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1 General

The objective of this part of TALAT is to give background to the design methods and
recommendationsin ENV 1999-1-1 Design of aluminium structures Part 1-1: General rules
(Eurocode 9) in order to understand the specific behaviour of static loaded aluminium
structures. The text is supplemented by a number of design examples.

1.01 Scope

This chapter concern aluminium plate structures and extrusions primarily applicable to
aluminium structuresin buildings, civil and structural engineering works such as bridges,
hydraulic and offshore structures and temporary structures, e.g. erection and building
scaffolds, masts, cable- and light poles.

1.02 Symbols

Symbols

The symbols used in Eurocode 9 are mostly used in this document as well. In order to

facilitate the reading the most common symbols are given here.

Agi  Effective area lgr Second moment of area of gross
Ay  Grossarea Cross section
A Netarea Inet  Second moment of area of net
b Width Cross section
bhey Width of heat affected zone lic  Fictive second moment of area
c Distance; Outstand for calculation of deflections
d Diameter; Depth L length, span, system length
E Modulus of elasticity le Effective (buckling) length
fo Characteristic strength for Mg  Elastic bending moment
yielding Mg Plastic bending moment
fa Characteristic ultimate strength Meg Bending moment (action), design
for t_he local capacity in net value
section Mrg Bending moment resistance,
foo 0,2 proof strength design value
fu Ultimate strength
fhaz  Characteristic strength in heat- Ngg Axial force (action), design value
affected zone Nrg Axial force resistance, design
G Shear modulus value
lef Second moment of area of q Distributed load
effective cross section (I with r Radius
t Thickness

further subscript)
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tef  Effective thickness (te with yo Reduction factor for local

further subscript) buckling

Wy  Elastic section modulus Phaz  HAZ softening factor

Wy Plastic section modulus o  Stress

W Section modulus of effective X RedU(_:ti on factor for flexural
cross section buckling

a Shape factor xit  Reduction factor for lateral-

B Slendernessratio of across torsional buckling
section element ¢  Stressratio

a1 Partia safety factor for the ¢ Fector defining representative
resistance due to overall yielding values of variable actions

W12  Partial safety factor for the Ye Exponent in interaction formula
resistance of net section éec  Exponent ininteraction formula

£ Strain & Exponent in interaction formula

Ac Slenderness parameter (j in Ne Exponent in interaction formula
Eurocode 9) «x  HAZ softening factor in

l¢/i  Slendernessratio (A in Eurocode interaction expressions
9

S.I. units

Thefollowing S.I. units are used

- Forces and loads KN, kN/m, KN/m?

- unit mass kg/m®

- unit weight kN/m®

- stresses and strength N/mm? (=MN/m? or M Pa)
- moments KNm

1.03 Safety and serviceability

The design philosophy and the design procedure are discussed in Aluminium Design, part
4.1. In this chapter a short presentation of the partial coefficient method is given. Design
values of strength of aluminium alloys are given in sub clause 2, Design basis.

In al modern codes of practice structural safety is established by the application of the
partial safety coefficients to the loads (or ‘actions) and to the strength (or 'resistance’) of
components of the structure. The new Eurocodesfor the design and execution of buildings
and civil engineering structures use alimit state design philosophy defined in Eurocode 1.
(Common unified rules for different types of construction and material).

The partia safety coefficients for actions () depend on an accepted degree of reliability,
which is recognised as a national responsibility within the European Community. The
probability of severeloading actions occurring simultaneously can be found analytically, if
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enough statistical information exists, and thisistaken into account by theintroduction of a
second coefficient . The design value of the action effects (when the effects are

unfavourable) is then found by taking values of y= dependent on the type of loading and

valuesfor ¢that take account of the chances of simultaneous|oading. A valueof yof 1,15
is suggested for permanent loads, such as the dead load of bridge girders, and 1,5 for
variable loads such as traffic loads or wind loading. The loading actions on members are
found by an elastic analysis of the structure, using the full cross-sectional properties of the
members.

The partial safety coefficients for actions takes account of the possibility of unforeseen
deviations of the actions from their representative values, of uncertainty in the calculation
model for describing physical phenomena, and uncertainty in the stochastic model for
deriving characteristic codes.

The partial safety coefficient for material properties ()4,) reflectsacommon understanding
of the characteristic values of material properties, the provision of recognised standards of
workmanship and control, and resi stance formul ae based on minimal accepted values. The

value given to ) accounts for the possibility of unfavourable deviations of material
properties from their characteristic values, uncertainties in the relation between material
properties in the structure and in test specimens, and uncertainties associated with the
mechanical model for the assessment of the resistance capacity.

A further coefficient, ), is specified in some codes, and this can be introduced to take
account of the consequences of failurein the equation linking factored actionswith factored

resistance. It isoftenincorporatedin . It recognisesthat thereisachoiceof reliability for
classes of structures and events that take account of the risk to human life, the economic
loss in the event of failure, and the cost and effort required to reduce the risk. Typical

valuesin recent European codes of practice for aluminium are 514/, = 1,2 and 1,3, on the
assumption that properties of materials are represented by their characteristic values.

The ultimate limit states defined by the use of the above factorsrefer to failure of members
or connections by rupture or excessive deformation, transformation of the structure into a
mechanism, failure under repeated loading (fatigue) and the loss of equilibrium of the
structure as arigid body.

Serviceability limit states, according to most definitions, correspond to a loss of utility
beyond which service conditions are no longer met. They may correspond to unacceptable
deformations or deflections, unacceptable vibrations, theloss of the ability to support |oad-
retaining structures, and unacceptable cracking or corrosion. Because certain aluminium
alloysin the non-heat-treated condition, or in the work-hardened condition, do not have a
sharply defined 'knee' to the stress/strain curve, it is sometimes possible for unacceptable
permanent deformation to occur under nominal or working loads. The samemay betruefor
alloys that have a substantial amount of welding during fabrication.

1.04 Design with regardsto instability
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Extruded and welded members are never totaly perfect. They possess a number of
imperfections. Residual stresses, heat-affected zones and other variation of material
properties and the Baushinger effect are dealt with in section 1.06 and 1.07. Other types of
imperfections, for exampleinitia curvatureand deviation of cross sectional dimensions, are
dealt with in section 1.05. The stress-strain relationship of aluminium is dealt with in
section 1.08.

Itisof great importanceto take theinfluence of imperfectionsinto consideration, especialy
for different types of instability phenomena, e.g. flexural buckling, latera-torsional
buckling and plate buckling. To illustrate this, consider the case of flexural buckling for a
bar subjected to an axia load, cf. Figure 2301.01.01. In the past, the compressive force
capacity was cal culated with Euler'sbuckling formula. Thisformulaisvalid for aperfectly
straight, elastic bar without imperfections. However, in reality, such a bar contains a
number of imperfectionsthat reduce the strength. In Figur e 2301.01.01 the behaviour of an
idealised Euler column is compared to that of areal column.

Initially
straight bar

cr

Bar with initial deflection

N
>»

o

Comparison between buckling behavior of an idealized
Euler bar and of a real bar with imperfections 2301.01.01

It is possible, in the age of computers, to create calculation models that can, with great
detail, ssimulate the actual behaviour, but under one condition. Every imperfection of the
beam must be known and correctly modelled and taken into consideration. Residual stresses
and variation in material properties have little influence on the behaviour of extruded
members. On the other hand, the first two of these imperfections can have great effect on
welded members.

Welding effects the member by creating residual stresses and reduction in strength of the
material in the heat affected zones.

1.05 Geometrical imperfections
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1.051 Extruded profiles

Initial curvature

The deviation of cross section dimensions and member length is often very small for
extruded members. The effect is however not negligibleif thereisrisk for instability, e.g.
flexural buckling and lateral-torsional buckling.

A systematic analysis carried out on extrusions from several European countries showed
that the initia curvature was approximately L/2000. In national specifications, initial
curvature is usually presumed to lie between L/500 and L/1000. It is common to use the
samevalueasfor rolled steel sections. The ECCS (European Convention for Constructional
Steelwork) recommends that vy is taken as L/1000 when calculating buckling curves for
extruded profiles, cf. Figure 2301.01.02. This value may seem to be far on the safe side.
However, another geometrical imperfection is considered within this value; deviation of
sectional dimensions.

Deviation of cross sectional dimensions

Deviation of width for sectional partsis usually lower than 1 percent. The thickness can
vary 5 percent and for parts thinner than 5 mm the deviation can be up to 10 percent. The
thickness of hollow extrusions can have large variations. This is due to the extrusion
process. Even a perfect die causes deviation of thickness in a hollow extrusion. Thisis
enhanced in extrusions with small cross sections, cf. Figure 2301.01.02.

The effect of this imperfection is that a centric compressive load actually has a certain
eccentricity. The point of load introduction, in this case, does not coincide with the centre
of gravity for the cross section.

For extruded profiles and welded profiles, measurements show that this eccentricity, e, is

less than L/1600. Together with the initial curvature of L/2000, this explains why initial
curvature in national regulationsis considered to be less than L/1000.
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t= (tmax - tmin)/2
= At =t - 1)/ t

Definition of initial curvature and eccentricity

TALA

nnnnnnn g in Aluminium Application

2301.01.02

Initial buckles

Flat parts in extruded profiles show very small initial buckles. Thisisof two reasons; the
first isthat it is difficult to produce extrusions with sectional parts so slender that initial
buckles can develop. The second reason isthat the traction process that follows extrusion
reduces any initial buckles.

1.052 Welded profiles

The influence of residual stresses and the strength reduction in the heat-affected zone, are
dealt with in section 1.06 and 1.07. In this section, initial curvature and variation in
sectional dimensions are discussed.

Measurement of welded T-sections and box sections show that the initial curvature is
aways less than L/1300, i.e. always greater than for extruded profiles.

The cross section measurement iswithin the sametolerance limitsasfor extruded profiles.
One important imperfection on welded |-sections, where the web iswelded directly to the
flanges with fillet welds, is that the web plate often is alittle eccentric. M easurements on
such profiles showed eccentricities not greater than L/1600. Conclusively, this meansthat
the same initia curvature can be used for welded profiles as for extruded profiles, when
determining buckling curve, i.e. L/1000.

Initial bucklesin flat cross section elements

Initial buckles in welded beams (flanges and webs) cannot be avoided. The following
tolerances are recommended, if smaller tolerances are not necessary for aesthetic or other
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reasons.

TALATER | Tolerated divergence from flatness of web and flanges 2301.01.03

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Tolerated buckles in the web are given in the following expressions. The limit is applied
to each panels of the web with horizontal stiffeners.

ew< 2 \when w50

200 tw
<————— when 50<—<125 (1.02)

by b
<OW \hen BW 5105
w™"s0

tw
The largest tolerable deflections for an outstand element in compression, i.e. the
compression flangefor an |- ,U- or Z- cross section, are givenin thefollowing expressions.

b
er <D when - <10

20 t (1.02)

1.06 Residual stressesand variability in material properties

Extruded and welded profiles contain imperfections of different kinds. In this section,
residual stresses, variability in material propertiesand the Bauschinger effect are dealt with.
Other kinds of imperfections, e.g. initial curvatureand variability in dimensionsof the cross
section are dealt with in section 1.5.
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1.061 Residual stresses

If apart of amember undergoes nonuniform, plastic deformation stresses arise within the
elastic area. The sum of negative and positive stresses is always zero, if there are no
external forces. The inhomogeneous deformation field which generates residual stressis
caused by thermal processes such as cooling after extrusion and welding, mechanical
processes such as cold rolling and straightening by means of traction.

For awelded T-profile the residual stresses may be formed as follows:

The weld is very warm in the beginning. The zone next to the weld is also very warm.
When the material coolsdown, the weld shrinks because of differencesin density between
the hard and the soft material. Further, theweld will shrink because of thethermal diffusion
factor. The surrounding cold and stiff metal prevent this shrinking. This part of the cross
section is subject to compressive stresses while the area closest to theweld string isloaded
with tensile stresses. See Figure 2301.01.04.

Example of residual stressesin an welded T-profile

2301.01.04

How to measureresidual stress

The most common method is the destructive method, which is based upon the technique of
cutting the specimen in a number of strips. The residual stresses are calculated from
measurements on each strip.

There are two methods of measuring. Thefirst isto measure the length of the strip before
and after the cutting it from the section. If Y oung's modulusis known, it is easy to apply
Hooke's law and determine the residual stress. The second method is to mount electrical
resistance strain gauges on the strips and determine the residua stresses by applying
Hooke's law. The last method is that which is most commonly used today. Note that
Hooke's law can be applied since residual stressis essentially an elastic process. With the
methods stated here only longitudinal residual stresses are determined. However, these are
of most interest from a structural point of view.
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Residual stressin extruded profiles

Mazzolani [see TALAT 2600] has shown results from a number of experiments where
residual stresses are determined for different types of profiles. These consist of different
aloys and were manufactured by various processes.

Here, the results from experiments on I-profiles are reviewed.

Experiments conducted on I-profiles consisting of different alloys show that the residual
stresses are randomly distributed over a cross section. It seemsthereisno simple rule for
stress distribution as there is for rolled steel sections. Residual stresses are low, the
compressive stresses amost never exceed 20 MPa and tensile stresses are much lower.
These values are measured on the surface of the profiles. At the centre of the material the
values are probably lower since residual stresses usually change sign from one side to the
other. Different alloys do not affect the intensity and distribution of residual stresses.

The residual stresses have a negligible effect on the load-bearing capacity.

Residual stressesin welded profiles

In contrast to what has been said for extruded profiles, residual stresses cannot be neglected
in welded profiles. The welding produces a concentrated heat input, which causes the
remaining stresses (see above). Large tensile stresses in connection to the web and
balancing compression stresses in other parts are characteristic.

Figure 2301.01.04 showed an example of the results of an experiment where two
aluminium plates were welded together with butt welds. The plateswere of different sizes,
and aloys. One was of a heat-treated alloy and one of a non heat-treated aloy. The
differencesin theresultswere very small. The maximum tensile stresswas 90 - 100 N/mm?
and the maximum compression stresswas 30 - 40 N/mm?. Thelower values correspond to
the heat-treated alloy.
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I-profile of flat plates I-profile of extruded T-flanges

Typical residua stressesin welded I-profiles
2301.01.05

Typical residua stress distributions for two different I-profiles are shown in Figure
2301.01.05. The highest values of tensile stresswerein both cases 140 N/mm?. The greatest
value of compressive stress was 50 N/mm? except for the web of the specimen to theright
in Figur e 2301.01.05 where compressive stresses reached 100 N/mm?. One conclusion of
these two experimentsisthat by welding together extruded profilesone can placethewelds
within the area where they cause a minimum of strength reduction.

These experiments also show that the residual stressesin relation to the yield limit of the
material are much lower for aluminium profilesthan for corresponding stedl profiles. Inthe
experiments, theresidual tensile stresses were less than 60% of the 0,2 percent proof stress.
For steel, residual stresses may be greater than the yield stress of the material. Theresidual
compressive stresses are typicaly 20% for aluminium and 70% for steel. Therefore,
considering residual stresses, it is more favourable to weld aluminium than it is to weld
steel. However, the strength of the material is reduced up to 50% in the zone around the
weld for aluminium. This counterbalances the effect of the residual stress distribution.

Often the continuous curves of theresidual stresses are replaced by equivaent block curves

as those in Figure 2301.01.06. These curves are easier and faster to use in numerical
models.
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2301.01.06

1.062 Inhomogeneous distribution of mechanical properties

The mechanical properties such as Y oung's modulus, fg 2, differ very little over the cross
section, not more than a few percent. The difference is negligible when determining the
resistance.

