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AVOIDANCE OF BUCKLING OF SOME ENGINEERING ELEMENTS (STRUTS,
PLATES AND GUSSETYS)

1. INTRODUCTION

The term buckling describes non-linear elastic behaviour which can occur when a component is subject to
compressive load or to other load actions that cause compressive stress. It is accompanied by transvers
movement of part of the component out of the line of the applied load which greatly reduces its stiffness
in resisting the applied load, and which generally leads to collapse.

It should be noted that theaee many forms of biting, and that this Item is designed to cover only those
cases likely to be encountered in general mechanical engineering. For structures and for some special plar
equipment, such as pressure vessels, codes and standards provide all the necessary data on buckling a

> these should be used where appropriate. The purpose of this Item is to give a general description of buckling
g and to give details of simple calculation procedures that may be used to estimate the buckling loads of
= mechanical engineering components so as to ensure that buckling does not occur in service.
©
<
8
% 2. NOTATION
z
17 Both Sl and British units are quoted but any coherent system of units may be used.
5 A area enlosed by tube cross-section (see Sechpn m? in2
(8]
% a, b plate length and width ix- andy-directions respectively m in
-'_é’ d dimension of section (see Table and Sketch 4)3 m in
(O]
o+
e E modulus of elasticity of material N/m? Ibf/in?
o+
49
) e effective distance along triangular plate edge at which applied
= load is taken to act (see Skefth) m in
(@]
§ fi elastic buckling stress N/n Ibf/in2
(%]
- foq compression stress at which plate first buckles when shear N/m? Ibf/in2
stress in plate igyy
fot theoretical elastic buckling stress for a geometrically perfect N/m? Ibf/in2
cylinder
fot average stress at which torsional-flexural buckling occurs in a/m? Ibf/in2
strut
fox fby combination of stresses xa andy-directions respectively at ~ N/m? Ibf/in2
which a plate first buckles
fe collapse stress for a rectangular tube N/m? Ibf/in2
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feyo ny Euler buckling stresses aboutand y-axes respectively where N/m  Ibflin?
fey = 112E(kxll')2
ny = T[2E(ky/|')2

fp 0.2 per cent proof stress or yield stress of material N/m? Ibf/in?
fr average compressive stress at torsional instability N/m? Ibf/in?
fo elastic buckling stress of a long plate with simply-supported N/m? Ibf/in?
edges loaded on short ends under uniaxial compression, given
by
) f = i DEDZ
7
';'_,;' fi. f, longitudinal stresses at plate edges AB and CD (see Fayyure N/m? Ibf/in2
©
)
§ fib fop critical values of; andf, at which a plate first buckles Nfm Ibf/in?
(%]
> . . :
= G modulus of rigidity or shear modulus of material N/m? Ibf/in?
o+
(%]
E h dimension of section (see Takle and Sketch 4)3 m in
B Ip polar second moment of area of cross-section about shear m* int
o) centre
L
= Iy second moment of area of cross-section about neutral axis m* int
EJ parallel toy-axis (see Sectio)
©
E J torsion constant of section m* int
49
=l K Kmin buckling stress coefficient and minimum buckling stress
3 coefficient respectively
O
8 k radius of gyration of section m in
(%]
- Ky ky radii of gyration of section about andy-axes respectively m in
1 actual and equivalent length of strut (see Sectionat.1
cylinder acting as strut (see Secti@n2 andb) m in
My bending moment N m Ibf in
Py critical point load N Ibf
Q coefficient modifyingf,; for end support conditions
dp stress at which plate buckles in shear alone N/m  Ibf/in?
Ayt shear stress at which plate first buckles when compressive
stress in plate i, N/m? Ibf/in?
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radius of cylinder m

torque at which tube wall buckles in shear (tubes composed of

flat plates) N m
thickness m
thickness of section of dimensiodsndh respectively m
uniformly distributed load per unit length N/m
lengths of sides of a triangular plate (see Sedtjon m

co-ordinates of shear centre widference to principal axes of
section m

warping constant of section m

maximum inward initial deviation of mid-line of wall of an
unloaded cylinder m

Poisson’s ratio for material

polar radius of gyration of section about shear centre m

Sign Convention

Compressive stresses positive, tensile stresses negative

3. DESCRIPTION OF BUCKLING AND ASSOCIATED BEHAVIOUR

occurs followed by collapse.
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A buckle develops in a non-linear fashion, the load not being proportional to the deflection, even though
the elastic limit of the material has not been reached. This is illustrated by Skethich shows the

load versus deflection (shortening) behaviour of a slender elastic strut. As buckling is developed a small
increase in load will cause a large increase in deflection. ir@omg to apply the load will cause the
deflection to grow rapidly. This can occur elastically but in practice this growth is usually such that yielding
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Initially straight strut Load

