safety
factor. To handle interaction between local buckling of
individual elements of a compression member and overall
buckling of that member, “Q-factors” are used to account
for the reduced effective areas and reduced allowable
stresses of the stiffened and unstiffened elements.

Efforts are currently underway to formulate design
procedures in terms of effective widths for unstiffened
compression elements and for webs of beams.

In North America cold-formed steel construction is
governed mainly by three design specifications:

1. Specification for the Design of Cold-Formed Steel
Structural Members, American Iron and Steel Insti-
tute

2. CSA Standard §136-7974, Cold-Formed Steel Struc-
tural Members, Canadian Standards Association

3. Specification for the Design of Light-Gage Cold-Formed
Stainless Steel Structural Members, American Iron and
Steel Institute

In most respects the AISI and CSA documents use the
same approach to the basic buckling problems in cold-
formed steel design. However, the newer CSA Standard
uses, for example, revised formulas for effective width of
stiffened elements, and different determinations of stiffener
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adequacy. The Canadian Standard also offers the option
of either working stress or limit states design. AIST is cur-
rently working on a load and resistance factor design
(LRFD) formulation.

Current working stress procedures are discussed indi-
vidually below for specific problems. For convenience, the
AISI Cold-Formed Steel Specification is considered as the
“regional recommendation.”

AISI RECOMMENDATIONS (1968)

Design Yield Stress—The increase in yield stress due to
cold forming can be utilized based on tests or on a formula
presented.

Stiffened Compression Elements—The effective width
of stiffened compression elements is

_ E( _0415 [E
-y =22

where w = width, ¢ = thickness, £ = Young’s Modulus,
and f is the compression stress computed on the basis of
effective width.

Effective Thickness of Multiple-Stiffened Plate Ele-

ments
ty = (121 /w)"/3

where w; is the whole width and /; is the moment of inertia
of the full area of the multiple-stiffened element, including
the intermediate stiffeners, about its own centroidal axis.

Edge Stiffeners
Lnin = 1.83t4(W2 — 4000/F,)1/2 = 9.2¢4
where W = w/t

Intermediate Stiffeners—*... not less than twice the
minimum allowable moment of inertia specified for edge
stiffeners.”


file:///.S3t/W2

Beams—Lateral Buckling—The AISI and CSA speci-
fications include provisions to prevent lateral buckling of
I-shapes, channels and zees, and box- and hat-shaped
beams based on various approximations of theoretical be-
havior, as discussed in Chapter 3.

Two specific problems related to lateral torsional-flex-
ural buckling of beams are discussed in Section ¢, Collo-
quium Contributions, Chapter 3.

Beams—Bending Stresses in Webs
520,000
AlSTand CSA: Fpy, =—— 5 < F,
” b T

The theoretical critical buckling stress for a web plate
in bending is

w2E
K= @y

For a steel web plate in bending, K = 23.9 and o, =
640,000/ (h/t)>.

Only a small factor of 1.23 has been applied to the critical
stress to obtain the allowable bending stress. This small
safety factor is sufficient to prevent large web deflections
at design loads; the necessary strength reserve is provided
by the post-buckling strength. Current research is at-
tempting to define the ultimate strength of beam webs more
precisely.

Oor =

Web Crippling— Empirical formulas are used to deter-
mine allowable concentrated loads or reactions to avoid
crippling of beam webs.

Axially Loaded Compression Members

P = AFal
2
Fay = 0.5220F, — YKL/ KL Ce
1494 rV/Q
12m2E KL _ C
Fo=—t™ for == > —<
' 23(KL/r)? Vo

The AISI and CSA specifications govering flexural
buckling are both based on the SSRC method, with inclu-
sion of a local buckling factor (). A recent investigation
aimed at refining this procedure is described in the Collo-
quium Contributions, later in this chapter.

A unique feature of the AISI cold-formed steel specifi-
cations is the treatment of torsional buckling and tor-
sional-flexural buckling. For singly-symmetric shapes of
open cross section which may be subject to torsional-flex-
ural buckling and which are not braced against twisting and
not subject to local buckling, the average axial stress, P/A4,
shall not exceed F,1 above, or F,» given below:

2
F,,= 0.522Fy - 7—6—17?’L—
-0/0TFO

Fa2 = 0.5220'7“}:0

OTFO > O.SFy:

OTFO =< 0.5Fy:
where

F,, = allowable average compression stress under
concentric loading, ksi
orro = elastic torsional-flexural buckling stress under
concentric loading which shall be determined
as follows:

For members whose cross-sections have one axis of sym-
metry (x-axis), o7Fo is less than both o,, and o, and is
equal to:

OTFO = '21_6 [(Uex + Ut) - \/(Uex + Jt)z - 460exat]

where
. = _TE
(KL )?
1 w2EC, .
0t=Ar02 G]+ (KL)Z] ,kSl

B =1- (xo/ro>2

A = cross-sectional area

ro =N/ 1,2+ 1,2+ x,2 = polar radius of gyration

of cross section about the shear center, in.

= radii of gyration of cross section about cen-

troidal principal axes, in.

E = modulus of elasticity = 29,500 ksi

G = shear modulus = 11,300 ksi

K = effective length factor

L = unbraced length of compression member,

in.

= distance from shear center to centroid along

the principal x-axis, in.