1.063 Bauschinger effect

If aspecimen isloaded in tension and after that loaded in compression, the elastic limitis
lower than for a specimen only loaded in compression.

To eliminate initial curvature extruded profiles are straightened by traction. At the same
time minor residual stresses are reduced. Initial curvature is an imperfection that reduces
the strength, especially the compressive strength. The straightening also causes plastic
deformation, which, according to the Bauschinger effect, reduces the resistance.

Normally the Bauschinger effect isneglected in national regulations. Thereason isthat the
Bauschinger effect ismore or less counterbal anced by the effect of theloss of residual stress
when straightening extruded profiles. Furthermore the design methods (buckling curves
etc.) have been calibrated with tests on specimens including the Bauschinger effect.

1.07 Heat affected zones

Two groups of welded profiles are distinguished: those consisting of heat-treated alloysand
those consisting of non heat-treated alloys. The non heat-treated group ishardly affected by
welding. The heat-treated group loses quiet an amount of strength in the heated affected
zone close to the weld. The proof stress decreases up to 40-50 %. The reason for the
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phenomenon is that the heat-treated alloy is heated at the weld. The crystal structure is
changed and the material loses its strength. Figure 2301.01.06 a shows, in principle, the
distribution of material strength in the heat-affected zone.

The élastic limit, the strength at rupture and the elongation at rupture are influenced by
welding whenjoining flat platesto an I-profile. The moment capacity is greatly reduced for
such a beam. One solution is to place the weld in an area where the effect of welding is
small on the bending strength. This can be achieved by welding together extruded profiles.
See Figure 2301.01.07.

: = Welds ]Welds
l ] [ ]
I-profile of flat plates I-profile of extruded T-flanges
Strength reduction in welded |-profiles
2301.01.07

I nfluence of heat-affected zones

In ultimatelimit state design the factored characteristic loads must be shown to belessthan
or equal to the calculated resistance of the structure or component divided by the material
factor. In cal culating the resistance of welded al uminium components, however, aproblem
occurs with the strong heat-treated aloys. The effect of the temperature generated by the
welding processisto disrupt the heat treatment and produce softened zonesin the vicinity
of welds. This softening isasignificant factor in 6xxx and 7xxx series alloys, and in 5xxx
series aloys in a work-hardened temper. It can have a noticeable effect on the ultimate
strength of the welded component and must be allowed for in design.

Theextent of theHAZ is affected by the metal temperature when wel ding beginsand by the
build-up of temperature in multi-passes. When neighbouring parallel welds are laid
simultaneously the extent of their combined HA Z increases. For thicker material the extent
of the HAZ measured radial from al points along the edge of a weld was found to be
proportional to ,/ Ay /N , where Ay, isthe total section area of the weld deposit per pass

and N is the number of heat flow paths adjacent to the weld. The extent was increased if
temperature build-up was allowed to take place between passes.
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The extent of the heat-affected zones

2301.01.08

For thinner material the extent of the HAZ measured radial from the centre-line or root of a

weld wasfound to be proportional to Ay/N and inversely proportional to the mean thickness
of the heat flow paths. The extent wasincreased if temperature build-up occurred between
passes, athough for thin material multi-pass welding is less likely to be required.

When aweld is located too near the free edge of an outstand the dispersal of heat isless
effective, and the degree of softening of the alloy isincreased. The effect depends on the
ratio between the distance and the weld to the free edge and the extent of the HAZ
calculated asif there were no free edge effect.

The conclusions of resent research have been incorporated into Eurocode 9, seetable 1.01
and figures 1.08 and 1.09. The HAZ is assumed to extend a distance byg, in any direction
from aweld, measured as follows (see Figure 2301.01.08).

a) transversely from the centre line of an in-line butt weld

b) transversely from the point of intersection of the welded surfaces at fillet welds

c) transversely from the point of intersection of the welded surfaces at butt welds used
in corner, tee or cruciform joints.

d) inany radia direction from the end of aweld.

For thickness > 12 mm there may be atemperature effect, because interpass cooling may
exceed 60°C unlessthereis strict quality control. Thiswill increase the width of the heat-
affected zone, see Figure 2301.01.09.

Thevaluesof bpa; from Figure 2301.01.08 apply to in-line butt welds (two valid heat paths
=two plateswelded together) or tofillet welds at T-junctions (threevalid heat paths). If the
junctions between elements arefillet welded, but have different numbers of heat paths (N)

from the three, multiply the value of bngz by 3/N.
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Table 1.01 HAZ softening factor (,0haz)

For all alloys supplied as extrusions, sheet, plate, drawn tubes and forging in the O
and F condition, o paz = 1,0.
Extrusions, shest, plate, drawn tube and forging in the T4, T5 and T6 condition
Alloy Series Condition Phaz (MIG) Phaz (TIG)
BXXX T4 1,0 -
T5 0,65 0,60
T6 0,65 0,50
TXXX T6 0,807 0,60?
1,07 0,80”
Sheet, plate or forging in the work hardened (H) condition
Alloy Series Condition Phaz (MIG) Praz (TIG)
5XXX H22 0,86 0,86
H24 0,80 0,80
3XXX H14, 16, 18 0,60 0,60
Ixxx H14 0,60 0,60

a) apply when atensile stress acts transversely to the axis on a butt or afillet weld,;
b) apply for al other conditions, i.e. alongitudinal stress, atransverse compressive
stress or a shear stress.

ok
o 0 : ;1;;::::5;%3522'::impass

Width of heat affected zone (bhay)

2301.01.09

1.08 Stress-strain relationship

One of the first difficulties, when dealing with aluminium alloys is the problem with
defining its stress-strain relationship. Even materials of the same alloys can have different
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stress-strain relationships. Thisis because of the manufacturing and heating processes the
material is subjected to.

The elastic limit, often defined asthefg » - limit for aluminium, is not enough for defining
the stress-strain relationship for the material. It isa so necessary to includethevariationsin
Y oung's modulus and the strain hardening of the material. These factors arethereason why
the stress-strain curve is different for each alloy.

Thesefactorsare a so the main reasonswhy analysis of structural elements cannot be based
upon simplified stress-strain relationships as for steel. Analysis must be based upon
generalized inelastic stress-strain relationships. The most commonly used isthe Ramberg-
Osgood law, shortly presented in the following.

The Ramber g-Osgood law

A generdlized law € = £0) has been proposed by Ramberg and Osgood for aluminium

aloysas

n
=94 (_ j (1.03)

where E isthe Y oung's modulus at the origin. Parameters B and n haveto be determined by
experiment. OftenB= f ¢ o/ 0,002Y" is used. Then:

n
e=Z+ 0002 -2 (1.05)
E f0,2

Aluminium has been classified according to n as follows:

n<10-20 non heat-treated alloys
n>20-40 heat-treated alloys

Further descriptions of the Ramberg-Osgood law and other stress-strain relationships are
given in Eurocode 9, Annex E.
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2 Design basis
2.01 Basicvaluesof strength

Characteristic values (from Eurocode 9) for the strength of wrought aluminium alloys,
fo for the 0,2 proof strength, and f5 for the ultimate strength are given in table 2.01 for
some often used aluminium alloys. The characteristic strength of material influenced by
welding, fhaz = ohazfa, iISa@so given in the table. MIG welding is assumed.

The values of fy and f; are minimum valuesfor each alloy and temper within the thick-
ness limits given in the table. For instance, the strength f, = 250 N/mm? for EN-AW
6082 given in the table is actualy valid for extruded profiles with t < 5 mm. For

5mm<t<25mm, f, = 260 N/mm?, which also apply for plateswith 0,4 mMm<t< 6
mm.

The characteristic values apply for structures with an operation temperature lower than
100°C. At elevated temperatures the values are reduced. For structures subject to ele-
vated temperatures associated with fire, see EN 1999-1-2. At temperatures below 0°C
the strength and elongation at rupture are often somewhat larger.

A characteristic value correspondsto, or ispresumed to correspond to, acertain fractile
for the statistical distribution of the actual parameter. The 5%-fractileisnormally used
as strength parameter. For metals, valuesin standards are usually corresponding to the

1%-fractile. Only one value out of one hundred is then allowed to be lower than the
characteristic value.

2.02 Design valuesof strength
Design values of strength at the ultimate limit state may be defined as follows:

For the 0,2 proof strength fg ¢

. (2.01)
° Ym1
For the ultimate strength f, g
— fa
- (2.02)
Ym2

fo,d and f4 g refer to tensile stresses and compression stresses as well. Values for often

used aloys are given in table 2.02. The partial safety factors )11 and 2 are givenin
0.04
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Table 2.01 Minimum characteristic values of yield strength f,, ultimate strength f; and
strength faz in the heat-affected zone for some wrought aluminium alloys

Sheet = Sheset, strip and plate
Extrusion = Extruded profile, extruded tube and extruded rod (not drawn tube)

Alloy Temper Sheet/ Thickness Fo fa fhaz Aso
EN- Extrusion
AW
over | upto | N/mm? | N/mm? | N'mm? | %
5083 O/H111 Sheet 2 80 115 270 270 14
F/H112 | Extrusion 200 110 270 270 12
H24/H34 Sheet 2 25 250 340 272 4
H24/H34 | Extrusion 5 235 300 240 4
6005A T6 Extrusion 25 200 250 163 8
6063 T6 Extrusion 20 170 215 140 8
6082 T4 Sheet 4 12 110 205 205 12
Extrusion 25 110 205 205 14
T6 Sheet 4 125 255 300 195 6
Extruson | 5 150 250 290 190 8
fhaz = Phaz fa (MIG welding)

Table 2.02 Design values of yield strength f, g, ultimate strength f5 g and strength frazqin
the heat-affected zone for some wrought aluminium alloys

Alloy | Temper Sheet/ Thickness fod Fad | fhazd a) b)
EN- Extrusion
AW N/mm? | N/mm? | N/mm?
over | upto
5083 | O/H111 Sheet 2 80 105 216 216 | 2,07 | 2,07
F/H112 | Extrusion 200 100 216 216 | 2,16 | 2,16
H24/H34 Sheet 2 25 227 272 218 | 1,20 | 0,96
H24/H34 | Extrusion 5 214 240 192 | 1,12 | 0,90
6005A T6 Extrusion 25 182 200 130 | 1,10 | 0,72
6063 T6 Extrusion 20 155 172 112 | 1,11 | 0,72
6082 T4 Sheet 4 12 100 164 164 | 164 | 1,64
Extrusion 25 100 164 164 | 164 | 1,64
T6 Sheet 4 125 232 240 156 | 1,03 | 0,67
Extrusion 5 150 227 232 150 | 1,02 | 0,66
fod=fo/ M1 fad=fal M2 fhazd = Phazfal W2
a) fad/fod=(fa/ W2/ (fo/ 1)
b) thaz/fod= (Phazfa!/ W2) / (fo/ 1)  (MIG welding)
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2.03 Design valuesfor reduced strength in the heat-affected zone

A design value for the material in the heat-affected zone may be defined by

f
fhaz,d = Phaz—— (2.03)
Ym2

The design value of strength in the heat affected zone is given in table 2.02.

2.04 Partial coefficients (Resistance factors)

The partial safety factor for bending and overall yielding in tension and compressionis

a1 for all cross section classes. It refersto the yield strength f, and the effective cross
section allowing for local buckling and HAZ softening but with no allowancefor holes.

Thevalue of yy1is
mwi1=11 (2.04)

The partial safety factor 2 is used for the local capacity in net section in tension or
compression. It refersto the ultimate strength f5 and the net cross section with allowance
for holes and HAZ softening but no allowance for local buckling. The value of y2 is

Wz =1,25 (2.05)

The design expressions for the resistance of a tenson member are summarized in
Figure 2301.02.01. For further information of tensile force resistance, see 5.02

Agr Anet
I Q =
1:o,d 1:a,d
f A f =f/
NRd = min 1:o,d gr 1:o,d ~ fo/yMl
a,d”’ 'net ad ~ 'a a2
Tension resistance
2301.02.01
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2.05 Grosssection / net section

Fastener holesin the tension flange need not be allowed for provided that for thetension
flange:

09 Anet > fO/yMl (2.06)
Agr fa/Vm2

When Anet/Agr isless than thislimit, areduced flange area may be assumed.

(fa/ ua2) 1 (Fo/ ua1) isgivenintable 2.02 column a). It showsthat practically no holes can
be made in EN-AW 5083/H24/H34 or 6xxx/T6 members without reduction in design
resistance. On the other hand, in membersin O, F and T4 temper, large holes can be

made (Anet/Agr < 0,5in O and F temper and < 0,35 in T4 temper).

Furthermore, in table 2.02 column b), (fha n2) / (fo/ Mu1) IS given. It shows that, in
H24/H34 and T6 material, a cross weld will aways reduce the design resistance of a
member intension. In O, F and T4 temper material, however, acrossweld in atension
member does not reduce the design resistance.
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3 L ocal buckling

3.01 Cross section classes

Theresistance of across-section part in compressionisgenerally limited by local buckling.
The buckling load depends on the slenderness of the cross-section part. The slenderness
ratio of the cross section part is normally determined by the ratio of the width divided by
the thickness (£ = b/t). In many cases the more general parameter for enderness, 4, is
used

A= |-© (3.01)

cr

where f, is the 0,2-limit and f¢ is the elastic buckling stress for a perfect plate without
initial bucklesor residual stresses. A isproportional tob/tand ,/ f ;/E and dependsonthe

loading and the boundary conditions, e.g. the connection to other cross sectional elements.
Examples of the slenderness ratios are given in 4.03.

The behaviour of an element in compression depends on the slenderness ratio.

a. If the slenderness ratio of the element is small (8 < £1) no buckling occurs. The
average stressis equal to or even larger than the ultimate strength of the materia in
tension, cf. Figure 2301.03.01a.

b. If the lendernessratio is somewhat larger (81 < [ < [2) buckling occurs after the
compressed element has been plastically deformed to a strain, which is more than

about twice the strain corresponding to the fg » (€. 1%).

C. If theslendernessratioisfurther increased (82 < £ < [ 3), buckling occurs oncethe
0,2 proof strength has been reached and plastic deformation has started. See Figure
2301.03.01c.

d. If the lendernessratio islarge (8 > [ 3), then buckling occurs before the average

stress in the compressed part of the section has reached the 0,2 proof strength.
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Collapse load

Buckling load

(@) B<p (b) B <B<p, (©) B, <B<p d B>45

TALA Principlerelationship between mean stress g, {2301.03.01
‘‘‘‘‘‘‘ s e and compression £for different slenderness 8

Failure normally does not occur when some cross sectional element starts to buckle, but
after redistribution of stresses and yielding.

Thedivision of cross-sectionsinto four classesfor membersin bending correspondsto the
different behaviour asabove. Class 1 and 2 cross sections have compact cross-section parts
that behave according to a and b. Class 3 cross sections have semi-slender cross section
parts and behave according to c. Class 4 cross sections have one or more slender section
parts that behave according to d. See 4.01 - 4.04.

For amember in axial compression, actually only two classes are of interest: non-slender
sectionswith class 1 - 3 cross section parts and slender sections with one or more slender
section parts that behave according to d. See 5.033.

3.02 Behaviour of dender plates

A dlender plate with four edges, all simply supported, can carry an ultimate load that is
greater than the critical buckling load according to the theory of elasticity for perfectly flat
plates. Figures 3.02a and 3.02b show the difference between a plate with two free edges
(Figure 2301.03.02 a) and a plate supported along four edges, (Figur e 2301.03.02 b).