Euler buckling—I - }‘
load \

Increasing initial eccentricity
of load or shape

0 Axial shortening Loadf

Sketch 3.1 Behaviour of an elastic strut

The buckling load is a function of cross-section geometry as well as material properties. The relationship
between buckling load and the dimensions of the cross-section is not linear, being dependent upon the
square or cube of the minimum dimensions. Thus, although reducing the cross-sectional dimensions of a
critical section by a small amount leads to only a small increase in the compressive stress, it can lead to ¢
large reduction in the buckling load.

For the majority of components in which it is necessary to avoid buckling, simple checks using the
assumption that buckling occurs elastically will suffice. Throughout this Item small deflection theory
applies and, for plates, thin plate theory is used. Poisson’s ratio is 0.3 where not stated, and the material
are asumed to be homogeneous and isotropic. (The majority of engineering marermirmxmately

isotropic and the data may be used for these without signifceot) :

Buckling can occur in a number of basic modes, each of which is associated with a particular wavelength
and form of distortion. The major modes for components subject to compression are overall flexural
buckling, overall torsional buckling and local buckling. These are illustrated in SReichsing, as
examples, struts of various types of cross sections.

ESDU Copyright material. For current status contact ESDU.
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3. 2. ¢ Torsional mode
Sketch 3.2 Buckling modes of rectangular section, tubular and X-section struts subject to

compressive loading.

Sketch3.2aillustrates the overall buckling mode. This is the mode that occurs most frequently and is
sometimes referred to as flexural klig. For pinned ends the half-wavelength of buckle is equal to the
distance between the ends of the strut. The section across the centre-line indicates that the section translat:
but does not rotate. Sketch 3. &tows the local buckling mode, in which the buckle half-wavelength is
comparable to the principal dimensions of the strut cross-section. Here the cross-section distorts without
translation or rotation.

The torsional buckling mode is shown in SkeBchc. This introduces buckling in the walls of the section
having a half-wavelength of at least half the length of the strut. Torsional buckling does not occur in all
sections but is a chacterstic of open sections, especially those that are asymmetric. It occurs by rotation
of the cross-section. It is unusual for torsional buckling to occur alone; it usually occurs in conjunction
with another buckling mode, most commonly flexural, or, very rarely, local buckling.

Sketch3.3 compares, for three typical strut cross-sections, the relationship between the various modes of
buckling and the length of a strut. The three curves represtaredi sedbns, ranging from SketcB.3a

which is that for a simple solid section strut, to Ske&@t which is for a beam with a complex section,

such as an I-section. For a simply-supported strut the half-wavelength of buckle must equal the strut length
or be a sub-multiple of it. Thus, as Ske&Bc shows, if the length is sufficiently great the flexural or
torsional-flexural mode of buckling will occur at the lowest load. However, for shorter struts the lowest
stress at which buckling will occur will be near to one of the troughs towards the left of Sk&tdn

practice it is conservative to assume that for short wavelength modes the buckle wavelength adjusts itself
to the value corresponding to the trough whether or not this is an exact sub-multiple of the strut length.
Basic buckling calculations for plate and/or strut elements, and their behaviour will be examined in the
next two sections.
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Derivations25 and28 give more information on buckling, as do the Data Items on buckling in the Structures
Sub-series, which cover a wider range of elements and conditions than the data presented in this Item.

Typical section

Elastic buckling
stress

Flexural buckling {Euler)

Length
3.3.0

Typical section

Elastic buckling
stress

Flexural buckling (Euler)

Trough associated
with local mode

Length
3.3.b

| Typical section

Elastic buckling
stress
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Flexural buckling (Euler)

Torsional -flexural
buckling

Trough associoted
with local mode

Length
3.3.¢c

Sketch 3.3 Effect of strut length on the elastic buckling stress séme typical sections

6 Document Sharing Hub
Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 88034 1988


http://www.avadocuments.com/doc/esdu-88034-1988
http://www.avadocuments.com/doc/esdu-88034-1988

ESDU Copyright material. For current status contact ESDU.