J = St. Venant torsion constant of the cross sec-
tion, in.* For thin-walled sections composed
of n segments of uniform thickness: J =
(1/3) (11[13 + L3+ .+ 11'513 Lot Z,,ln3)

; = steel thickness of the member for segments ¢z,
in.

; = length of middle line of segment i, in.

C,, = warping constant of torsion of the cross sec-

tion, in.®

TxsTy

Xo

o~

o~

A method of dealing with simultaneous local and tor-
sional-flexural buckling also is presented.

Compression Plus Bending—Interaction equations are
used to determine allowable loads under combined axial
and bending stresses, including a treatment when tor-
sional-flexural buckling may occur.
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WEST EUROPE
(Key Document: ECCS/CEEPF Recommendations (Draft, May 1979)

Load factor design. The maximum load carrying capacity
is checked by an elastic method. The maximum stress under
factored load must not exceed the design yield strength o,
of the element considerated.

1.1 Design Yield Stress—It is permitted to take into ac-
count the increase of the yield strength due to hardening
as a result of cold forming. The design yield strength may

either be based on tests or calculated with the formula of
Lind and Shroff:

Ao, = C.a(ou — 03) (Nt2/A)
0 =0+ Aoy
where

0,4 = average design yield strength of a section
Ag,, = average increase of yield strength
0, = specified yield strength of basic material
0. = specified ultimate strength of basic material
N = number of bends
¢t = thickness of the sheet
A = cross-sectional area
C = coefficient depending on forming process:
C =5 for press-braking
C =7 for cold-rolling
o = coefficient depending on angle of bending (for
90°: a=1)

1.2 Local Buckling of Flat Compression Elements—
The design strength of unstiffened elements, being flat parts
having one laterally unsupported edge, is based on theo-
retical initiation of buckling. The design compressive stress
0. must be multiplied by a local buckling coefficient acp
before being checked against the yield stress ¢,. Formulae
for ap are given.

For stiffened elements, post-buckling strength is taken
into account by using the effective width concept. The basic
effective width formula for elements without intermediate
stiffeners supported on two webs is:

bey = 56.1 bo/ 15.3+5\/&Sb0
V235

If the flat element includes a stiffener, any deformation of
the plate will reduce shear-stress transfer, causing a kind
of “shear lag”. This is taken into account by reducing the
effective cross sections of stiffeners and plate elements.

Formulae for the reduction factors are given. (See Fig.
WE10.1.)

Requirements for adequate stiffness of stiffeners:

Edge stiffeners:

by =28 t\/(bo/Z)2
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Figure WET0.1

> 1.83t4 \/(bo/z)2 - m > 9.2t4
Intermediate stiffeners:
I, > 3.66t% \/(b’ o/ 1)% — 2 > 18.4¢4

1.3 Lateral Buckling—The critical elastic stress o, of
the ideal member is first calculated for the relevant loading
and end conditions. To take into account the influence of
imperfections, the following procedure is used:

Calculate: Ay =~ m2E/0o,,

Find: Limit stress o}, as the value correspond-
ing to Ay in ECCS buckling curve B

Check: oM = oy

As a simple design method, lateral buckling in these shapes
can be treated as buckling perpendicular to the y-y axis of
the compression ﬂange Ay = /i, See Fig. WE10.2.

This method is also suitable for calculation of the
buckling load of laterally unsupported flanges in sections,
as shown in Fig. WE10.3. In that case:

=T 4 Ely
of .
Lo 4k,
where k, = spring constant = F/0.
In both methods, for slender compressed flat elements,

the width has to be reduced to the effective width (see Sect.
1.2).

Figure WE10.2 Figure WET10.3



Figure WE10.4

1.4 Web Crippling (see Figs. WE10.4 and WE10.5)
Beams with single unreinforced webs:
(Z—a +o3)] x

Category loads (D:
,
1.33 — 0.33 2| [1.15 — 0.15 ~

7.4+ 0.096(1 };6 ) (Z + 55. 5)]

% 111.06 — 0.06 -
35 ‘

Beams made of two channels connected back to back:
Category loads (D:

Frnax = 20, (7.4 +0.93 \/%]

Category loads 2):

Frae = 120, (11.1 +2.41 \/17)

Ry
4401751 — 2
( 191¢

Fmax tzor

Category loads (2):

Frax = t%0,

i T Ealk v

Bl 7
P <|Zhww >1s5hy

Figure WE10.5

1.5 Centrally Compressed Members—If the section has
unstiffened flat elements, the one with the largest b,,/¢ ratio
is taken and its local buckling coefficient ap is calculated
(see Sect. 1.2). For each stiffened flat element and for a
stress value of 0,/ap , the effective width is calculated. For
the effective cross section and the relevant direction of
buckling:

. l
1e = Ie Ae —> >\e = ——
= N Lo/ Aoy = Aoy v s
gy, (from ECCS buckling curve b) = o = 0,/

Design buckling load: N = Aoy
a - AR
If the section has laterally unsupported flanges oy is cal-
culate (see Sect. 1.3). The higher value of o ;rand o is then
used. For angles with equal legs, a special design method
1s given.

1.6 Members Subjected to Compression and Bend-
ing—The method is based on a linear combination of the
effect of single compression without bending and simple
bending.