A plate with two longitudinally unsupported edges will buckle in the same way as a
compressed bar. Hereby, the plate will deform to asurface of single curvature (disregarding
small disturbances along the unsupported edges). Every vertical strip will have the same
strain and deflection.

After buckling, a plate with four edges, all simply supported, will deform to a surface of
double curvature. When compression increases, the strip in the centre will behave in a
different way compared to one aong the edge. The strip along the edge will remain straight
and the compression will result inincreased stresses. The central strip, on the contrary, will
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deflect without any particular increase in stress.

This description of the behaviour of a rectangular plate with ssmply supported edges,
applies only under the condition that the compressed edges are still straight after the plate
has buckled. In along plate that buckles into anumber of half-waves, the node lines act as
straight loaded edges.

N A

N ¢ Initially
i N A plane plate
i

Initially |
straight bar |
cr
N,, JZE: N
I
|
| N
] ,5, )
Bar with initial deflection and Plate with initial deflection
«_Plate with two free edges
o o

(@) (b)

(@ compressed bar and plate with two free edges and
(b) plate supported along all four edges

Principle relationship between maximum deflection J and
load N, with and without initial deflections 2301.03.02

Thebehaviour isalso similar for arectangular plate with three supported edgesand onefree
edge (an outstand element), where the last edgeis parallel to the direction of theload. The
same condition applies here asin the previous case, if the |oaded edges stay straight after
buckling and if they are paralel and in the same plane. The compression flange of an
I-beam is an example of this case. Each half flange acts as a plate supported along three
edges and, after buckling into a number of half-waves, the node lines correspond to the
straight, loaded edges.

When the edge of the flange buckles, redistribution of stresses occur with an increase of
stresses close to the web and a decrease of stresses at the edges of the flange, see Figure
2301.03.03a.

For asingle sided flange, asin a channel section, the behaviour isusually different. When
the free edge of the flange buckle, the ends of the beam rotate and a redistribution of
stresses from the free edge to the connected edge does not occur if the load still act in the
centre of the cross section (pinned ends). Therefore, the buckling stress usually isan upper
limit for the resistance of an unsymmetrical cross section with outstands.

For sections composed entirely of radiating outstands, such as angles, tees and
cruciforms, local and torsional buckling are closely related. Usually, only torsional
buckling (lateral-torsional for tees) need to be checked.
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(@) (b) (c)

(a) Stressdistribution after buckling of aflange of an I-section and a flange of a
channel section with pinned ends

(b) Cross sections with stable post-buckling behaviour

(c) Cross section with no post-buckling strength

Relation between stress distribution and flange 2301.03.03
buckling S

The load exceeding the buckling load is usually called post buckling range (post buckling
strength, post critical range). A stable post buckling range exists for an internal cross
section element for most load cases such as axia load, bending moment and transverse
load. For cross section parts with one free edge, a stable post buckling range exists in
flanges of |-profiles and composite cross sections asin Figur e 2301.03.03b, but normally
not in flanges of channels, angles and Z-sections asin Figure 2301.03.03c.

TALA Principle relationship between slenderness 2301.03.04
‘‘‘‘‘‘‘ s ool - ngrameter A, resistance Ny and buckling load N

The resistance in the post buckling range is of importance for slender plates. The post
buckling strength increases with increasing slenderness ratio. See Figur e 2301.03.04.

3.03 Effective cross section

The relation between compression u and axia load N for a lender plate isillustrated in
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Figure2301.03.06. Thisischaracterized by the use of theterm effective area. The effective
area, asin many regulations for cold formed structures, can be determined by multiplying
the effective width with the gross thickness of the plate, or, asin Eurocode 9, by multiplying
an effective thickness with the gross width.

N A y= NL NU:fOAeff
/ EAgr ‘/ *N
/ / __ ¥ __
:l‘ -~ B
/
/
/ 7
/ 7
- /
Ncr I/'
A y= NL hy
/
: EAdef
>
u
Principle relationship between compression u and 2301.03.05
axial load N s

Agr: areaof gross cross section, used for calculation of deformation prior to buckling
Ager. areaof effective cross section used for calculation of deformation. Ages depends

on theload level
Agr. areaof effective cross section used for calculation of resistance.

In many new national standards the effective thickness is used since it leads to simple
calculations. In Eurocode 9, the effective thicknessis used for calculation of resistance. In
many cases an effective width concept is used for calculation of stiffness. See 5.033 and

6.03.

Effective cross section for calculation of resistance is defined as
Nu= Aeff o (3.02)

where N, is the rupture load for the cross section part.

The axia deformations can be calculated from the relationship

TALAT 2301 28



N L
u=
E Adef

(3.03)

where Ager depends on the load level.

The definition of Ages is different from that for Agsf, and, in principle, Agef = Aeff €vEN
just before failure.

3.04 Calculation techniquefor class 4 cross sections

Theresistance of many structuresisindependent of the overall bending deflection, asinthe
case of a short, centric compressed column. The ultimate load is governed only by local

buckling, i.e. of Ag. For a beam in bending, the resistance is determined by the section
modulus W for the effective cross section.

Theresistance for other structures may also depend on the bending stiffness. One example
is the resistance of along column which depends on the bending stiffness as well as the
strength of the most compressed cross section part. The bending stiffnessis determined by

the deformation of the compressed cross section part expressed by | 4er. IN5.033 amethodis
given for determination of the resistance for acompressed column with an arbitrary cross

section. The method is based on the effective area with regards to strength, Agsf, and the

bending stiffness I 4 based on the effective area for deflections, Ager. The method is also
used for a compressed stiffener according to 6.03.

3.05 Calculation of deflections of beams with class 4 cross section

To calculate the deflection of abeam with class 4 cross section isvery complicated, dueto
the fact that the effective stiffness varies with the load level and along the beam. In
Eurocode 9, a simplified procedure is used, which mean that only the second moment of

area | for the effective cross section in the ultimate limit state need to be calculated
besides | for the gross cross section.

The calculation of elastic deflection should generally be based on the properties of the gross
cross section of the member. However, for slender sections it may be necessary to take
reduced section propertiesto allow for local buckling.

Advantage may be taken from reduced stress levels for class 4 section to calculate the

effectivethickness, using the following fictitious second moment of arealsic, constant along
the beam
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o
I fic=lgr - f_gr(|gr - leif ) (3.04)
0

where:
lgr = second moment of area of the gross cross section
leff = second moment of area of the effective cross section in the ultimate limit
state, with alowance for local buckling
Jgr = maximum compressive bending stressin the serviceability limit state, based

on the gross cross section (positive in the formula).
fo = characteristic strength for bending and overall yielding
In Figure 2301.03.06 the deflection disgiven asafunction of theload level gy /fo. o based

on lgr, leff and lfic are compared. The curve based on Ific is similar to curves from tests.
Note that deflections are calculated at the serviceability limit state.

g
ar _ MLZ
3 o=k
10 /- - - - -
5= ML / Serviceability /
T EL limit state
fi %////////////////////////// 7
o= k ML
i A Eleff
Oy
o)
TALATES L oad-deflection curves 2301.03.06

3.06 Breathing

When a beam with a slender web isloaded in compression or bending, because of initial
deflection or buckling, the web will have out-of-plane deformations. After the beam is
unloaded, the web will return to the original place. If theload is cyclic, this phenomenon
will repeat, which is called Abreathing[l Because of the fluctuation of the web, plate
bending stresses are created. The possibility of initiating fatigue cracks at the flange-to-web
junction and along the stiffenersis increased.
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The stresses in the web are not only dependent on the load, but also on the slenderness of
the web. This makes the fatigue problem of web breathing complicated. Plate bending
stresses normal to panel boundaries are shown to be the primary cause of fatigue cracks.

For girdersin bending fatigue assessment for type 1 crack isautomatically accomplished by
the fatigue assessment for type 2 cracks. Type 1 cracksoccur at atoe on theweb side of the
fillet weld to connect the web to the compression flange and type 2 cracks are observed at a
toe on the web side of the fillet weld connecting the vertical stiffener to the web. See
Figure 2301.03.07a. Breathing does not influence type 3 cracks, initiated at thefillet weld
to connect the web to the tension flange, as the web does not deflect on the tension side of
the web.

Type 1

i - ; ’ 2

| R /‘ _ AN |

@ )Typez;\@ ? - JUL

| N i

| AN |

! |

? i

! |

| \ ‘

‘ ! | rrrelrrrsrs.

(@) Type 3 ®)
no weld
WEZZ\/
Type 4 -
5 Type 2 ~
T Type 2 » l welds
g
Type 4 i
(d)
Breathing (a) Beam in bending (b) Web breathing
() Web in shear (d) Web with stiffener 2301.03.07

For girdersin shear the bending stresses due to breathing acts together with in-plane shear
stresses and tensile membrane stresses due to tension field action in the post buckling stage
of aslender web. To avoid type 4 cracks (see Figure 2301.03.07¢) due to breathing of a
web in shear, it isusually recommended that the maximum applied in-plane shearing stress
(at the ultimate limit state for fatigue) should be below the shear buckling stress for the
simply supported condition along the four edges.

The abovefindings and recommendations are based on tests on steel plate girders. No tests
have been found on aluminium plate girders. Thefatigue strength of thin-walled aluminium
plate girders can beincreased substantially by the use of extruded T-shaped flanges, where
there are no welds at the junction between the flange and theweb. See Figur e 2301.03.07d.
Furthermore, adding stiffenersto the web of the flange profileincrease the elastic buckling
stresses in the web.
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4 Bending moment

4.01 Yielding and local buckling

The ultimate limit state of abeam can occur in different circumstances depending upon the
geometry of the beam (the span L, the b/t ratio of theindividual partsetc.), theloading and
support conditions and the type of connection. Failureis most often accompanied by local
buckling of compressed cross section part. Exceptions are compact cross sections, such as
solid rectangular and circular sections and beams made by material with small ductility.

Class 1 \—ﬂ:k—

2| N .
| . local buckling
c tl:
S| b
El T <h =45
/ Class 2
‘ strain
i L S
- fo.2
i b
(heat treated, 1 ~ =60
| unwelded) —
/ Class
i o -
e [
i / post bog
buckling
i Ocr range
/ —_ Class 4

2301.04.01

Class 1 cross section

In the case of a beam with compact cross-section, in which local buckling or flexural-
torsiona buckling are not likely to occur, the beam experiences the inelastic range after

reaching the limiting elastic moment Mg = Wy fo until the ultimate moment My, isreached.
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This moment cannot be defined (asitisfor steel structures) asthe full plastic moment My,

=Wy fo. In fact, due to the hardening behaviour of the o—-¢law of aluminium, alimiting
curvature hasto be defined corresponding to the limit of strain in the outermost fibre of the

cross section. The increase in strength, My, - Mg obtained in this phase can be quantified
through arelation

Mu=a Mg (4.01)

which definesin ageneral form a shape factor a = a4 which is not solely dependent upon
the cross-sectional geometry, asisusual, but also depends upon the parametersinthe o—¢
law and on the definition of the limiting curvature. Figur e 2301.04.02 show that My > My

if islarger than about 1%. Then a1 > Mp/Mg.
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In this case the rotational capacity of the cross-section, which characterise the flexural
ductility of the beam, alows redistribution of the internal forces, and it is therefore
possible to carry out alimit analysis of the whole structure.

Class 2 cross-section

In the case of open profiles, local buckling phenomena are most likely to occur in the
compressed region of the cross-section and cause adecreasein the //—¢ curve of the beam.
Thisunstable behaviour isdependent upon the 8= b/t ratio. If the decreasing portion of the
curve occurs after the ultimate moment M, isreached, the beam keeps the same maximum
load-carrying capacity, but the rotational capacity of the cross-section is reduced why
redistribution of theinternal forcesislimited. Notethat using M asthe ultimate resistance
corresponds to a strain at the extreme fibres of about 1% for rectangular cross sections as
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well asfor mayor and minor axisbending of H cross-sections. See Figure 2301.04.02. Also
note that the difference between the curves for aluminium with its hardening behaviour of
the o—¢law and stedl is not that large.

Class 3 and 4 cross-section

If the decreasing portion of the curve occurs before the ultimate moment My, is reached

(class 3 cross-section, see Figure 2301.04.01), or even before the elastic moment Mg
(class 4 cross-section, see Figure 2301.04.01), the load-carrying capacity of the beam is
affected by local buckling phenomenato ahigher degreeif the b/t ratio islarge (e.g. thin-
walled profiles). Also ductility decreases to the extent that redistribution of internal forces
cannot be considered.

4.02 Classification of cross sections

Based on the above, four classes of cross sections are defined, as follows:

- Class 1 cross sections are those which can form a plastic hinge with the rotation
capacity required for plastic anaysis.

- Class 2 cross sections are those which can devel op their plastic moment resistance,
but have limited rotation capacity.

- Class 3 cross sections are those in which the calculated stress in the extreme
compression fibre of the member can reach its proof strength, but local buckling is
liable to prevent development of the full plastic moment resistance.

- Class4 cross sectionsarethosein which it is necessary to make explicit allowances
for the effects of local buckling when determining their moment resistance or
compression resistance.

Stressdistribution, shape factor and slendernesslimitsfor the four cross section classesare
summarised intable4.01 for unwel ded sections. For welded sectionsthe sameformulaeare

applicable, except that W, We and Wit are reduced to allow for HAZ softening. See4.07.
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Table 4.01 Stress distribution and shape factor for cross section class1to 4

Class | Actua and nominal Shape factor Slenderness
stress distribution limits
1
pl
az Wel IB< ,Bl
(See Euracode 9, Annex G)
2
a= —W p
= Wa AL<BSp
3
Bz-B (Wl
a=1+ <
B3~ B2\ We =psh
4 Wt
a=—— >
We B> b3

The classification of a section depends on the proportions of each of its compression
elements. The compression elementsinclude every element of across section that iseither
totally or partially in compression.

The various compression elements in a cross section (such as a web or a flange) can, in
general, bein different classes. The cross section should be classified by quoting the least

favourable class of its compression elements.
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The cross section class depends on the loading. Therefore, a cross section can belong to
different classes for y- and z-axis bending as well as axia force. See examples in
Figure 2301.04.03. No cross section class or effective cross section is defined for the

combined action of normal force and bending moment, but for the separate actions.

The following basic types of thin-walled elements are identified in the classification

process.

a) flat outstand element
b) flat internal element
¢) curved internal element.

These elements can be unreinforced, or reinforced by longitudinal stiffening ribs or edge

lips or bulbs (see Figure 2301.04.04).
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4.03 Slenderness parameter

The susceptibility of an unreinforced flat element to local buckling is defined by the
slenderness parameter S, which has the following values:

) flat outstand or internal elements with no stress gradient L=Dblt (4.029)
b) internal element with a stress gradient

that resultsin aneutral axis at the centre £=0,40 b/t (4.02b)
c) for any other stress gradients L=gbit (4.02c)

where b is the width of an element, t is the element thickness and g is the stress gradient
coefficient. For vertical elements in Figure 2301.04.04, d is used instead of b in the
expressions for S.

For internal elements and outstand elements with peak compression at root, g is given
by the expressions:

g=0,70 + 0,30¢ (1> > -1), (4.03)
g=0,80/(1- ¢) (W<-1),  seeFigure2301.04.05 (4.04)

where isthe ratio of the stresses at the edges of the plate under consideration, related
to the maximum compressive stress.