88034

4.

4.1

BUCKLING OF STRUTS SUBJECT TO COMPRESSION

A strut is a structural component having cross-sectional dimensions small in comparison with its length
that is loaded in compression parallel to that length. The cross-section may be solid but, for reasons of
structural efficiency, the strut is more likely to be constructed from material that is itself thin in relation to
the overall dimensions of the cross-section. The cross-sectional shape is usually uniform along the length
of the strut but the shape may change locally near the ends in order to introduce the load uniformly to the
cross-section.

Most calculations relating to buckling deal with theoreticallffgetrgeometry and precise axiabmment

of the load. The most elementary of these is the classical Euler calculation for flexural buckling. Similar
analyses can be performed for torsional-flexural and torsional buckling. Calculation of the local buckling
load is usually carried out by idealising the section into an assembly of flat plates and analysing these using
flat plate theory.

Struts can fail in all three buckling modes, flexural, torsional-flexural and local, and these are dealt with in
the following sections. These modes are independent of one another so that all must be checked to avoi
buckling.

Overall Flexural Buckling

For normally manufactured struts subject to flexural buckling the effect of the initial deviation from
straightness due to manufacturing inaccuracy is usually significant and should be allowed for. This results
in an analysis that predicts the load at which an extreme fibre reaches a prescribed stress, usually a yielc
stress, prior to buckling. Although such calculatiaresdependent on the form of théial deviation from
straightness it is usual, and for most practical cases adequate, to assume a sinusoidal form. The resultin
loads may conveniently be plotted against the length of the simply-supported strut to give the familiar strut
curves of the type shown in Sketéhl. The abscissa of Sketehl could equally be the buckle
half-wavelength since the overall mode of buckling always occurs at the highest wavelength possible.

Load at buckling or
failure

Classical instability (Euler)

Failure
of imperfect strut

Length of simply- supported strut

Sketch 4.1 Typical Euler buckling curves for struts
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The curves presented in Figureefer to flexural failure, and are basedigquation(4.1).

(4.1)

fo _ 1o 0 [1dp # fp]*
fE—2%—E+(1+n)5{4%—E+(1+n)5—fJ ,

wheren is an empirically determined factor accounting for imperfections, taken a$' (k003 for general
engineering structures. It must be noted that this is a generattom factor — more specific factors for
differing section shapes may be obtained from the necessary standards, for example, R&f &) &8s

and36.

Equation(4.1) is represented as a series of curves plottégllaagainsti'/k for a range of valuesfgie

in Figurel. The curves are presented for zero rotational restraint and infinite laterahtetted is pinned,

at both ends of the strut. The curves can be used to take account of different values of rotational and/or
lateral restraint by replacing the actual strut length by an equivalent value. A table of equivalent lengths
relating to various end conditions is provided by Tdbldelow. (In some codes of practice the fixed-fixed
equivalent length is assumed to be greater thanb@&ause perfect fixing of the ends is impossible in
practice.)

TABLE 4.1 Table of Equivalent Lengths

Pinned| Pinned Fixed Fixed Fixed

End Conditions Pinned| Fixed Fixed Free Fixed in rotation, with no

lateral restraint

Equivalent lengthl’ 1.0xl | 0.7 x|l | 0.5 x| | 2.0 x| 1.0 x|

It should be noted that may have different valuesfierdint planes, and theimimum value ofk/l' for

the section should be used. When the strutis attached continuously to a plate along its length the appropriat
value of kis that about the neutral axis parallel to the plane of the plate stmalild include an allowance

for that part of the plate that acts with the strut.

For most isotropic engineering materials and commonly employed strut sections containing initial
irregularities the shear deformation has a negligibly small effect on the buckling load and, unless very
precise values are required, can be neglected. For struts in which the shear stiffness is unusually low the
shear deformation may seriously reduce the buckling load, for example, in the case of a weakly braced strut.

ESDU Copyright material. For current status contact ESDU.

4.2 Torsional Buckling

Torsional buckling can occur as a result of compressive loads applied axially to the ends of a strut. Torsional
buckling can also occur in conjunction with flexural buckling, that is torsional-flexural buckling, as a result
of compression. Details of these modes of bucldiregiven in the next sections. Sectibreals with
buckling due to applied torsional couples.