General formula:

O:N o.M O.My 1 1
+—4+ —x< o
Ok 0rD o, ap Qg
where

0} = in accordance with Sect. 1.5
oxp = 1n accordance with Sect. 1.3

EAST EUROPE

(Key Documents: INCERC Design Guidelines for Steel;
CMEA Recommendations for Aluminum Structures)

STEEL

Flexural-torsional buckling of thin-walled compressed
members is to be checked using interaction formula (for
monosymmetric sections):

2
N2+ (N = Np)(N = N,) =1
Tw

1 N
— = (EE10.1
p2 NEy )
where
Yo = distance between gravity center and shear

center

7o = polar radius of gyration regarding the shear

center
NEgy, = Euler load for buckling around the axis of
symmetry
w2E],
N, = —-—(G]t ) 2] )

G/, = torsional rlgldlty
J» = warping modulus

0, 1s to be taken from column curves, substituting
A =pA, (EE10.2)
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ALUMINUM @ Ne/2
Special rules for effective width, %, of compressed cold- I r(]
formed elements are given (see Fig. EE10.1). . h ! :
1. For flat plates with thickness ¢, a slightly modified T ' /I\_/—X
version of Eq. (EE10.3) is given [see Eq. (EE10.4)], : 5 l(]
including the effect of plastic deformations: @ ~  he/2 [—-——{—-—-I-——|
he/h =N Cor/ Grmax (EE10.3) T T
he = 0.6\t (EE10.4)
where I
Omax = stress in the effective portion of the cross 3 he/2
section @ / k
A, = afictitious slenderness, taken from diagram ) 7 h—z‘i |__..|
in Fig. EE4.2, supposing 0y = Opmax h — vefie
2. For ondulated and corrugated plates: I%‘i
If a/h = 3, using plastic reduction E,/E =~ 0.225: q a a
| | e -
| u 1 —
h, = 2.08 \/ (vD.Dy+ D,,) (EE10.5)
VL O max e/t 1] 025 05 | 1.0 2.0 | 4.0
where k, | 4.79 | 5.39 | 6.14 | 6.92 | 7.57
D,, = flexural rigidity per unit length, in longitu- .
dinal direction Figure EE10.1
=s__EC
Y v12(1 - 1?)
3
D,, =vD, + 0 G 3. Local instability requirements, using plastic reduction
s 6 VE,/E ~ 0.5, are (Fig. EE10.1):
Ifa/h <3: For corrugated plates in compression:
h, =1.48 \/ - (D— +2D,, + Dy 2 o < 1.8E/(e/1)? (EE10.9)
Ul O max . .
(EE10.6) For corrugated plates in bending:
Minimum rigidity of transverse ribs is 0 Z24E/(e/t)? (EE10.10)
4 .
EJ, > DT h_3 (EE10.7) For ondulated plates:
. 0 < k1 [0.45E/(e/t)?
Having less rigid ribs, Eq. (EE10.6) is to be applied, ,
with s & e ( ) PP and (EE10.11)
Y v12(1 — 1?) ’ where £ is to be taken from Fig. EE10.1.

b. SPECIFICATIONS AND CODES

JAPAN

(No specifications and codes information from Japan.)
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NORTH AMERICA

CSA STANDARD S136-1974: COLD-FORMED
STEEL STRUCTURAL MEMBERS

Some differing requirements are as follows:
Stiffened Compression Elements (Fig. NA10.1)

CSA: b =164t VE/]]

Effective Thickness of Multiple-Stiffened Plate
Elements

1/2]1/3
CSA: zx=[19—°" = ]

2 p pt3

in which w, and p are the whole width and developed
width, respectively, of the multiple-stiffened element, and
I; is the moment of inertia of the full area of the element,

including the intermediate stiffeners, about its own cen-
troidal axis.

Edge Stiffeners
CSA:
where W = w/t

Lnin = QW — 13)14 = 94

b/ A
AISI 1968
80} M im
- | a90-
\_CSA 1974
401 383
20 |
NOTE: BASED ON F, =33 KS|
0 20 60 100 140 180 VW/t

Figure NA10.1

WEST EUROPE

FEDERAL REPUBLIC OF GERMANY

A translated version of the AISI specification is used.

FRANCE

Recommendations drafted by CTICM (Centre Technique
Industrieel de la Construction Métallique) are very similar
to ECCS-CEEPF Recommendations.

THE NETHERLANDS

Recommendations drafted by TNO. Effective width con-
cept is used for both stiffened and unstiffened flat ele-

ments.
bo/b = \/%(1 —0.22 \/%—)
o, o,
where
2
Oy = kdﬂ' E

T 1201 — v2)(b/t)2

k4 = initial buckling factor

SWEDEN

A code for light-gage sections in steel and aluminum is
under preparation.

Effective width formula for stiffened elements based on
AISI specification. For unstiffened elements, an effective
thickness approach is developed. Calculation of an element
with intermediate stiffeners is based on a model in which
the stiffener is regarded as a beam-column elastically
supported by transverse strips.

UNITED KINGDOM

Addendum No. 1 (March 1975) to BS 449 (Part 2). Post-
buckling strength is taken into account by using a local plate
stress factor (C), comparable with b./b. Values of Cy, are
tabulated for a wide range of plate width-to-thickness ratios

b/t. For a detailed commentary, reference is made to
Walker.28°
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EAST EUROPE

Most steel specifications give design rules similar to Eqs.
(EE10.1) and (EE10.2).

CZECHOSLOVAKIA

Specifications provide approximate formulas for flex-
ural-torsional buckling of nonsymmetric cross sections as
well.