For outstand elements with peak compression at toeuseg = 1.
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When considering the susceptibility of areinforced flat element and cylindrical elementsto
local buckling, see Eurocode 9.
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4.04 Element classification

The classification of elements in cross sections is linked to the values of the maximum
slenderness parameter S. For e ements in beams:

LS B :class1
LL<B< [ : class 2
B <B< B3 :class 3
B<p : Class 4

Vauesof S, B and S5 are given in table 4.02.
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Table 4.02: Slenderness parameters £, /¢, o/eand B3/ €

Heat treated, unwelded Heat treated, welded or Non heat treated, welded
non heat treated, un-
welded
Elements | Sile | Bole | Ble | Bile | Ble | Ble| Bile | Ble | Ble
Outstand 3 4,5 6 25 4 5 2 3 4
Internal 11 16 22 9 13 18 7 11 15

£=,/250/ f , wherefoisin N/mm?

In the table, an element is considered welded if it contains welding at an edge or at any
point within its width. However, cross sections of a member that do not contain welding
may be considered as unwelded even if the member iswelded elsewhere along its length.
Note that in awelded element the classification is independent of the extent of the HAZ.

It is permissible to use a modified expression, £= \/250 z1/( f 5 z2) when classifying
elements in members under bending, if the elements are less highly stressed than the most
severely stressed fibresin the section. In this expression, z; is the distance from

Com' ///////////////////////////////////////////////////////////////J W/////////////////////////////A X
. 7 — = 7
pression 7 |
2 //////////////m Z
7
y y | Z2
|
y i y
P
A

T H %

TALATE 1 2 2301.04.06
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the elastic neutral axis of the effective section to the most severely stressed fibres, and z> is
the distance from the elastic neutral axis of the effective section to the element under
consideration. See Figure 2301.04.06. In principal z; and z» should be evaluated on the
effective section by means of an iterative procedure. Normally two steps are sufficient, see
4.06.
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4.05 Effective thickness

Local bucklingin class4 membersisgenerally allowed for by replacing the true section by
an effective section. The effective section is obtained by employing a local buckling

coefficient o to factor down the thickness. g is applied to any uniform thickness class 4
element that iswholly or partly in compression. Elementsthat are not uniform in thickness
require special study by the designer.

The coefficient g isfound separately for different elements of the section, in terms of the
ratio /¢, where Sisfound asin 4.03 and €is defined under table 4.02.

Valuesof g areasfollows:

Pc=10 when /< /€, (4.05)
0= A _ B
© Ble (Ble)?

when /s> /€ (4.06)

where S3/¢, A and B are given in table 4.03.

Table4.03 Slenderness parameter f;/£and coefficientsA and B in the
expression for gc

Heat treated, unwelded Heat treated, welded or Non heat treated, welded
non heat treated, un-
welded
Elements | Bs/¢ A B Bsle A B Bsle A B
Outstand 6 10 24 5 9 20 4 8 16
Internal 22 32 220 18 29 198 15 25 150

4.06 Effective cross section

The effective parts of a class 4 cross section are combined into an effective cross section.
The effective cross section depends on theload case. An exampl e of effective cross section
for a symmetric I-girder with class 1, 2 or 3 flanges and class 4 web is given in Figure
2301.04.07. Notethat no iteration process is necessary. The effective thickness of theweb
is based on the width by, and ¢ = -1,0. The web thickness is reduced to the effective

thickness ty, & Within by,/2 on the compression side only.
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Calculation stepsfor asymmetric I-girder with class 4 flanges and web or an un-symmetric
I-girder are givenin Figur e 2301.04.08. The effective thickness of theweb isbased on the

width by and ¢ = 1 - by/b; where b is the width of the compression part of the web
calculated for the cross section with reduced compression flange but unreduced web (Step

2). The web thickness is reduced to the effective thickness ty, f within be (Step 3).

Step 1. Effective thickness of compression flange

Step 2. Centre of gravity G.C.1 of cross section with reduced
compression flange

Step 3. Effective thickness of web in compression. Effective
cross section

W//%///W te’f

te,f

[ te.w

G.C1

G.C.2

|
W////////////////////////////////////////////%

) |
W/////////////////////////////////////////////%

Step 1 and 2 Step 3, effective
Cross section

Effective cross section for an I-girder with different

o
I
o
.'.’* 2301 O 08
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4.07 Welded section

In welded sections the effective thicknessis obtained using areduced thickness tef = Ohazt
for the HAZ material or the reduced thicknesstess = o t for class 4 elements, whichever is
the smaller (but tef < t). An example of effective section is shown in Figure 2301.04.009.
Pe,11s based on by/t; for the outstand parts of the compression flange and o 2 is based on
bo/t; for theinternal part of the compression flange. bpgz and ghaz aregivenin 1.07. For the
examplein Figure 2301.04.08 phaz < oc

te1 = Pc 1ty

P haz tf
P haz tw

Effective section of awelded hollow section

2301.04.09

¥
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4.08 Section with holes

In asection with holes the design value of the bending moment resistance Mgy isthelesser
of MaRrd and Mc rd, Where My rq IS based on the design value of the ultimate strength
fu/ M2 in the net section and M¢ rq is based on the design value of theyield strength fo/ ya1

with no allowance for holes. For both M rg and M¢ rq, alowance should be made for
HAZ-softening, if any.

f
M aRd=Wnet — in the net section (4.07)
Ym2
f
MoRd=a W y—o at each cross-section (4.08)
M1

where Whet iSthe el astic modul us of the net section allowing for holesand HAZ softening,

if welded. The stressdistribution for My rq and M¢ rqisillustrated in Figur e 2301.04.10 for
aclass 3 cross section beam with holes in the web.
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4.09 Lateral torsional buckling

Lateral torsional buckling is afailure mode caused by bending moment and/or transverse
load resulting in twisting and bending perpendicular to the plane of the load. Therisk for
lateral buckling islargest in beamswith small torsional stiffnessand small lateral bending
stiffness. See Figure 2301.04.11.

TALATEE Lateral-torsional buckling 2301.04.11

Lateral torsional buckling need not be checked in any of the following circumstances:

a) Bending takes place about the minor principal axis.

b) Thecompression flangeisfully restrained against lateral movement throughout its
length
c) Thesdendernessparameter j, 1 between pointsof effectivelatera restraintisless
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than 0,4.

Theloading structure often has a bracing effect. One exampleisthe case of aslab through
which load is applied to the upper flange of an I-section. See Figure2301.04.12c. Whenthe
dabisloaded, stabilizing twisting moments devel op, preventing twisting and hence lateral
torsional buckling.

A\ 4
|%| h
A LT <O,4

h/b<2
a) b) c) d) e)

I

Cases for which lateral-torsional buckling need not be

checked 2301.04.12

Lateral-torsional buckling does not occur for round sections or rectangular hollow cross
sections where the height is less than twice the width.

T AL ATE Lateral-torsional buckling between restraints 2301.04.13

cation Technologies|

A beam with the upper flange intermittently braced, e.g. by purlins, is a common case
wherelateral buckling between the bracing may occur, cf. Figur e 2301.04.13. For thiscase
the check d) above can be ssimplified to:
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'|—1< 42¢
I f

which correspondto 4, <0,4

(4.09)

In this expression, |1 isthe distance between the bracing and is istheradius of inertiafor a
cross section consisting of the compressed flange and 1/6 of the web, see Figure

2301.04.14.

The expression can also be used for unsymmetrical beams, e.g. channels, if the beams are
both laterally and torsionally restrained by the purlins.

In the case of continuous plate girders with the upper flange restrained, there is akind of
instability wherethe lower flange will deflect in the vicinity of asupport. If aslab restrains

the upper flange, the beam is stable if the ratio by/t,, for the web is less than 33.

1 .
if= _k (I-section) (4.10)
4 3
if=—= | - — (Channdl) (4.12)
k
hw tw
where k =1+ (4.12)
6bftf
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T AL AT S Lateral torsional buckling between bracing
2301.04.14
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Reduction factor for lateral torsional buckling

The reduction factor i T depends upon the cross section class and the slenderness
parameter j, 1. x_1istakenfromthediagramin Figure2301.05.15 or isdetermined from:

1
XLT= =
o1t \/(”ET - AET

pr=05 1+ air (- Jou) *AtT J
The value of a; tand jO,LT should be taken as:

a.7=0,10and jO,LT = 0,6 for class 1 and 2 cross sections and

a.7=0,20 and jO,LT = 0,4 for class 3 and 4 cross sections.

Thevalueof j 1 may be determined from

j _ O'Wd’y fo
LT =4 .,
\ M cr

where;

a is taken from table 5.3 subject to the limitation a < Wy / Wy y

(4.13)

(4.14)

(4.15)
(4.16)

(4.17)

Mg istheelastic critical moment for lateral-torsional buckling, (see Annex H

of Eurocode 9).
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Reduction factor X, 1 for lateral-torsional 2301.04.15
buckling -

Theeéastic critical moment for |ateral-torsional buckling of abeam of uniform symmetrical
cross-section with equal flanges, under standard conditions of restraint at each end, loaded
through its shear centre and subject to uniform moment is given by:

| 26
Mcr:”252|2 w, L7Glt (4.18)
L lz  7°El,

where:
G= L
20+ v)
It isthe torsion constant
lw is the warping constant
I, is the second moment of area about the minor axis
L isthe length of the beam between points, which have lateral restraint.

The standard conditions of restraint at each end are:

- restrained against lateral movement
- restrained against rotation about the longitudinal axis
- freetorotatein plan

Theelastic critical moment for lateral-torsional buckling of abeam of doubly symmetrical

Cross-section or mono-symmietric cross-section, under different conditions of restraint at the
endsisfound in Annex H of Eurocode 9.
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5 Axial force

5.01 General

In this section, members subjected to axial compression or axia tension are treated.

Theresistance of abar in tension isdefined asthe load where the mean stressisequal tothe
yield stress fo/ yia1. Failure in the structure will usually occur at a higher stress but then the
deformation is so large that the structure no longer is of use. In certain cases of loca
weakening, such as bolt holes, small cut outs and welds, local yielding will occur without
large deformations. Soon the stresses will reach the strain hardening range, and the
resistance is governed by the ultimate stress fa/ y2.

The term local as used above means a hole or a cut-out where the length parallel to the
direction of the load is at the most 25% of the width of that part of the cross section.

The ultimate load for a bar in compression is usually determined by overall and/or local
buckling.

Columns with a cross section symmetrical about both axes will buckle in one of the two
principal planes (flexural buckling cf. Figure 2301.05.01a). If thetorsional rigidity of the
column is small, for example cruciform sections or angles, cf. Figure 2301.05.01 b,
torsional buckling may occur.

Beams with arbitrary (non-symmetrical) cross section may fail by lateral-torsional
buckling, cf. Figure 2301.05.01c.

Free
columns
Braced
columns
a) Flexural buckling b) Torsional buckling ©) Lateral-t-or5|onal
buckling
T AL AT o Buckling modes for unbraced and braced compression
‘‘‘‘‘‘‘ members 2301.05.01
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The buckling mode of abraced member depends on which axisisbraced. The member may
fail by buckling in aplane perpendicular to the one that is braced, by torsional buckling (if
the braced axis passes through the shear centre) or by lateral-torsional buckling (any other
plane), cf. Figure 2301.05.01a-c.

5.02 Tensileforce

In the case of amember subjected to tensile force only, the resistance is given by smallest
of the following two expressions:

f

No,Rd= Agy_o (5.1)
M1
f a
NaRd= Anet Yoo (5.2)
M2
where
Agr = areaof the gross cross section

Anet = net section area with deduction for holes and HAZ softening when required
fo = characteristic value strength

fa = characteristic ultimate strength

w1 = 1,1 =partia safety factor for yielding

M2 = 1,25 = partial safety factor for ultimate strength

T
l

2301.05.02

Expression 5.2 isvalid for aloca weakened section definedin 5.01. If theweakening isnot
to be considered as local, then Ay is to be substituted with Ane; in expression 5.1
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Inthe case of displaced holesasin Figur e 2301.05.03a, different yield linesare considered,

to find the smallest net area Anet. The width isreduced by the diameter of every holethat is
passed, and increased by s%/4g, but not more than 0.6 s. Here, the notation sis the distance
between the centre of the holes parallel to the direction of the force and g is the distance
perpendicular to the same direction.

The method can also be used for angle sections and other sections with bolt holesin more
than one plane. The angle legs are then thought to be spread out and s and g are measured
along the midline of the legs.
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A, is the smallest of
t(b - 2d) in section 1
t(b - 4d + 2s,/(4Q9)) in section 2

t(b, - 4d + 2s,/(4g) + 2 0,6s;)  in section 3

Net section in section with displaced holes

2301.05.03

Astension members are not exposed to buckling, they can bevery dender. In order to avoid
vibrations and deflections by unforeseen transverse |oading, they should not be too slender.
Often a limitation L/i < 240 is used for main structures and L/i < 300 for secondary
structures, unless the tension members are pre-stressed.

5.03 Compressive force

Thissectionisrestricted to columns under centrally applied loads with no end moments. A
column is a basic member of most structures, and knowledge of column behaviour is
necessary in the interpretation and understanding of specification requirements (See
Figure 2301.05.04).

The buckling strength of a column may be defined by the buckling load or the ultimate
load. These definitionsare applied to acolumn failure asdistinct from local failure, such as
local buckling of flanges or webs. But, as will be discussed later, local buckling will
influence the overall buckling resistance. The buckling load, often called Euler buckling
load N or elastic buckling load (critical load) Ny, may be defined asthat load at which the
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theoretically straight column assumes a deflected position. The ultimate load is the
maximum load a column can carry. It marks the boundary between stable and unstable
deflected positions of the column and isreached gradually, unlike the buckling load, which
IS an instantaneous phenomenon.

N

l
f

IC

Compresive force on a column

2301.05.04

Buckling will occur only for a centrally loaded, perfectly straight column. The strength of
practical columns, however, depends upon whether there are imperfections such asinitial
out-of -straightness, eccentricity of load, transverse load, end fixity, local buckling, non-
linear o—&-curve, residual stressesor heat affected zones, HAZ. Most tests on columnsdid
not isolate these various effects, and so a scatter band for column curves resulted because
the maximum or ultimate | oad was observed, not the buckling load. The usua procedurefor
defining acolumn curve was much the same eighty years ago as now; the column curve was
taken as the line of best fit through the test points, although modern cal culation methods
can explain, in many cases, the detailed behaviour if the imperfections are known.

To take into account the transition in the column curve from the Euler curve to the yield
line, more or less complicated correction factors were involved, using estimated
eccentricities, initial deflectionsor non-linear materia curve. It has been shownthat, for the
hypothetical case of straight, centrally |oaded, pin-end columns, the transition curveisdue
to, first of al, to the presence of residual stressesin the cross section. However, asresidual
stresses are small in extruded profiles, other imperfections such as non-linear o—¢-curve
and heat affected zones are of importance for aluminium columns.

5.031 Euler load, squash load and resistance

For apin-ended column, perfectly straight and centrally loaded, the buckling load isknown
asthe Euler load,
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Ner = =) (5.3)

L2

where N¢ isthe Euler load, E the modulus of elasticity, | the second moment of area of the
cross section and L isthe length of the column between pin ends. When the column is not
pinned-ended, an equivalent length of the column is used. Equivalent length (effective
length, buckling length) is discussed |ater.