4.2.1 Torsional buckling due to axial compression

Some thin-walled sections, with relatively low torsional stiffness may, under axial compression alone,
buckle torsionally while the longitudinal axis remains straight. The subject of torsional buckling in this
mode is treated extensively in Derivationdr@l Referenca4.
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The elastic buckling stress at which torsional buckling due to axial loading occurs is given by
Equation(4.2).

_ GJ TPEr
= _+_’
T | [ ]2
P 'p

(4.2)

wherel" is the warping constant of the strut. It should be note@i that is zero for shapes consisting of thin
rectangular elements that intersect at a common point.

For a strut with ends fixed against rotation but free to warp, the effeatigéhlé’ , is equal to the actual

strut length]. If, however, the ends are prevented from warpingffextive length will be only half the
actual length, that ig2. An end of a strut is free to warp when the cross-section of the end is free to distort
out of its original plane.

g Equation(4.2) is applicable to doubly symmetric sections, such as I-sections, whose shear centre and
7 centroid coincide. For the common single-angle strut, EqugtdoR) will provide a reasonable
B approximation. Expressions for the warping constBnt, , and torsion codstmmtyarious shapes are
g given in Table4.2 More examples of can be found in Derivati@dand Reference32 and35.
(@]
§ TABLE 4.2 Torsional Properties for some Sections
o+
Z SECTION TORSIONAL PROPERTIES
<
- 3 34 ht3
“t:;' | o X J = (dytg+d,tg+ht3)/3
3 | 1 t4h20d3 dfo
o T r=—
Q2 Lo ¥ 12 W3+ d3%
— o] 2 1 2
©
et r= 9
£ d3+d3
% Note that two special cases exist; an I-sectiorn
= whered; = d, and a T-section whed, = 0. The
= above equations hold for these cases.
O
a J = (di§+ht3)/3
)
w
M = (d33+h3?)/36=0 for smalltyandty,
J = (2dt3+ht3)/3
tyd3h? [Bdty+2ht,O
r= O 0
12 g6dty+ht, o
o 3d%y
ht, +6dt,
0 = shear centre Z = centroid
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4.3

In the general case where the shear centre does not coincide with the centroid, buckling is a combination
of flexure and torsion, and is described in the next section.

Torsional-flexural buckling

In the general case of a column of thin-walled open cross-section, buckling failure usually occurs by a
combination of torsion and flexure. For struts of arbitrary cross-section the buckling stress may be found
using Equatior{4.3). More detailed information can be obtained fronfeRence39.

The buckling stresdy;, is given by the smallest root of the following equation.

f f f f Iy T foIrx.T°
A= | [ | e Ny e = | [ R s S 4 ) ) (4.3)
Fott Fote Fote fore || P foet || P

wherefg, andfg, are the Euler buckling stresses aboukttendy-axes respectively. The torsional buckling
stressft , can be obtained from Equati¢h?2).

If fgx , fgy and # differ very widely, the buckling stress will be, in geal,only a little smaller than the
smallest of these stresses and the instability will be predominantly in the corresponding mode.

For struts having a cross-section with one axis of symmetry, for exampletti® xhe instability occurs

either in pure flexure about tlyeaxis or in combined flexure about thexis and torsion about the shear
centre, whichever mode results in the lower buckling stress. Inthis case the buckling stress can be obtaine
from Equation(4.4), which is a simplified form of Equatio@.3) having only two roots.

-1
fbtf:{fi 1 {m; flgmiﬂ‘_om?H_ s

+ = % -
Ex fT . fEx T fEx fT
Local Buckling

Calculation of the local buckling loads of sections composed of flat plate elements normally uses plate

theory modified to take account of the connections between the elements. The plates are usually assume
not to translate in their own planes and this implies that the plate junctions remain straight along the length
of the strut.

Calculation of local buckling loads also usually ignores the effects of initial irregularities,
through-the-thickness shear deformations andceffexts of the local radius at the juincts of the plate
elements. The error incurred lgnoring shear deformations and initial irregularities is usually negligible
and ignoring the local radius results in a slight under-estimate of the buckling load, thus leading to a
conservative estimate of the buckling stress.

Local buckling is not significantly affected by any form of end restraint. In the extreme case of a very short
strut, with a length less than about twice the major dimension of the cross-section, end restraints may
increase the buckling stress but not greatly.

For the simple case of elastic buckling, Equation (sh&y be used to calculate the buckling stress:

f, = KE(t,/h)? or KE(ty/d)?. (4.5)
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