SOVIET UNION

Specification allows partially closed cross sections (section
“c” in Fig. EE10.2 with batten plates along the open side)
to be analyzed as built-up sections, based on Eq. (EE2.1)
replacing “single chord” by the half-section.

Largest allowable width-to-thickness ratios of unstif-

SCLCE
C)b~+ O C) = @ 4 @

Figure EET70.2

fened flanges (s/¢), stiffened flanges (s,/#), and lips (s{) are
summarized in Fig. EE10.3; for webs (h,/t), see Fig.
EE1.3.

30|
s
t
20k
So
t
10k
0y (MPa) | “| 2350 T 750
31400
1 1 1 | ]
0 25 50 75 100 125
A
Figure EE70.3

c. COLLOQUIUM CONTRIBUTIONS (COMMENTARIES)

JAPAN

(No colloquium contributions on cold-formed members from Japan.)

NORTH AMERICA

V. KALYANARAMAN, T. PEKOZ AND
G. WINTER (WASHINGTON)290

A review of an experimental investigation to study the in-
teraction of load and overall buckling of thin-walled col-
umns is presented. Both the tangent modulus and SSRC
methods, when modified to take into account the reduction
in stiffness as a result of local buckling, can be used to
predict the flexural buckling strength.

ENGINEERING JOURNAL / AMERICAN INSTITUTE OF STEEL CONSTRUCTION

PC = Aeffo'gff
Oy = 0Oy 2<L/re)2

AnlE when L/r, < /2 L/r

Off =
_ w’E
Teff = L/7,
where P, = calculated column capacity, and Aeﬂ and r, are

the effective area and effective radius of gyration, respec-
tively.

when L/r, = /2 L/r



S. T. WANG AND R. S. WRIGHT
(WASHINGTON)291

A solution scheme is presented for the analysis of tor-
sional-flexural buckling of locally buckled beams and
columns, based on the finite element method and the con-
cept of effective width. A considerable amount of post-
local-buckling strength may be available in a locally
buckled beam or column, but the use of full section prop-
erties to predict the strength of such members may be un-
safe.

R. A. LA BOUBE AND W. W. YU
(WASHINGTON)292

This report discusses development of an “effective depth”
equation for web elements of cold-formed beams subjected
to bending stress. Reference to the work by Bergfelt and
Thomasson is included. An expression for effective depth
is obtained from a regression analysis of test results of 56
beam specimens with stiffened compression flanges. A
similar study is underway for beams with unstiffened
flanges.

WEST EUROPE

A. REIS AND J. ROORDA (LIEGE)?93

The elastic stability of imperfect thin-walled beams subject
to the interaction between lateral torsional and local plate
buckling was studied. Imperfections in the shape of the
overall mode were assumed, and the determination of the
uncoupled and coupled paths was done by the principle of
virtual work. Experimental and numerical results of this
study are presented in Fig. WE10.6.

J. RHODES AND J. HARVEY (LIEGE)2%4

The authors investigated the interaction of local and column
(Euler) buckling in plain channel columns. The results of
a theoretical approach were compared with test results. The
results showed very good agreement.

AL £
{ slest. reduc. load)
O
L Y £18
/o (init, plast,
yield)
&,
’ S~
06 |
c
- Ay | (\
{ compound bif. in | AII {c=0.)
041 / the nat. poths ) ! {loc. plote buckl)
B Ay lex0) l
o2k {1at. tors. buckl) I“" B= By
bo Exp. failure locds !
(6] | I | 1 | I | | 11
-04 -02 0 02 04 B
ey " b
i 1

_T_ M('A ‘_A_v, ,
T ——34

| I
«———initial configuration 24—
at rnid spon

Figure WE10.6
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EAST EUROPE

M. SKALOUD AND ]J. NAPRSTEK (LIEGE)295

The authors investigated the interaction between column
and plate buckling. They simulated on a computer the
performance of thin-walled steel columns with a rectan-
gular hollow cross section. The columns were given an
initial curvature and the effect of plate buckling was taken
into account by using an effective width according to
Winter’s formula. It was confirmed that initial imperfec-
tions and load eccentricity and the interaction between
column and plate buckling very significantly affected the
performance of the members.

K. SZILASSY (BUDAPEST)2%6

Paper analyzes the buckling of columns of cold-formed
rectangular tubular cross section, taking into account the
effect of the strain-hardening caused by cold-forming
process, resulting in variable mechanical properties along
the cross section. Based on stub-column tests and yield stress
measurements within the cross section, an effective
stress-strain equation for the whole cross section

€ =0.00167 6/, + 0.002(0/0,)12

is used for the theoretical investigations, and buckling
curves for different initial eccentricities are calculated,
differing from the multiple column curves given in the
Hungarian specifications but in good accordance with the
results of 21 buckling tests presented in the paper.

d. CURRENT STUDIES

JAPAN
(No current studies reported for Japan.)

NORTH AMERICA

As indicated above, work is underway on: effective width
formulations for design of unstiffened compression elements
and webs of beams; an AISI load and resistance factor de-
sign procedure for cold-formed members; examination of
stiffener requirements; and the interaction of local buckling

with (1) lateral-torsional buckling of beams and (2) flexural
buckling or torsional-flexural buckling of columns.
Studies are also in progress on fabricated tubular col-
umns, cylindrical shells, storage rack structures, and the
combined effects of web bending and crippling.

WEST EUROPE

The most up to date review of current research in this field
is presented in the papers of the International Conference
on Thin-Walled Structures, held at the University of

Strathclyde, Glasgow, Scotland from April 3 to April 6,
1979.