The strength of a column usually is indicated by a Acolumn curvel] which shows
graphically the rel ationship between the buckling stress and the corresponding slenderness
ratio L/i, as shown in Figure 2301.05.05. Many empirical and semi-empirical column
curves were developed. The corresponding expressions contain constants, which are a
function of initial crookedness, residual stresses etc. As the residual stresses in steel
sections are depending on cooling condition after rolling, which are different for different
cross section shapes, anumber of column curvesfor different cross section shapesaregiven
in European specificationsfor steel. Asthe non-linearity of the o—£-curve and hest affected
zones are more important for auminium columns, two column curves are given in

Eurocode 9 for aluminium columns and three coefficients 77, k; and ko are added to the
expression for resistance. These curves and coefficients allow for:

- Heat-treated alloys (a=0,20and A, =0,1)
- Non hesat-treated alloys (a=0,32and A, =0,0)
- Local buckling (7 =Asil A

- Asymmetric cross section (k1)

Heat affected zones from longitudinal or transverse welds (ko)

—Ir

Column curves

2301.05.05

For amember in compression the resistance is given by
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f
NbRd= 77 AX kika—2- (5.4)
YM1

where

Xx = areduction factor for flexural buckling as given in 5.032 and for other modes of
instability (torsional buckling and lateral-torsional buckling) as given in 5.036.

The coefficients ky and ko are given in the Eurocode. For symmetric cross sections and no
weldsky=l1landky, =1

5.032 Reduction factor for flexural buckling

The reduction factor x. for flexural buckling depends on the type of aluminium alloy and
the slenderness parameter according to expression 5.7.

The slenderness parameter A (in Eurocode 9 denoted A )for acompression member isthe
sgquare root of the squash load Af, over the Euler buckling load Ny

AT,
Ac= (5.5)
Ner

AS N¢r = ”2—2EI then
I
Af 12 [f
g2ElI  miVE A
A area of the cross section (effective areato allow for local buckling)

E characteristic value of modulus of elasticity

Ng = elastic flexural buckling load (based on the gross cross section)
fo = characteristic value of yield stress

i = radius of inertia

I = effective buckling length, see 5.035

The reduction factor yisfound in the diagram in Figure 2301.05.06 or is calculated
from

=— - <10 (5.7)

1
g @+ 9P~ A2
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where
9= 05(1+ a(A¢c- o)+ A2) (5.8)

a=0,20 and Ay = 0,1 for heat-treated aloys
a=0,32 and A, = 0,0 for non heat-treated alloys

0 ; s~
X 0'8 \\: S
' ‘\\‘\ heat-treated
0,7 ‘\‘\ <[ non heat-treated
0,6 N
0,5 &Q\\
0,4 S~
03 TR
. ==
0,2 ——
0,1
0
0 0,5 1,0 1,5 - 2,0
A
Reduction factor x for flexural buckling
2301.05.06

5.033 Cross section class 4

When slender parts of across section bucklelocally, the bending stiffness al ong the column
and the resistance of the cross section is reduced. The reduction of the stiffness can be
allowed for by using an effective cross section for stiffness. Failure occurswhen some cross
sectional element reaches its local buckling resistance. This is allowed for by using an
effective cross section for resistance, cf. section 3:1.

Thesetwo effective cross sections are not the same. The effective cross section for stiffness
is normally larger than the effective cross section for strength, which is explained in
conjunction to Figure 2301.05.07. The left figure shows a flange of a quadratic hollow
section loaded in compression. The flange is buckled locally. Asthe section is quadratic,
the length of the buckles is the same as the width of the flanges. In Figure 2301.05.07 is
also shown the stress distribution in a section through the middle of the buckle and also
through the node line between two buckles. These stress distributions differ quitealotina
slender flange. In the section through the buckle the stresses arelargest at the borders. Inthe
section between two bucklesthe stresses are levelled out to acertain extent. Thismeansthat
the stresses (and the corresponding strains) vary along the column from amaximum at the
centres of the buckles to a minimum at the nodes.

Of importance for the axia strength is the maximum stress. Of importance for the axial
stiffnessisthe mean strain along the whole column. The effectiveareafor stiffnessisthena
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function of the mean strain aong the column, which is proportional to the mean stress,
whereas the effective area for strength is given by the maximum stress.

i} |
_________ B B . g teff - Aeff
o ————— N mean
/== |«
b < N
Lypo/moN il g
[ A A max
Y N_7 ] I
| \\ // /
N~
_________ C — C I
t..—> |
; . — def def
Resistance: o = o te > A
Stiffness: & nax = Ol B tiet = Elges
Stress distribution in buckled plate and effective cross
sections 2301.05.07

One condition for the development of the stress distribution in the Figure 2301.05.07 is
that the longitudinal edges are free to deflect inwards when local buckling occurs. Thisis
the case in a hollow section. In an inner panel of a wide plate with stiffeners, adjacent
panels prevent the edgesto deflect inwards. Then the stress distribution through the nodes
isvery similar to the stress distribution through the buckles. The maximum stressesare also
smaller in a plate with straight edges than in a hollow section.

In calculation the effective area, Aqsf is based on the effective thickness e and the stiffness

Elgef IS based on another effective thickness tyer, tgef > tef. Based on Ag and Elges an
effective radius of gyration is calculated

I
et = |~ (5.9)
to be used in the slenderness parameter
f fol2 f 12 [Anf
_ IC o _ 0 cAeff_ A’] 0|C_ ,7 0
Ae= ——|2= = = (5.10)
Tigt VE \7°Elge | 7°E | des Ner

Thelast squareroot istheformulation used in 5.9.4.1in Eurocode 9. (Again notethat A¢is
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denoted A in Eurocode 9). The strength of the column in compression is then given by

f
Nb,Rd= X At — (5.11)
Ym1

wherethereduction factor yisdetermined according to 5.032 and the coefficientsk; and ko
are omitted.

The effective thickness tye for a flat element supported along both edges parallel to the
compressed member can be given by

tger = 30t%/b<t (5.12)

For a flat element with a free edge parallel to the compressed member, the effective
thickness tger Ccan be given by

taer = 12t%/b<t (5.13)

Thewidth b of theflat elementsisto be calculated according to table 5.03. Notethat tyes IS
independent of the strength of the material.

In most casesthe lenderness b/t of the cross section elementsis so small that the reduction
of the stiffness can be ignored, which means that the gross cross section can be used when

calculating the second moment of inertialger = I gr.

5.034 denderness parameters

In summary, there are many different ways to calculate the slenderness parameter Ac. In
Figure 2301.05.08 threeways are presented. They all givethe sameresult. Intheexamples,
methods 2 or 3 are preferred. As A cannot be used in the Math-program used in the
examples, A is used instead. It is also difficult to use Ain some word processors. To

distinguish between A = /i and A¢ A is not used in the examples, but I/i which is called
dendernessratio.

Parameter Eurocode 9 TALAT
slenderness parameter A A
dendernessratio A l/i
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3 2 3 2

Given: A =4.2.10" -mm Aeff =3.78:10" -mm fo .= 300-MPa
I :3.104-106 omm4 L :1.2-103 omm E := 70000-MPa
Alternative: 1. Eurocode 9 2. Definition 3. Radiusii eff

A ;:E Aefffo L fo
i A C: A = -
N ¢r leff 7T A E
A eff
T A . =0873 A . =0873
E
/] 11—”
n 'fo
A
A clicT
Aq
A =0.873

Waysto calculate the slender ness parameter Aq 2301.05.08

5.035 Buckling length

Theeffective buckling length | should be taken asKL, where L isthelength between points
of lateral support; for acantilever strut, L isitslength. Thevalue of K, the effective length
factor for struts, should be assessed from knowledge of the end conditions; table5.01 gives
guidance. The values of K take local deformation in joints and connections into account,
which mean that the values are larger than the theoretical values for rigid restraints at the
end. For example, thetheoretical valueis0,5 for caseno. 1 and 0,7 for case no. 2. In portal
frames, case no 4 could be used if the stiffness of the beam is considerably larger than the

stiffness of the column, say lpeam > 10 | colurmn Lbeam ! Neolumn

With the formulation used in Eurocode 9, the value of i should be based on the gross

section of the member. With the formulation in 5.033, ig should be used. The two
formulations give at the end the same resullt.

According to Eurocode 9, when the cross section iswholly or substantially affected by HAZ
softening at adirectionally restrained end of amember, such restraint should beignoredin
arriving at asuitable valuefor K. If due account istaken of the reduced strength in the hegt-
affected zone, end restrains can be utilised. See section 5.037. In welded frames, end
restrains must be utilised in joints.
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Table5.01 Effectivelength factor K for struts

position or restrained at the other end

End condition K

1. Held in position and restrained in

direction at both ends 0.7
iy

2. Held in position at both ends and

restrained in direction at one end 0,85

3. Held in position at both ends, but not

restrained in direction 1.0

4. Held in position at one end, and

restrained in direction at both ends 1,25

5. Held in position and restrained in vl

direction at one end, and partially 15

restrained in direction but not held in

position at the other end <

6. Held in position and restrained in

direction at one end, but not held in 2,0

TALAT 2301

a) Closed hollow sections
b) Double symmetrical I-sections, unless braced

¢) Sections composed entirely of radiating outstands, e.g. angles, tees, cruciforms,
that are classified as class 1 cross sections
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5.036 Torsional buckling and lateral-torsional buckling

For members with small torsion stiffness such as angles, tees and cruciform sections,
torsional buckling has to be considered.

The possibility of torsional buckling may be ignored for the following:

For sections such as angles, teesand cruciforms, composed entirely of radiating outstands,
local and torsional buckling are closely related. When considering thetorsional buckling of
sections containing only unreinforced outstands, alowance should be made, where

appropriate, for the presence of HAZ material when determining A« but no reduction
should be made for local buckling, i.e. oo = 1.




+ X =T
L T 3t B

a) "Outstand" sections b) "General" cross sections ¢) Braced columns

2301.05.09

Cross sections susceptible to torsional buckling

For sections containing reinforced outstands such that mode 1 would becritical interms of
local buckling (see 5.4.3 in Eurocode 9), the member should be regarded as "general”" and

Aqif determined allowing for either or both local buckling and HAZ material. The effective
thicknessfor outstandsin unsymmetric sections (seee.g. Figure 5.12b4 in Eurocode 9) shall
have the reduced value according to 5.4.5(3) b) in Eurocode 9.

The slenderness parameter A¢ is given by

Ae= |2 (5.14)

where
N = the elastic critical load for (lateral-)torsional buckling

The value of y for torsional buckling should be obtained from the expression given in
5.8.4.1 (1) in Eurocode 9 with @ and Ay in gdetermined from

a=035and 1,=04  for”genera” cross-sections, which are cross-sectionsother than
composed entirely of outstands, see Figur e 2301.05.09b, and for
the (lateral-) torsional buckling check of braced columns, see
Figure 2301.05.09¢c

a=0,20and 1,=0,6  for cross-sections composed entirely of radiating outstands, see
Figure 2301.05.09a.
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5.037 Design of splices and end connections

Inthe ultimate limit state, acompressed el ement i s subj ected to bending moment of thefirst
order increased by the bending moment due to the normal force multiplied by the
deflection. These additional moments must be taken into consideration when designing
splices and end connections which are often weaker than the element itself.

End connections and splices shall have the same strength as the remainder of the member,

or be designed for the concentric compressive force N, the bending moment caused by
transverse loads and an additional bending moment AM

Na |
AM :M(E-l}qn% (5.15)

Aef = areaof effective cross-section

Wg = modulus of effective cross-section in bending
X = reduction factor

Xs = distance between a point of contraflexure in buckling and the splice or end
connection

lc = buckling length

Splices and connections should be designed in such away that load can be transmitted to
the effective portions of the cross-section.

When the structural details at the ends of a member are such that thereis doubt regarding
the point of load introduction, a suitable eccentricity shall be assumed in design.

Jointsthat are presumed to be simply supported must be designed so that maximum angular
deflection is possible without failure.

5.04 Weded columnsand columnswith columnswith bolt holes or cut-outs

5.041 Longitudinal welds

Welded members assembled by longitudinal welds contain residual stresses and have
reduced strength in the heat affected zones (Figur e 2301.05.10)

The method for calculation is the same as for membersin cross sectional class 4 with the
difference that the effective areais reduced by

DA= Angz (1 Prey ) (5.16)
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where

Anaz = area of the heat-affected zone, HAZ. The extent of HAZ is given in 5.5.3 in
Eurocode 9.
Praz = HAZ reduction factor givenin 5.5.2 in Eurocode 9
Furthermore, in a welded column the coefficient ko is less than 1,0, see Table 5.5 in
Eurocode 9.
% bhaf ’kbhaz
|
l | % Al ]
N )\ 7 74
Q-:
T Ahaz
TALATES Heat affected zone 2301.05.10

5.042 Transverse welds

The influence of transverse welds on the buckling resistance depends, to some extent, on
the location of thewelds. If aweld is close to the mid-section of the column, the buckling
strength isabout the same asif the whol e column was made of heat-affected material. If the
transverse welds are close to pinned ends, they do not reduce the buckling strength, but the
sguash load. This means that, if the slenderness of the column is large and the buckling
resistance is small compared to the squash load, the transverse welds do not influence the
resistance.

In Eurocode 9 the coefficients ko is used to take the influence of transverse welds into

consideration. Thesimpleway isto conservatively use ko = phaz. Lessconservativeisusing
(see Figure 2301.05.11)

:phaz fa/J’MZ 1

ko .
fol/Ym1 X+ @-x)sin(mrxs/ I ¢)

but ky < 1,0 (5.17)

where

Phaz
X
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Xs = the distance from the section with the weld under consideration to a point of

contra-flexure in the deflection curve for buckling. If the column is pin-ended, X5 is
measured to one end, no matter which one.

lc = buckling length
i N
_ phaz
k2 =y <1,0
—° k2 = lohaz
weld
_____ —_ kz
XS
N
Reduction factor for transverse weld
2301.05.11
5.043 Columns with unfilled bolt-holes or cut-outs
The expression 5.17 is used, except that
Pnaz isreplaced by Aned/Age (5.18)

where
Anet = net section area, with deduction of holes
Ay = Qrosssection area

5.05 Built-up members

Battened struts should generally be designed by first determining the forcesto which each
component will be subjected and then proportioning each component to resist theseforces.
However, providing the arrangement satisfiesthe seven conditionsin 5.8.8 in Eurocode 9t
may be designed as a single compound member. In the following design rulesfor the case
that not all of these seven conditions are fulfilled are given.
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A built-up member is defined as alattice column consisting of two or more longitudinal
members connected together asin Figur e 2301.05.11a-d, or asamember with batten plates
asin Figure 2301.05.11e.

Theinteraction between longitudinal elementsin abuilt-up member isnot complete. Inthe
case of buckling, this may be taken into consideration by increasing the slenderness. The

initial value is the slenderness parameter A, that the column would have in the case of
complete interaction.

For alaced column the slenderness parameter Aq isincreased to

f 3
A= JA§+ -2 Ad”_, Ab (5.19)
E | Agab? Apa

for amember according to Figure 2301.05.11 a

foAd3
Ac= \//]8"‘0—(:{2 (5.20)
EAdab

for amember according to Figure 2301.05.11 b, cand d
where

sum of the cross section area of the longitudinal members

the radius of inertiain the case of complete interaction

the total cross section area of the diagonal members in the plane paralel to the
buckling plane

the total cross section area of the transverse elementsin the plane parallel to the
buckling plane

the distance between points as given in Figure 2301.05.11 a-d

the length of the diagonal elements

_le [fo

i7T \E

F &7

oo

A
o

For a column with rigid batten plates asin Figure 2301.05.11e the value of | is

f 2 2
)lczl—c _0 |L+a_ if £<l (5.21)
m\ E|;2 i12 lpa 3

radius of inertia for the cross section of the longitudinal element in the case of
complete interaction

distance between two batten plates asin Figure 2301.05.11e

distance between the centre of mass of two longitudinal elements in the buckling
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plane
i1 = smallest radius of inertiafor one of the longitudinal elements

1 = sumof thesmallest values of moment of inertiafor two longitudinal elements, type
1, in Figure 2301.05.11€, the moment of inertiafor one longitudinal element, type
2,in Figure 2301.05.11e

Ip = sum of the moments of inertiafor the cross sections of the batten plates
lc = buckling length

o

b < b

o

Fbﬁ Main

— —— — — — longitudinal
| ‘ | ‘ | ‘ | ‘ | u_member
\ | | \ \
| 1 | 1 | 1 | 1 | J_'l' Batten
| | T | | | | | | | |
J— : | —l— ‘ | l ‘ | L ‘ ! o ‘ ‘ l l
| /] INAFAa NG N A2 [ vy vl
Lacing—»/7“ T Ad 2 | A, 4 A, 14 ! | ! |
| | | | | | | | | | 4 ”
| | [ | | N
Batten ‘_f R ! Ab /2 R | Ab /2 ‘ I | | B
Main | | | | | | | | | *3vi2 v
longitudinal | ! ‘ | ‘L | ! | ! |
member = == — e —
a) b) c) d) e)
Iz Iz iz iZ ZI 1,/2
| I I | | 1
_-_-I_-_y _-_-!_-_-y _-_.!_-_.y _._-I_._y _-_-I_-_-y
Aql2, A2 A l2 A2
LA 12 | | |
1--Fry +-"-FyY 4-'-FYyY A-'\-FY .
I I I I

a) —d) Laced built-up column. €) Battened built-

up column 2301.05.12

Expression 5.11c is valid under the condition that the intersections between the diagonal
and the transverse elements and the longitudinal elements are rigid. This means that the
connections are welded or bolted with prestressed bolts.

Each individual element and joint shall be designed for a shear force by external loading
plus taafictitious transverse load q.

0,015 Ngqg

q =
d | 1_NEd/1§
‘7 09Af,

>0 (5.22)
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where Ngq = the applied axial force.

For abuilt-up column with batten plates, the inflection pointsfor the deflection curve of the
longitudinal elements, are assumed to be half way between the batten plates. The shear
force in these points, cf. Figure 2301.05.11¢e, results in bending moments in the
longitudinal elements.

Square lattice columns built up by angle sections bolted together, may be designed as
follows.

The buckling length for adiagonal element, fixed with one bolt at each end, isthe distance
between the bolts. In the case of two boltsin both ends, the buckling length isthat between
the closest bolts. It is assumed that the element will buckle in the weakest direction.

The eccentricity of the force is taken into consideration by means of an effective
denderness parameter Ag as follows.

Aef = 0,6+057 A¢ if Ac<14 (5.23)
Aef = Ac if Ac=214 (5.24)

The buckling length of the main elementsisequal to the distance between the boltsthat fix
the diagonal element on one side, if they coincide with the fixing points on the adjacent
side. It is assumed that the bar will buckle in the weakest direction. If the points on the
adjacent side are displaced by half the distance between the points then it is assumed that
buckling will occur in the same plane as the sides.

5.06 Elementswith edge or intermediate stiffenersin compression

5.061 General

Figure 2301.05.13. Determination of spring stiffness.
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Equivalent system

A

Spring stiffness

cr:i where
Yr
_4(1-v?)bfb3

Et3(b1+b2)

ifc;=c,=0 @istherotation of adjacent parts of
the cross section caused by a spring
moment 1 (b,

Yr

S Determination of the spring stiffness for
intermediate and edge stiffeners

2301.05.13

A direct method is given in 5.064 for elements reinforced with single-sided ribs or rip of
thickness equal to the element thickness. In 5.062 - 5.063, a more general procedure is
presented.

Design of stiffened elements is based on the assumption that the stiffener itself actsas a
beam on el astic foundation, where the el astic foundation is represented by aspring stiffness
depending on the transverse bending stiffness of adjacent partsof planeelementsand onthe
boundary conditions of these elements. Determination of the spring stiffnessisillustratedin
Figure 2301.05.13 for intermediate and edge stiffeners respectively.

The resistance of the stiffener is given by
Nrr= X foAr (5.25)
where

x = buckling coefficient, to be determined according to 5.032 for a slenderness A. (see

below) with the imperfection factor a= 0,2 and A,= 0,6
A = areaof effective cross section composed of the stiffener and half the adjacent
plane elements (see 5.062 and 5.063)
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f
Ao= |2 (5.26)
Nrcr

where Ny ¢r is the buckling load of the stiffener given by

Nr,cr=2+CEI; if lzn’v% (5.27)

E ZI
r,f%“—; it 1< Egr (5.28)
71
where
C spring stiffness

second moment of areaof an effective cross section composed of the stiffener itself
and part of adjacent plane elements with the effective width 15t. Compare 5.052.
spacing between rigid transverse stiffeners

5.062 Edge stiffeners

Edge stiffeners or edge folds shall only be considered as supports to the plane element, if
the angle between the stiffener or fold and the plate deviates from the right angle by not
more than 45° and if thewidth of the edge stiffener islarger than 0,2b, (with b, according to
Figure 2301.05.14). Otherwise, they should be ignored.

Theeffective area A« of edge stiffenersaccording to Figur e 2301.05.14 may be estimated
asfollows:
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Step 1: Determination of the effective edge section with an effective thickness of the

plate element assuming the plateto berigidly supported a ong both longitudinal
edges.

Step 2: Consideration of the elastic support of the plate element by determining the

buckling stress of the edge section, considered being el astically supported as
follows:

- Determination of effective thickness s and effective width bger = 15t according to

5.033 of the stiffener and the adjacent plane cross sectional element, cf.
Figure 2301.05.14. (Step 1)

- The effective cross-sectional area A, is given by using the effective thickness tgy, cf.
Figure2301.05.16 aand b

- The second moment of areal, isbased on a cross section with effective width bges =

15t for internal element and 12t for outstands, referred to the neutral axis a-a of the
effective edge section.

- The critical buckling load Ngy of the edge stiffener isgiven by formula5.27 or 5.28.

- The reduced effective area A then will be Aref = Y Ar with y according to 5.032,

expressed by asecond reduction of thethicknessto x tef or x tgy Wherety, = average
thickness of edge stiffener.
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A 4

Channel section

2301.05.15

For the channel section in Figure 2301.05.15 the deflection ysis given by

F b3 12(1- V2)+ F b?hp12(1-12)

Vo= Vit Ob1= (5.29)
R ET=F 2E¢3
Expression 5.27, with ¢ = F/ys, then gives:
| st3
Nscr=L05E 5 (5.30)
by 1+ 3
bltz

for a section without transverse stiffeners.

5.063 Intermediate stiffeners

Thedesignrulesgiven below arevalid for e ements, which are supported along both edges.
The stiffener cross section incorporates the stiffener itself plus the effective portions of
adjacent parts of the section. Stiffeners may be grooves or extrusions. The effective section
is described in Figure 2301.05.16. The validity of the design formulais limited to two
equally shaped stiffeners at maximum.
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I ntermediate stiffeners; notations and effective
cross section for A; and |,

2301.05.16

The effective area Aref Of intermediate stiffeners according to Figure 2301.05.16 may be
estimated as follows:

Step 1. Determination of the effective parts of the stiffened element, assuming that the
stiffeners provide effective supports to the adjacent plate el ements.

Step 2: Consideration of the elastic support of the plate element by determining the
buckling stress of the stiffener area, considered being elastically supported as
follows:

- Determination of the effective thickness tgf and effective width bgef of the element
(Step 1) of the stiffener and the adjacent plane elements.

- The effective cross-sectional area A, is based on the effective thickness tg. The

moment of inertiais based on the effective width byer and is referred to the neutral
axis a-a of the stiffener section.

- The critical buckling load of the intermediate stiffener with an area A, is given by
formula 5.27 or 5.28 for a spring stiffness according to Figure 2301.05.13.

- The reduced effective area A then will be:

Aref = /\/Ar (531)
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with y according to 5.061.

For a section with agroove asin Figure 2301.05.16

\ Iy t3$1

Nr,cr =105E
bp1(si-bpy)

where
s1=bprthbp2t2hy +cr

and the thickness is constant along the cross section.

5.064 Direct method for single-sided rib or lip

(5.32)

(5.33)

When the reinforcement is a single-sided rib or lip of thickness equal to the element

thicknesst, the equivalent slenderness S of the plate element is

_ b
B=1

(5.34)

where r7isgivenin expressions 5.35, 5.36 or 5.37, or isread from Figure 2301.05.16 a, b
or c. Inthisfigure the depth c of therib or lip is measured to the inner surface of the plate

element.
1 .
n= (Figure 2301.05.17 &)
J1+ 01(ch - 1)2
n= ! > (Figure 2301.05.17 b)
Jl e 25t -2
bit
n= ! > (Figure 2301.05.17 c)
\/1 + 4’5M
b/t
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Values of n for reinforced elements

2301.05.17

5.07 Multi-stiffened plates and orthotropic plates

The design principles presented in 5.06 are also being used for multi-stiffened plates and
orthotropic plates. See 5.11.6 in Eurocode 9. Examples are presented in 5.08.
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6 Shear force

6.01 Shear buckling of plate girder webs

For websin shear thereisasubstantial post-buckling strength provided that, after buckling,
tension membrane stresses, anchored in surrounding flanges and transverse stiffeners, can

develop. Inapure shear state of stressthe magnitude of the principal membrane stresses oy
and —-o» are the same as long as no buckling has occurred (7 < 7, See Figure
2301.06.01a). After reaching the buckling load (V¢ = 7 hy ty) the web will buckle and
redistribution of stresses start. Increased |oad resultsin increased tensile stress oy but only
dight, if any, increase in the compressive stress o».

T UlzT
T, g,=-T
T
r g,= -T =T
VT @

PR 2 Pure shear state of stress.
84| 1) Ideal tension field 2301.06.01

For the extreme case where the flanges are completely prevented to move towards each
other by an external structure, rigid in the plane of the web, a so-called ideal tension field
can devel op without any compression stresses. For aslender web, the shear forceresistance
isthen given by

V3

Vw= 7 f v hwtw (601&)

where f, = fO/\/§ istheyield stressin shear. Thisisonly 13% lessthan the resistance of
aweb that does not buckle.

In an I-shaped or a box-shaped girder the flanges can normally move freely towards each
other, except closeto transverse stiffeners. When the spacing between transverse stiffeners
islarge, the edges can move freely within alarge portion of the girder. The web in shear
must then carry both tensile and compressive stresses after buckling, but the shear force can
exceed the buckling load V ¢ = r¢r hyty because of redistribution of stresses after

buckling involving increased tensile membrane stresses in the web.

The web can carry membrane tensile stresses in the longitudinal direction but in the
transverse direction no membrane tensile stresses can occur. This results in a state of
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membrane stresses according to Figur e 2301.06.02h with stresstrajectoriesin an angle of
45° aong the flanges where there are no web deflections and less than 45° in the middl e of
the web. Compare stresstrajectoriesin Figur e 2301.06.03. The resistance can be given by
the theory of the rotated stress field which, for slender webs gives a shear resistance of
approximately

32
VW::L_ fvhwtw (6.01b)
Aw

where

f v
Aw=.— (6.01c)
Ter

isaslenderness parameter. For aweb panel with large aspect ratio a/hyy the shear buckling
stress rqr IS

2
i tw (6.01d)

k;= 534 (6.01€)

(f) shear and (9) principal

o Stresses in aweb in the post-buckling range

2301.06.02

Experiments carried out for steel and aluminium girders with stiffeners at supports only,
showed good agreement with thistheory, see Figur e 2301.06.04. In thefigure you can see
that thereisalarge post buckling range for slender webs (/1,2 corresponds to the buckling
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load).

One condition for tension fields to be developed is that longitudinal tensile stress, see
Figure2301.06.02d, are anchored at the girder ends. Thisispossible by pairs of stiffeners,
which, together with the web, create a transverse beam with the flanges as supports. See
Figure 2301.06.02a, rigid end post.

Stresstrajectoriesfor =31,

2301.06.03

Transverse stiffeners prevent web buckling locally and prevent the flanges from moving
towards each other, if the flanges are rigid and the transverse stiffener spacing is not too
large (a/hy, less than about 3). The shear strength depends upon the distance between the
transverse stiffenersand the lateral stiffness of the flanges. For example the shear strength
of adender web with closely spaced transverse stiffenersis close to the formulafor ideal
tension field.
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When the slendernessis small, the shear forceresistanceislarger than that corresponding to
the yield strength f,, in shear. This is because the shear deformation can become large
without buckling and strain hardening can occur, resulting in 7> f,, and 7>1/ V3 =
0,577, seetable 6.01. The shear resistance isthen afunction of the ultimate strength f .
of the web material.

Thick flanges can further increase the shear resistance after the formation of plastic hinges

in the flanges and increased tension in the web. See Eurocode 9. Thisincrease, Vi Ry, is of
minor importance in ordinary I-girders and can usually be omitted. Compare the design
examplein 6.05.

TALAT 2301 77



6.02 Shear resistance of webswith stiffenersat supportsonly

D
J.stwm

(@) > (b) (©)

a) Rigid end post b) Non rigid end post
¢) Cross section 2301.06.05

The shear resistance of aweb of agirder isthe lesser of V,,q alowing for local buckling
and Vg allowing for failure in anet section where

f
Vwd= oy hwtw —> (6.024)
Yma

Vad = 0,58 Aw,net (6.02b)

Ymo

where
hyw = web depthinclusivefillets, see 6.05¢

by = depthof flat part of aweb, see Figure 2301.06.05c

tw = Wweb thickness, see Figure 2301.06.05¢c

Awn= thenet areaof across section through bolt holesin the web

py = reduction factor determined from table 6.01 or Figure 2301.06.06.

In table 6.01 and Figur e 2301.06.06 a distinction is made between arigid end post and a
non-rigid end post.

A rigid end post stand for

0 anendweb panel with double stiffeners at end support

0 aweb panel not at the end of the girder, inclusive

[0 aweb pane adjacent to an inner support of a continuos girder

Non-rigid end post is applicable for
0 anendweb panel of agirder with asingle stiffener at end support
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0 aweb pane of abox girder in torsion where all sides have similar ratio by, /tyy,
/7 alocal panel of atrapezoida web, see 6.04

Table6.01 Reduction factor p,, for shear buckling

Aw Rigid end post Non-rigid end post
Awz 0,48/17 n n
0,48/n< A< 0,949 0,48/, 0,48/ Aw
0,949 < Ay 1,32/(Au+1,66) 0,48/,

n=04+02f .,/ f., butlessthan0,7where
f o iSthe characteristic strength for overall yieldingand f ,, isthe characteristic ultimate
strength of the web material.