EAST EUROPE
(No current studies reported for East Europe.)
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PART C. COMPARISONS AND CONCLUSIONS

The design concepts throughout the world are currently
undergoing a change from allowable stress design to limit
states design. The material collected in Parts A and B shows
that this transition progresses differently in the geo-
graphical regions investigated.

In the Western and Eastern European codes, the change
to limit states design is quite advanced and, from an overall
point of view, unified specifications can be expected in the
near future. Japanese and North American design practice
is still more or less based on allowable stress design prin-
ciples, with the exception of Canada, where alternative
limit states design rules have been introduced.

These differences in design practice and the use of the
new and more advanced design principles in no way reflects
the status of research in the various geographical regions.
In all four regions, the ultimate strength approach, together
with probabilistic safety considerations, is the commonly
accepted basis of all recent research in the field of structural
stability.

The results of these worldwide research efforts are not
fully implemented in the form of limit states design rules,
and in many cases remain camouflaged in an allowable
stress design format. One reason for this has certainly been
seen in the different ways in which specifications are es-
tablished in the various countries through public authori-
ties. It seems that when government, industry, and research
institutions share the responsibility, and when the resulting
code is commonly obligatory, these conditions accelerate
the implementation process. Another reason is the heter-
ogeneous progress in the various partial fields of stability
theory, nationally and internationally, and the different
importance that eventually less developed theoretical areas
have for the entire design concept, as well as for the specific
design needs in the various geographical regions.

In this concluding section, the discrepancy between re-
search achievements and code implementation will be in-
vestigated, based on the material in Parts A and B; reference
is also made to a recent investigation by Massonnet and
Maquoi.??’

No attempt is made in this discussion to make a quan-
titative comparison of economy of the different design ap-
proaches. The national differences in loading conditions
and the multitude of applied “load”, “resistance”, and
“safety” factors make such a comparison on an interna-
tional level prohibitive.

Only major research gaps will be mentioned here. A
detailed listing of needed research is given in Section d,
Current Studies, of each chapter in Part B.

1. CENTRALLY COMPRESSED MEMBERS

The basic case of the centrally compressed column reflects
quite well the general changes in the theoretical treatment
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of stability problems, as well as the status of subsequent
implementation of the achieved theoretical progress in
design practice throughout the world.

For a more realistic assessment of column strength, the
tangent modulus method based on bifurcation theory has
been replaced by a theoretical model, where stability is
considered as a problem of divergence of equilibrium and
is treated as inelastic second order analysis of columns with
initial geometrical and material imperfections. This ulti-
mate strength analysis of imperfect structural members has
become the commonly accepted basis of all recent research
and of the corresponding design clauses in limit states de-
sign concepts.

These principles are also the basis of the design recom-
mendations of the Structural Stability Research Council
(SSRC), USA; of the European Convention of Construc-
tional Steelwork (ECCS), West Europe; and of the Council
of Mutual Economic Assistance (CMEA), East Europe.
These have been presented as “Regional Recommenda-
tions” in Part B. Although the design clauses in the three
recommendations differ in details, they all provide multiple
column curves for the design of centrally compressed col-
umns.

In West and East Europe this idea of multiple ultimate
strength curves has been widely accepted and has been
adopted in the course of introduction of limit states design
in most of the national codes. The North American and
Japanese design practice, largely still allowable stress de-
sign oriented, relates the column strength throughout the
various building and bridge codes to one single column
curve, based either on tangent modulus theory or ultimate
strength theory.

This continued use of one single column design curve,
together with the tangent modulus concept, has to be un-
derstood from the role of the column curve in an allowable
stress design concept. Since stability is treated as a bifur-
cation problem, the design of structural members and
systems can be related by means of the effective length
method to the column curve of the hinged column. The
rather critical attitude in such a design concept towards the
use of multiple column curves has to be viewed with regard
to their application for beam-column and frame design. For
such applications, the significance of multiple column
curves for the design results can eventually diminish, in
particular when the structural members under consider-
ation are stocky or of low slenderness ratio.

Quite different is the role of multiple column curves in
a limit states design concept based on ultimate strength
principles. The application of the design curve is mainly
restricted to the design of structures, where the different
assessment of column strength through multiple column
curves significantly influences the design. For the design
of frames in such a limit states design concept, as shown in
Part B, the column curves act only as reference curves for
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the determination of initial geometrical imperfections for
a subsequent analysis according to a second order plastic
hinge method.

The introduction of a multiple column curve design
scheme based on ultimate strength principles depends,
therefore, not only on the state of the art of column research,
but on the readiness to introduce similar advanced methods
for the design of other structural members and of sys-
tems.

With regard to the present status of column research, the
ultimate strength of conventional shapes in their as-rolled
or as-welded condition seems to be sufficiently investigated.
However, the refined assessment of column strength
through multiple column curves makes it necessary to ob-
serve the technological progress and to correct and update
the selection charts. For economic reasons, the beneficial
effect of cold-straightening should be recognized in the
design clauses.

More information is needed for a theoretical prediction
of the residual stress distribution in unconventional shapes.
More investigations are also needed for those cases where
longitudinal and circumferential residual stresses have to
be recognized for the ultimate strength analysis, as in the
cases of large fabricated tubular members and cold-formed
tubes.