In table 6.01 and Figur e 2301.06.06 the slenderness parameter ),y of thewebis

f
Aw= 0,35?—‘” EO (6.02c)
W

The following conditions apply to arigid end post, see Figure 2301.06.05a

Ae> 4bwtd/ € och e>0,1by, (6.02d)
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o /1N
0,6
0,5 Rigid end post
Jo¥ N
0,4
—
0,3 T ———
S~

0.2 Non rigid end post |~~~

; —
0,1

0 0 1.0 2.0 3.0

IRl Reduction factor for shear buckling
- 2301.06.06
6.03 Plate girderswith intermediate stiffeners

For aplate girder with longitudinal and transverse stiffeners, the reduction factor p,, from
table 6.01 or Figure 2301.06.06 is used. The value of the slenderness parameter J,y is

f
A= 2820w 1o (6.033)
\/k7r tw V E
but not less than corresponding to the largest sub-panel, depth by,
f
Aoy 081 bwi |To (6.03b)
534+ (b /)2 tw 1 E
where
4,00 _
kr=534+ — Stk if a/by=100 (6.03c)
(al bw)
kr= 400+ —>H sy if a/ by <100 (6.03d)
(al bw)
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3

2 b

4

kt=9 (mj s but not less than 210 3lst (6.03€)
a twbw tw bW

= second moment of areafor the area of the cross section of the longitudinal stiffener
with respect to the x-axis, see Figure 2301.06.07b. In the case of more than one

stiffener of the same size, |4 is the sum of the second moment of areafor each.
byw1 = width of the largest sub panel of the web, see Figure 2301.06.07

a = distance between the transverse stiffeners.
A A A
Transverse X, Z X, Z
stiffener ‘
—~~ —~ | )(
5 @ . t,, = t,
< 2 o < o >
b g5 < 1 f T
| 2 8 3
y 9| 2 ‘ 9
A = © I v
x| 2
Longitu- b o s X, Z X,‘Z
dinal stiffener l«— N <
o)
(b)
A L4
(@)
a) Web with stiffeners. B) Cross section of stiffeners
2301.06.07

Intermediate transverse stiffeners acting asrigid supportsfor the web panels should have a
second moment of area |4 with respect to the x-axis for a cross section composed of the

stiffener(s) and astrip of 30ty of adjacent web plate, see Figure 2301.06.07b, fulfilling the
following:

3.3
| 4215 hWZtW it 2 <2 (6.03f)
a hw
| 42075 hy 3, if hizﬁ (6.03g)
W

The strength of an intermediate stiffener should be checked for an axial compressive
force equal to the actual shear force Vggq minus the shear resistance
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V Ro= Pybwtw gy Of theweb with the considered stiffener removed. As, on the safe
sde, p,,= 0,48/ A\ theny g approximately is

Stiffeners that do not transfer loads to the tension flange may end at a distance from the
flange equal to three times the thickness of the web, see Figure 2301.06.05a.

6.04 Corrugated or closely stiffened webs

In plate girderswith transverse reinforcement in the form of corrugationsor closely spaced
transverse stiffeners (a/by, < 0,3) theflat parts between stiffeners can bucklelocally, and the
transverse reinforcement may deform with the web in an overall buckling mode.

.

Corrugated web

2301.06.08

The shear force resistance with respect to local shear buckling of flat partsis
Vw,Rd=07oytwhw fow! Ym1 (6.04q)

where

. , f
pyisfoundin table 5.12 for = 0,35b—m EO
tw

by isequal to the greatest width of the corrugated web plate panels, by, by, or sy

The shear force resistance with respect to global shear buckling is determined according
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to

Vo,Rd= Xohwtw ——
Ym1

where:

Xo~ 0.60 but not more than 0,6

) 08+ gw

A= hwtw fo
ow—wf—
Vocr

_60E 3
Voar=—— Ylz Ix
hw

_ bd t\§v

" byt bot 2sy 109

| z

(6.04b)

(6.04¢)

(6.04d)

(6.04¢)

(6.04f)

| x iSthe second moment of area of the corrugated web per unit width, see Figure 05.25

in Eurocode 9.

Calculation examples aregiven in 11.6
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7 Concentrated loads and support reactions

7.01 Beam webswithout stiffeners

The resistance of an unstiffened web to transverse forces applied through a flange, is
governed by one of the following modes of failure

- crushing of the web close to the flange, accompanied by plastic deformation of the
flange

- crippling of theweb in form of localized buckling and crushing of the web closeto
the flange, accompanied by plastic deformation of the flange

- buckling of the web over most of the depth of the member
- overdl buckling of the web over alarge part of the length of the member. This

failuremodeis most likely to take place when there are anumber of transverseforces
or adistributed load along the member.

W
_ Reg
sin®@
Ed
@) (b) T tan@ | Rg,
a) Buckling of the web and plastic hingesin 2301.07.01

the flanges under a concentrated |oad,
b) Forces in inclined webs

A distinction is made between three types of load application, as follows:

a) Forces applied through one flange and resisted by shear forces in the web, patch
loading, see Figure 2301.07.03(a).

b) Forces applied to one flange and transferred through the web directly to the other
flange, opposite patch loading, see Figure 2301.07.03(b).

¢) Forces applied through one flange close to an unstiffened end, end patch loading,
see Figure 2301.07.03(c).

For box girders with inclined webs the resistance should be checked for both web and
flange. Theload effects are the components of the external 1oad in the plane of the web and
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flange respectively. See Figure 2301.07.01. The effect of the transverse force on the
moment resistance of the member should be considered.

The resistance of alongitudinaly stiffened web is increased due to the presence of the
stiffeners but no information is given in Eurocode.

The design approach in Eurocode 9 foll owsthe same procedure asfor other buckling cases.

The resistance Fris given as areduction factor y timesthe yield resistance Fy, where the
reduction factor is afunction of the slenderness parameter

1= [ER (7.01)
Fer

where F¢ isthe elastic buckling load. Asthere are few tests available on patch |oading of
aluminium beams and plate girders the following simple expression is used for y , see
Figure 2301.07.02 a).

X= % but not more than 1,0 (7.02)
Then
FR=XFy=06/Fg Fy butnot morethan Fy (7.03)

Sl s e
W

F, . 111111111
Y=F N : |
i y
I

0 1,0 =
a) =R b)

a) Reduction factor yfor b) patch loading 2301.07.02
The elastic buckling load is
E 3
Foa=k _ Bt (7.04)

F 1201-12) bw
where kg is a coefficient depending on loading condition.
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Theyield load for patch loading can be expressed as

Fy=lytw fy (7.05)

wherely isan effective loading length, depending on actual loading length ss and stiffness
of loaded flange. See Figure 2301.07.02 b).

The resulting resistance

= _06\/Mt§v

-\ 120- 1) by

lytw fy but not more than lytw fy (7.06)

Introducing fo instead of fy and the resistance factor )1 gives the design resistance Fry
for atransverse force (Figure 2301.07.03(a), (b) and (c)) from

ke Iy fowE f
FR4= O,57t\%,\/ Py Tow but not morethan tyy1 y—>% (7.07)
bw VM1 Ym1
where
fow IS the characteristic strength of the web material and
ke isgivenin Figure 2301.07.03.
F
lFE l - c lFE
il | 0 *
Vie T: L%’ ‘TVZ,E : Ls—s»‘ : <S_S, ‘T Ve
f a 1 f I]]]]]]]]]]]]]I ]
Vig+tVoe=Fe T Fe Ve =Fg
application a) application b) application c)
2 2
sst C
k|:=6+2(mj k|:=3,5+2(b—""j kKF=2+6 =>—<6
a a bW
(7.08)
Load applications and buckling coefficients 2301.07.03

Thelength of stiff bearing, ss, on the flange isthe distance over which the applied forceis
effectively distributed and it may be determined by dispersion of load through solid material

at asopeof 1:1, see Figure 2301.07.04. s5 should not be taken as more than by,.
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If several concentrated loads are closely spaced, the resistance should be checked for each

individual load as well as for the total load. In the latter case s, should be taken as the
centre distance between the outer loads.

The effective loaded length ly, is calculated using the dimensionless parameters

for Df
=2 (7.09)
f owtw
? (sst 4t )by f
mp=0,02| Bw | g 25T ;"’ W>02 ese my=0 (7.10)
tf kF Etw

For box girders, br in expression (7.09) is limited to 25t on each side of the web.

459\ F F F
\‘f) /E - : lFE
Ss Ss Ss Ss=0

Length of gtiff bearing 2301.07.04

For load application &) and b) in Figure 2301.07.03, Iy is given by
ly=ss* 2t {1+ Jm+my ) (7.12)

For load gpplication c) in Figure 2301.07.02, ly is given by the smaller of expressions

(7.11), (7.13) and (7.14). Note that ss = 0 if the loading device does not follow the change
in the slope of the girder end.

Et2
| f = Mg ss+C (7.12)
21 owbw
| 2
ef
ly=lef Htf m?1+ [t—J +m2 (7.13)
f
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ly=lef ¥t y/mtm2 (7.14)

7.02 Beam webswith stiffeners

Transverse stiffeners at supports and under concentrated |oads are normally placed in pairs
on both sides of the web, and are attached to the loaded flange.

The stiffener isdesigned asacompressed member (column) with a cross section composed

of two stiffenersand astrip of the web having awidth of 25t,, at interior stiffenersand 12t
at the ends of the beam.

If both flanges are supported laterally, the stiffener member is supposed to have abuckling
length equal to 0,8by,. If only one flange is supported laterally, the buckling length of the

bar will depend on the connecting structure, but with a minimum value of 1,6b,,.
Consideration must also be taken to any lateral reaction from the unsupported flange.

If an end post isthe only means of providing resistance against twist at the end of agirder,

the second moment of area of the end-post section about the centre-line of the web (lgp)
should satisfy:

lep2b& t Red/250W gq (7.15)
where
tf is the maximum value of flange thickness along the girder
Reg isthe reaction at the end of the girder under factored loading
Weg isthetotal factored loading on the adjacent span.
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8 Torsion

8.01 Shear centre

Aluminium extrusions are usually shaped to serve many different purposes and functions.
They havetherefore often complicated cross sectionswhich are not symmetrical. The shear
centre, SC, will then not coincide with the gravity centre, G.C. If the transverse load acts
outside the shear centre, the beam will be acted upon by atorsional moment. For example,
the shear centre of a channel section is located outside the web. See Figure 2301.08.01.
When aload is acting on the top of the flange, the beam will be loaded by a torsional

moment Feq &5 Where g5 is the distance from the shear centre to the midline of the web.

dv,=qdz

Shear flow and shear centre

2301.08.01

To avoid torsion, or to reduce the stresses as a result of torsion, you can (see Figure
2301.08.02 and Figur e 2301.08.03):

TALAT 2301 89



lP

\

|
L sC.4|,6C
s.C.

>eq
a. Add b. Shape the beam to bring
stiffener the applied force through the
shear centre
TALATER Design to avoid torsion 2301.08.02

Move the load to a point above the shear centre by adding a stiffener outside the web;
Design the beam so the load can act below the shear centre;

Add lateral bracing to the flanges. Bracing forces. ki, q = gegh;

Attach the beam to the loading slab. Vertical forces: k, g = geda;

Useahollow section, which have much larger torsional stiffnessthan an open cross section.
Calculation of the position of the shear center can betricky. In Annex J of Eurocode 9 the
shear center position and the warping factor is given for some common thin-walled
sections. Intheexamplesin 11.02, amethod for the cal cul ation of cross section constants of
arbitrary thin-walled open cross sectionsis given.
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=3
o]

Forces to prevent torsion

2301.08.03

8.02 Closed and open sections

The extrusion technique makes it possible to produce hollow sections with large torsional
stiffness. See Figur e 2301.08.04. Thisshould be made best use of in design, for instancein
deck structures. In Figure 2301.08.05 a deck built up by hollow section elements joined
together with groove and tongue is shown. The deck profiles are multi-cell hollow sections
supported by two welded I-beams with the web displaced such a distance that the shear
center ends up above the supporting stiffener of the deck elements. In Figure 2301.08.06
are shown the bending moment diagrams for deck el ements |oaded by concentrated wheel

loads from a vehicle. Bending moments for three different deck profiles are given:

5

= |, = torsion
3,5 constant

=

1000

Torsion constant of open and closed section

2301.08.04
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=

Closed elements with large torsional stiffness
Open profiles with small torsional stiffness
3. Closed profiles welded together in the top and bottom flange

N

]

Gravity Shear
centre centre

\_L / Joint

Supporting beam and deck elementsof a
hoistable deck for ferries 2301.08.05

The following results can be drawn in the figure:

1) The bending moment in adeck of open profilesislarge. Itisalmost the sameas

if asingle element carries the whole load;

2) The bending moment ismuch lessin hollow section deck elements. Theload is
spread out so that about five elements share the load,;

3) Welding the elementstogether to adeck with amost the same bending stiffness
in both transverse and longitudinal directions have only dight influence on the
bending moment in thelongitudinal direction. Asthe strength isreduced in the heat-
affected zone around the weld, the strength of the deck will not necessarily increase
by the welds.

4) Furthermore, the negative bending moment between the deck elementsand the
beamsisvery small when hollow section profiles are used. That is dueto the spread
of theload on many adjacent elements. In an open section deck the negative moments
at the supports are ailmost the same as if the ends of the elements were completely
fixed.
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TV 2 T TV 2 T
- = N - =
Bending moment Bending moment
Elements M =
with torsional stiffness V)

- welded to the beams -o0- (14)
/ - simply supported (16)

Elements with

grooves and A
tongues

\ I I

\ e )
\ | without totsional stiffness
\ \- welded to the beams (37)
\_- simply supported *(80)

Welding the elements together has limited
effect on the deflection and the bending
moments.

(Values in brackets = max deflection)

T AL AT Bending moment and deflection of an
hoistable deck for ferries

2301.08.06

8.03 Torsion without war ping
The torsional resistance of a member with an open cross section is given by
o
TRd=0.58W py—— (8.1)
Ym1

where W, , = plastic torsion constant.

The torsion strength of a hollow cross section composed by flat part is

f
TRA= Py 2 Aty (8.2)
Ym1
where
A = areaenclosed by the midline of the hollow section

tw  =thickness of designing flat part of the cross section, normally the thinnest part
Py = reduction factor for shear buckling whichisafunction of A

f
M= 0,35:’—‘” 2 (8.3)
W
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is determined for the considered cross section part with width-to-thickness b/t

No special reduction factor for shear buckling by torsion of box beamsisgiven in Eurocode
9. Asthe post-buckling rangeisless pronounced for thin-walled hollow sectionsintorsion
than in shear, asomewhat lower value than for shear of websisrecommended intable8.01.

Table8.01. Reduction factor g, with regard to shear
buckling of hollow cross sectionsin torsion.

Aw Py

M < 0,65 0,67
0,65< Ay < 2,37 0,435/ Ay,
237< Aw 0,584, "3

8.04 Torsion with warping

In the case of amember subjected to torsion and where warping is prevented, or, in the case
wheretorsion is combined with bending and/or axial load, warping stresses areto betaken
into consideration.

Normal stresses ok gym caused by normal force, bending moment and warping and shear
stress 7 gym from St.Venant's shear and warping shear shall fulfill the expression

2 fo
\/UE,sum + 3TE,sum< 11 Y1 (84)
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9 Axial force and bending moment

9.01 General

In this clause interaction expressionsfor checking members subjected to a combination of
axial force and major axis and/or minor axis bending are discussed.

In general three checks are needed

- section check
- flexural buckling check
- lateral-torsional buckling check.

A section check is usually sufficient for beam-columnsin tension and bending, unlessthe
bending moment can cause lateral-torsional buckling. For compression and bending no
special section check is needed, as it is included in the check for flexural buckling and
lateral-torsional buckling in the interaction expressions.