2. BUILT-UP MEMBERS

The design approach for battened or laced built-up mem-
bers has undergone a development similar to that of axially
loaded simple members. Since the critical load analysis of
perfectly straight built-up columns does not supply realistic
data for the design of chord and web members, the new
design concepts are based on the ultimate strength analysis
of built-up members with an initial out-of-straightness.

Such a concept has been adopted by ECCS and is de-
scribed in Part B. However, most of the other regional
recommendations and national codes still require an elastic
critical load analysis by using an effective slenderness
ratio.

It is hoped that future limit states design codes will adopt
the ultimate strength principles for the design of built-up
members, not only to achieve a consistent theoretical
treatment, but in order to replace empirical formulae
through a realistic assessment of the axial forces, moments,
and shear forces acting in the member.

Considering the importance of this type of column for
industrial buildings, future investigations should center
around an optimum design for built-up columns.

3. BEAMS

In the regional recommendations, the design clauses to
prevent lateral torsional failure of laterally unsupported
beams are either based on elastic critical loads, relating
beam behavior in the inelastic range to column buckling
by means of an equivalent slenderness ratio procedure

ENGINEERING JOURNAL / AMERICAN INSTITUTE OF STEEL CONSTRUCTION

(SSRC, INCERC), or the design clauses provide a separate
design curve as the result of ultimate strength calculations
(ECCS). Similarly wide is the range of applied theoretical
models in the various national codes. Eventual unification
might be encouraged through further investigations of the
ultimate strength behavior of beams.

Recent research, including several Colloquium contri-
butions, have investigated the role that support conditions,
the type of loading and level of load application, shape of
cross section, residual stresses and geometrical imperfec-
tions have on the ultimate strength of beams. In the ECCS
Recommendations, a single design curve and a modified
slenderness account for these parameters. Additional in-
vestigations should clarify whether further differentiations
analogous to the column design procedures are desirable.
It is already evident that some of these parameters influence
the ultimate strength of beams quite differently than that
of columns. In particular, residual stresses seem to be less
significant for beam behavior, and further investigations
should settle the question of whether or not a distinction
has to be made between rolled and welded beams.

4. PLATE AND BOX GIRDERS

Like those used for many other components, the design
approaches adopted for plate and box girders are going
through a transition phase from the elastic allowable stress
approach to the limit state. The ECCS Recommendations
contain provisional clauses which are based on a modified
critical elastic buckling approach to stiffened plated
structures. It is true to say that many apparently elastic
methods are in reality elasto-plastic methods couched in
elastic terms. A good example of the present state of affairs
is the comparison which has been drawn recently between
codified methods for box girder compression flange design
and presented at the Cardiff Conference on the new British
bridge code. It was concluded that no method was truly
plastic, but that all methods reviewed had some sections
based on plastic considerations and others on elastic con-
siderations. The latter approach is necessary, as insufficient
information exists on the complete collapse behavior of a
wide compression flange and all its components. The same
can be said of other elements, such as orthogonally stiffened
webs for plate or box girders.

Despite this, tremendous advances have been made over
the past 10 years in our understanding of the behavior be-
yond service loading of plate and box girders. This is one
of the positive spin-offs from the tragic collapses of box
girders bridges in the late 60’s and early 70’s. The tre-
mendous volume of research triggered by these collapses
advanced the understanding of the ultimate behavior of
plated structures at a rate which would not have been
possible were it not for the mistakes which were made.

Most attention has been focussed on box girders, rather
than plate girders, but the lessons learned have in many
cases been applicable to both. The inelastic strut approach
used for compression flanges is now incorporated in the new



USA draft AASHTO recommendations for box girder
bridge design, as well as in the new UK code BS5400, Part
3, and Norwegian DnV Rules for offshore structures. Al-
ternative approaches were first explored in depth within
the Preliminary Report to the 2nd International Collo-
quium on Stability and the information was widely dis-
seminated at all of the Colloquia. The tension field-method
of design, also reviewed in depth in the same Report and
discussed widely at the Symposia, has also been taken on
board by the U.S.; U.K., Swiss, and other steel codes, al-
though limitations have been placed on its application to
various geometries.

The work on the inelastic stability of plate and box
girders is being used as a basis for several draft codes in
countries including Germany, The Netherlands, Belgium
and, indeed, the EEC countries as a whole, in the context
of the new Eurocode 3 for structural steelwork. It is also
likely to be used as source material in countries as far
ranging as Japan and Brazil. In the latter country a limit
state code for steel buildings has recently been drafted and
one for bridges is currently being prepared.

There are, of course, many problems which remain to
be solved before ultimate limit models can be adopted for
all plate and box girder configurations. Among the stability
problems which are still being tackled on pseudo-plastic
bases in the majority of codes are the following:

¢ local elasto-plastic tripping behavior of stiffeners for
flanges and webs

o overall stiffener sizing for deep webs of plate and box
girders

» redistribution of stresses from webs to flanges in girders
with deep thin stiffened webs

¢ shear lag effects in very wide flanges

» wide flanges subjected to combined inplane and lateral
loading

The encouraging aspect is that there is a definite conver-
gence of approach to design of box and plate girders, using
a proper understanding of elasto-plastic large-deflection
behavior to formulate rational and simple yet accurate
methods to determine their true ultimate limit state.

5. BEAM-COLUMNS

All three Regional Recommendations and the Japanese
codes use linear interaction equations both for uniaxial and
biaxial bending. Flexural-torsional buckling is treated in
an approximate way by relating it to the failure mode of
lateral buckling of beams.

For biaxial bending, the SSRC Recommendations also
suggest nonlinear interaction equations, providing a better
fit to the actual interaction curves and removing the con-
servatism of the linear interaction equations.

The modification of the conventional linear interaction
equations in the ECCS Recommendations also aims for a
more economic design. As shown in Part B, the column
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buckling load is replaced in these formulae through a fic-
titious eccentricity applied to the axial load N. This has
particular advantages for larger slenderness ratios, since
it accounts for the reduction of the axial force NV at the
presence of bending moments.

More economy can also be expected from recent devel-
opments to adjust the design formulae more closely to the
specific load-carrying capacity of the different cross-sec-
tional shapes, quite analogous to the multiple column curve
philosophy for simple columns. In this line are the Cana-
dian Specifications, where for the biaxial bending case the
given linear interaction equations for H-sections are
modified for the use for square tubular sections. Nonlinear
interaction equations developed recently (see Part B) dis-
tinguish between wide-flange shapes and box sections.
Extensions to other structural shapes can be expected.

Similarly stronger recognition of shape characteristics
seems to have affected the design practice in some East
European countries, where the limit fibre stress is related
by means of an effective slenderness to the limit stress of a
fictitious centrally compressed member.

The problem of applying the solutions for the “isolated”
beam-column to the actually restrained beam-column in
a framework by other than the effective length method has
been attacked in different codes. The ECCS Recommen-
dations limit the application of the beam-column interaction
formulae to braced frames. For unbraced frames, a second
order analysis of the entire system is required. The code of
the German Federal Republic completely eliminates the
use of interaction equations and replaces it by second order
elastic analysis or by second order plastic hinge analysis.

This is in compliance with the present tendency in re-
search towards a full system analysis according to ultimate
strength principles, which in return should lead to practi-
cable design tools for the proportioning of beam-columns
as parts of an entire framework or of subassemblages.

6. FRAMES

The regional recommendations and the national codes re-
flect in different degrees the present tendency to reduce the
application of traditional frame design procedures based
on effective length concept and beam-column interaction
formulae to nonsway problems. The conservatism of these
design methods, as well as unsafe design results for certain
applications, have led to an introduction of more refined
design methods for overall system analysis, based on second
order theory.

For elastic frame design, the SSRC and the INCERC
Recommendations allow the effective length procedure for
both braced and unbraced frames, while the ECCS Rec-
ommendations restrict the use of this concept to the case of
braced frames. SSRC in addition provides P-A procedures
and methods based on story drift control. For unbraced
frames, ECCS requires a full second order analysis, as-
suming initial imperfections.
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For plastic frame design, the SSRC procedures require
the direct inclusion of P-A moments in the calculation of
the ultimate strength of the frame. According to the ECCS
Recommendations, braced frames may be designed using
beam-column interaction formulae. Unbraced frames in
the ECCS concept may be designed according to simple
plastic theory, modified Merchant-Rankine formula, or
second order plastic hinge method, depending on the given
criteria (see Part B).

The Japanese codes generally provide the effective length
procedure for frame design, but, due to the special wind and
earthquake loadings, stability aspects are less dominant for
the design considerations.

The tendency towards full system design will certainly
continue in the future. The further development of prac-
ticable design methods based on second order theory is
needed, together with a calibration of such design proce-
dures vis-a-vis design examples executed in design practice.
More emphasis should also be given to recognition of the
behavior of three-dimensional structures in the relevant
design clauses.

Of importance is the further clarification of the influence
of geometrical and material imperfections on the ultimate
strength of frames, considering different system configu-
rations and loading conditions. This is particularly relevant
for a realistic estimation of the representative out-of-plumb,
which is introduced in most second order design proce-
dures.

7. TRIANGULATED STRUCTURES

Despite the general trend towards more refined analytical
methods, the design of the majority of trusses, which are
trusses where the panel points are braced normal to the
plane of the truss, will continue to follow the conventional
procedures adopted by the present codes. These simplified
methods assure the stability of the system by considering
the member stability only.

In these methods the members are idealized as hinged
struts and the eventual restraint supplied at the joints is
accounted for by introducing an effective length. The cor-
responding effective length factors are derived in nearly all
recommendations and codes on the basis of bifurcation
theory.

In the case of limit states design concepts, the following
question should be considered: to what extent are the ef-
fective length factors based on inelastic bifurcation theory,
and meant for application in an allowable stress design
concept, still valid at ultimate load level.

By simplifying the actual conditions, the behavior of a
member in a truss at ultimate load level will depend on the
slenderness range, the stiffness ratio of the restraints, and
the interaction of the axial forces present in the member
with the bending moments caused by local deformations
of the member as well as by global deformations of the truss.
The presence of residual stresses, in particular pronounced
zones of compressive residual stresses (for example, at the
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joints), will lead to earlier plastification and subsequent
increase of deformations. It seems obvious that the con-
ventional bifurcation theory does not account for this be-
havior. A cautious use of effective length factors derived on
this basis seems appropriate.

This is supported by Colloquium contributions (see Part
B). As a consequence, the new Swiss code SIA 161, which
is based on limit states design, allows for buckling in the
plane of the truss a K-factor of 0.8 for web members and
only K = 0.9 for chord members, as compared with K =
0.8 for all truss members in a previous edition of the
code.

Further investigations of the ultimate strength of trusses
should therefore be encouraged in order to check the nu-
merical validity of effective length factors.

For an economical truss design, and in order to maintain
a coherent level of structural safety at the same time, not
only should the application of effective length factors be
emphasized, but full use should be made of the advantages
of multiple column design curves for truss design.

8. SHELLS

Generally speaking, regional recommendations and na-
tional specifications tend to rely on fairly straightforward
formulas, rather than involved procedures. An exception
is the ECCS set of rules concerning ring-stiffened cylinders
under external pressure, which is a rewrite of the corre-
sponding section of British Standard BS 5500.

Since certain types of shell are very imperfection sensitive
under certain types of loading, it stands to reason that the
magnitude of the imperfections is a decisive factor in most
specifications. This is achieved in two different ways. In
the ECCS Recommendations and in the British and Soviet
codes, for instance, the rules apply only when the imper-
fections do not exceed certain tolerances, while the SSRC
Guide gives critical loads which are a direct function of the
imperfections and account for imperfections of any mag-
nitude.

The scope of various sets of specifications is quite dif-
ferent. The ECCS text restricts itself to unstiffened shells,
except for ring-stiffened cylinders under external pressure,
and the Austrian code mentions only cylinders. The SSRC
Guide applies to a wide variety of stiffened and orthotropic
shells. The Soviet and the Czechoslovakian codes consider
cylindrical panels and conical shells, while the ECCS rules
do not.

European standards, in West Europe as well as in East
Europe, are mainly based on lower bounds of experimental
results. The formulas in the SSRC Guide, on the other
hand, were theoretically obtained.

On the face of it, the Soviet code is predommantly ori-
ented elastically. Elastlc-plastlc buckling appears to be
considered more explicitly in the ECCS Recommenda-
tions.

The ECCS rules and the Soviet standards both use
Dunkerly’s straight interaction line for the case of combined



axial load and radial pressure on cylinders. A somewhat
more optimistic interaction curve, located above the straight
line, appears in the Czechoslovakian specifications. Since
there do not seem to be much experimental data available
for the combined loading cases, at least in the elastic-plastic
range, and since it is a case of much practical importance
in offshore work, it would be interesting to know the origin
and the basis of the Czechoslovakian rule.

9. COMPOSITE MEMBERS

No design clauses exist in current regional recommenda-
tions. However, documents elaborated by relevant working
commissions indicate the design trends in the various geo-
graphical regions.

In the ECCS Manual on Stability and in the draft Joint
ECCS-CEB-IABSE Recommendations on Composite
Construction, an ultimate strength approach is proposed
for encased columns and concrete-filled tubes. For the de-
sign of axially loaded columns, a modified slenderness is
defined that relates the design to the ECCS multiple col-
umn curves for steel sections. For the design of beam-col-
umns, parabolic interaction formulae are proposed.

Japanese codes are presently under revision, but future
composite design will be based on a method of superposi-
tion, according to which the strength of a composite column
or beam-column is calculated as the sum of the strength of
the component material columns. A stated advantage of this
procedure is that the strength of the steel and concrete
portions can be determined by using independent design
specifications.

In the USA, the design of composite members is so far
only covered in the American Concrete Institute Building
Code. The design approach specified is essentially identical
with that for reinforced concrete members and leads to a
quite conservative design of composite members. On ini-
tiative of SSRC, developments are underway to relate
composite design to the procedures given in the AISC
specifications for steel column and steel beam-column de-
sign.

No official design clauses are given in Eastern European
codes.

Opposite these quite diversified design approaches for
composite members, it is hoped that joint international
ventures of steel and concrete associations, such as the Joint
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ECCS-CEB-IABSE Committee, will succeed in promoting
a fairly unified design philosophy.

10. COLD-FORMED STEEL

Codes for the design of light-gage cold-formed steel struc-
tures are available in North America, West and East Eu-
rope. There are no Japanese rules in this field.

One of the most important factors in the design of thin-
walled members is to account for local buckling in com-
pressed plate-elements. The effect of the postcritical reserve
of strength is invariably utilized. The effective-width
concept has been adopted in each of the above-mentioned
codes, although the formulas that are used are slightly
different.

An effective-width approach has also been adopted for
plates with multiple stiffeners (orthotropic plates). For
compressed plates with one or two intermediate stiffeners,
both the ECCS draft, CSA and the AISI specifications use
a similar approach by giving minimum requirements for
the second moment of area. Both CSA and AISI use a
similar approach also for edge stiffeners, while the ECCS
draft treats the edge stiffener as a compressed elastically
supported column where the limit stress is determined by
ECCS buckling curve b.

Unstiffened elements (plate-elements with one edge free)
are treated both in the AISI code and the ECCS draft with
the aid of a design compressive stress which is a function
of the critical buckling stress. Efforts are under way to
formulate effective width design procedures for this case
also.

Concerning centrally compressed members, the AISI and
CSA specifications governing flexural buckling are both
based on the SSRC method, with inclusion of a local
buckling factor Q. The slenderness ratio is to be calculated
for the gross cross section. In the ECCS draft, a slenderness
ratio based on effective cross section is to be used for de-
termining the buckling stress from ECCS column curve b.

Current research in the field of light-gage steel structures
includes the following topics:

e Interaction of local and overall buckling (including
torsional-flexural buckling)

¢ Effect of intermediate stiffeners
¢ Web buckling and web crippling
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