When cdculating the resistance Nrg, My rg and Mzrq in the interaction expressions, due
account of the presence of HA Z-softening from longitudinal welds should be taken aswell
as local buckling and yielding. The presence of localised HAZ-softening from transverse
welds and the presence of holesistreated in 9.08 and 9.09 respectively.

Classification of cross sections for members with combined bending and axial force is
made for the loading components separately. No classification is made for the combined
state of stress.

This means that a cross section can belong to different classes for axial force, mgjor axis
bending and minor axis bending. The combined state of stress is alowed for in the
interaction expressions. Therefore, the interaction expressions can beused for al classes of
cross section. The influence of local buckling and yielding on the resistance for combined

loading istaken care of by theresistance Nrg, My rg and Mz rq in the denominators and the
exponents which are functions of the slenderness of the cross section.

9.02 Bendingand axial tension

A section check isusually sufficient for beam-columns in tension and bending, unlessthe
bending moment can cause lateral-torsional buckling. Slender members shall therefore be
checked for resistance to lateral-torsional buckling, treating the axial force and bending
moment as vectoria effects.

M embers subjected to combined bending and axial tension shall satisfy expressionsfor the
strength of beam column segmentsin 9.04.
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9.03 Bending and axial compression

A beam-column in compression and bending can fail by flexural buckling or by lateral-
torsional buckling. The deformations corresponding to these buckling modes are shownin
Figure 2301.09.01.

Lateral-
F|eXU_ra| torsional
pueing buckling
Flexural buckling and lateral torsional
buckling 2301.09.01

The resistance of aluminium beam-columns with regards to flexural buckling and lateral
torsional buckling depends on a number of factors:

= geometrical, such as length of beam-column, shape of cross section and
conditions at the beam-column ends,

= material related, such as stress-strain curve, residual stresses and heat affected
zones,

= imperfections e.g. initial deflections.

= |oading conditions.

Typical for auminium is the strain hardening condition. To illustrate the influence of the
stress strain curve, in 9.04, beam-column segments of ideal elastic-plastic material and
strain hardening material are compared. In 9.05 flexural bucklingistreated, in 9.06 lateral-
torsional buckling, in 9.07 thin-walled sections, in 9.08 theinfluence of transversewelds, in
9.09 influence of bolt holes or cut-outsand in 9.10 theinfluence of variation of the bending
moment along the beam-column.
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9.04 Strength of beam-column segments.

In the following the strength and behavior of beam-column segments subjected to
compression combined with biaxial bending are presented. Asthe name implies, here we
are only concerned with short beam-columns for which the effect of lateral deflectionson
the magnitudes of bending momentsisnegligible. Asaresult, the maximum strength occurs
when the entire cross sectionisfully plastic or yielded in the case of elastic-plastic materia
asmild steel or when the maximum strain (or stress) attains some prescribed value in the
case of hardening material such as aluminium. This is known as stress problem of first
order. Material yielding or failure isthe primary cause of the strength limit of the member.
Method of analysisin predicting thislimiting strength is presented here as abackground to
Eurocode 9.

Rectangular section - plastic theory

If the slenderness b/t of the cross sectional partsis small and the strain at rupture large, the
whole cross section may yield. For a solid, rectangular section of ideal elastic-plastic
material, the relation between axial force and bending moments for rectangular stress
distribution is easily derived.

fy

< >

Rectangular section in bending and
compression

2301.09.02

The centra part xb of the rectangular cross section in Figure 2301.09.02 is assumed to
carry the axial force N

X
N=fybx=Np (9.01)

where Ny = f, bh, (9.02)

The bending moment, M, is carried by two stress blocks, each having adepth equal to (h -
X)/2 which gives
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2
M= £, h-xphtx_ Mp{l-"_zj (9.03)
h

2 2
2
where = fybh 9.04
M pl = 1 (9.04)

If x/h according to (9.01) is inserted into (9.03) the following interaction formula is
obtained:

2
N M
BLLEN =1 9.05
[Npi} B

In this equation, the first term, containing the axial force, is squared and the second term,
containing bending moment, has no exponent (exponent = 1). The equation represents a
parabola as shown in Figure 2301.09.03.

N 1
N,
0,8} |
////
0,6
04}
g
0,2
€ M
0 > 04 06 o M
0 02 04 06 08 1 Vp
Interaction diagram for a rectangular beam-
column segment of ideal elastic-plastic material 2301.09.03

Rectangular section - strain hardening material

Similar curves can be derived for aluminium beam-columns. The bending momentisgiven
by integrating the stresses over the cross section assuming linear strain distribution. Asthe
strain €in the Ramberg-Osgood expression is a function of the stress g, then numerical
integration is used dividing the cross section into small e ements. The shape of the curve
depends on the stress-strain relationship and the limiting strain &,. Curves are shown in
Figure 2301.09.05 for aluminium having a strain hardening parameter n = 15, in the
Ramberg-Osgood expression:
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n
e=Z+0,002| -2 (9.06)

The stress-strain relationship of this materia is shown in Figure 2301.09.04.

g |
fo2 Ie‘u = ultimate strain
0 0,5 1 1,5 2 25 3
0.2 £%
Stress-strain relationship according to
Ramberg-Osgood 2301.09.04
l ]
1
N os| 7
pl N
\
06 \\ Theory of
. plasticity
04| N \
\Eu =05
0,2 Theoryof
elasticity
M
0 I —
0 02 Mpi
Interaction curves for arectangul ar
aluminium beam-column 2301.09.05

If thelimiting compressivestrainis g,= 0,01, which isabout twice the strain corresponding

to the proof stress fy 2, then the curve is very closeto that for ideal elastic-plastic material
(dashed curve).
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I-, H- and T-section - strain hardening material

Interaction curves are given in Figures 9.06 and 07 for aluminium beam-column segments
with other types of symmetrical cross sections. For minor axis bending of H-sections, the
curves are strongly convex, cf. Figure 2301.09.06.

JN
1,2 1,2
N N N
N 1k N Lk
pl pl 1 Z
0,8 0,8
0,6 e, 0,6
04} o . (0 0,4 Theory of
Theory o elasticit
0,2} elasticity 0,2 Y
M M
0 — A1 — 0 —_— 1 A —
0 02 04 06 08 1 1.2 MpI 0 02 04 06 08 1 12 My
H beam-column, y-axis bending H beam-column, z-axis bending
Interaction curves for H beam-column
2301.09.06
segment

For unsymmetrical sections the shape of the interaction curve depends on the direction of
the bending moment, cf. Figures 9.07.

The thin lines in Figures 9.06 and 07 show the resistance according to the theory of
elasticity. Asillustrated, the plastic resistanceisfar greater than that according to the theory

of elasticity, even though the maximum strain, &,, isonly 1%. The shape of the curvesis
mostly independent of the magnitude of the maximum strain, but thelevel of theresistance
isincreased with increasing strain.

The straight lines starting from the positive M/Mp, - axisin Figures 9.07 arevalid when the
strain on the tension side, is equal to the maximum strain &;.

As noted above, the curves for g = 0,01 are very close to those for ideal elastic-plastic
material. Then, the following curves and expressions for elastic-plastic material are
approximately valid for aluminium.
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Interaction curves for a T beam-column
segment 2301.09.07

For other types of cross sections besides rectangular, it is not possible to obtain asimple
rel ationship between N/Np and M/Mpy such asthat in equation (9.05), evenfor ideal elastic-
plastic material. For an H beam-column subjected to z-axis bending, as shown in Figure
2301.09.08, the interaction curve lies above that for arectangular section. The reason for
thisisthat the web can carry the axial force and the flanges carry the bending moment.

Zz

M
0 02 04 06 08 1 My

Interaction curves for axial force and y- or z-

axis bendi ng 2301.09.08

For y-axis bending, the interaction curveis close to a straight line between the coordinates
(0;1) and (1;0). The contribution from the web is the reason for deviation from a straight
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line.

Biaxial bending of rectangular section

For arectangular section, asimpleinteraction formula can be derived for zero axial force,
noting that the area of the cross sectionisdivided into two equal partsby theinclined line,
cf. Figure 2301.09.009.

VA
1 "Correct curve" —t
0,8 )
M,
Mpl,z
0.6 Circle
04l Approx. curve
0,2
O L L L L MX
O 02 04 06 08 1 My
Bi-axial bending of beam with rectangular
cross section. N =0 2301.09.09
The correct expression for the upper part (MZ/Myg ;> 2/3) is:
M 2
Mz 3| My | 100 (9.07)
Mpz 4[Mply

For the other half of the curve, index y and z change place. Thefollowing expressionisan
approximation for all values of M/My, .. Thedifferencein result between theexpressionsis
less than 1%.

M 17 17
y +| Mz <1,00 (9.08)
M pl,y M pl.z

When an axia forceisadded, therelationship illustrated by the“correct” curvesin Figure
2301.09.10 is obtained. The curves are convex and the convexity increases as the axial
force isincreased. The following expression corresponds to the “approx.” curves which
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provide results on the safe side except when My, =0 or M =0. Then the formulatransforms
into the correct expression (9.05), which correspondsto the parabolain Figur e 2301.09.03.

z
1
M,
Moz y
0,8}
0,6} "Correct" NN = |
Approx. (NMNo =0
0,4}
/ N/N, = 0,5
0,2}
0,7 M,
0 ‘ | | ‘ M
0 02 04 06 08 1 ply
Interaction curves for rectangular beam-
columns subjected to axial force and bi-axial 2301.09.10
17 1,7 \06
My M
+| —2 = 1,00 (9.09)
M pl,y M pl,z

Biaxial bending of |- and H-section

For H-beam-columns the convexity is even greater, cf. Figure 2301.09.11. Calculations
have shown that the curvesin thefigure represent H-beam-columns with various sectional
dimensions.
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1 z
M,
Ilel,z
0,8 y
0,6
N/N, = 0,3
0,4} _
N/N, = 0,6
A
02 N/Np| =0
0,9
ol — 1 | My
0 02 04 06 08 1 Moy
Interaction curves for H beam-column 2301.09.11
segment in bi-axial bending and compression T

By choosing suitable exponents for the quotients N/Np; and M/My it is possible to obtain
curves that correlate well with the "rea” curves, cf. Figure 2301.09.12. If the exponents
exceed the value one, the curves are convex. If the exponents are below one, the curvesare
concave.

T AL A ] Influence of exponents on the form of
wwwwwww g in Aluminium Application Technologies I ntera:ti On Curv@

2301.09.12

Anasymmetrical curveisobtained when one exponent islarger than theother, asillustrated
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in Figure 2301.09.12. This method was used for choosing exponents for interaction
formulae in Eurocode 9. The resulting expressions are shown in Figure 2301.09.13. The

exponent 779 for My ed/My rg depends on the shape factor a, and the exponent )¢ for
Mzed/Mzrq depends on ay. These factors are determined as a; = W, p/W,g and

ay = Wy pi/Wy, ¢ for class 1 and 2 cross sections, and less for class 3 and 4 cross sections.
Thismeansthat the exponents are smaller, and consequently the curves areless convex for
slender cross sections.

The first formula (9.10) in Figure 2301.09.13 corresponds to the vertical parts of the
interaction curves in Figure 2301.09.14. The second formula corresponds to the curved

parts, andisvalid only for values of M, /M rlarger than 0,2 - 0,35 depending on the axial

force.

$o
M
[ NE j + 2 YE <100 (9.10)
N R M y,R
and
/70 M yo {0
(EJ | MyE |7, (Mj <100 (9.11)
NR MyR MzR
where the exponents 77 ,ypand &, are
No=a%a$ butzlands<2 (9.12)
Yo=a% but>land<1,56 (9.13)
£o=af but=1 (9.14)
Interaction formulae for 1-beam-column
%gment res'stance 23010913
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| Il L %
0 02 04 06 08 1 Mpy

Interaction curves for | beam-column segment

2301.09.14

The choice of exponents as functions of the shape factors allows the possibility of taking
local buckling into consideration. If the compression flange of a beam is so slender that
local buckling occurs just as the stress reaches the yield stress, then the section will not
yield and the interaction curve consists of astraight line between the coordinates (0;1) and
(1;0), cf. Figure 2301.09.15.

One condition for the convex interaction curvesisthat the slenderness of the sectiona parts
isso small that they can yield in compression. If the slendernessislarge, then the ultimate
resistance is reduced due to local buckling (class 4 cross section) and the shape factor is
calculated as a = Wer/Wg Where Wess is the section modulus of the reduced, effective
section allowing for local buckling. The shape factors are less than one for aclass 4 cross
section, but the exponents in the interaction formula should not be less then one.
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Ng 1
foAert s Class 4
’ Cross
section
0,6
04}
02}
My’E
0 | | | | —YE
0 02 04 06 08 1 ToWyer
Interaction relationship for thin-walled cross
<ection 2301.09.15
No yielding occur:
o= NE , ME _ fo (9.15)
Acit Weft
Then:
Ne , Me -, (9.16)

Aet fo Wet fg

9.05 Flexural buckling

Second order momentsresult in change of the form of theinteraction curves, seeinteraction
diagramsin Figure 2301.09.16. (In the diagramsindex d for design value is omitted). For
beam-columns with very small slenderness parameter

f
A=Kt o (9.17)

1 7\ E
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Interaction diagrams for y-axis and z-axis
bending of H beam-columns

2301.09.16

the second order moment issmall and the curvestherefore do not differ from the curvesfor
a beam-column segment. For increasing slenderness ratio KL/i the curves start to deflect
downward, resulting in concave curves for large slenderness ratio. This behavior is
achieved by, for larger dlenderness ratios, reducing the exponents in the interaction
formulaefor beam-column segments. This, inturn, ismade by multiplying the exponents by
the reduction factor y for flexura buckling of the axially compressed member. The

resulting expressions are:

(y-axis bending of an I-beam-column

N ‘re M y,Ed
_NEd +— 9= <100
XyNRd M y,Rd

[Jz-axis bending of an I-beam-column

n 4
(ﬂj C+ M2 Ed ZCSLOO
Xz NRrd M Rd

where the exponents are:

Ne =NoX,butn. =08
EyC: 50/\’y but5y020,8

gtzc: 4(O)(z but g(zcz 08
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with 7o and & according to Figure 2301.09.13.

Note that these expressions are identical to the expressions in Figure 2301.09.13 except

that )y isadded in the denominator inthefirst termin 9.18 and ) in 9.19. This mean that
the denominator is equal to the flexural buckling resistance for the axially compressed

column in the x-z and the x-y plane respectively. Furthermore, the My g¢/My rq termin the
second interaction formulain Figur e 2301.09.13 is deleted as flexural buckling in the x-y
planeis considered only.

O0Solid cross sections

As bending and compression of a rectangular beam-column is very similar as y-axis
bending of an I-beam-column, expression 9.19 is used with the exponents taken as:

n.=2x butn,=08 (9.23)

§.=156 y buté =08 (9.24)
[JHollow cross sections and pipes

The expression 5.25 is used with ¢ taken as xy¢ or xz¢ depending on direction of
buckling, but ¢/.<0,8. X i isthelesser of )(yand)(z.

0
w 17 17] ?
(&J o[ Mykd |, (M zEd J <1,00 (5.25)
Xmin NRd M y,Rd M zRd

For hollow sections, ¢ = 1,3. Note that this expression gives amost the same result as
expression 9.18 for y-axis bending of an I-beam-column if My g4 = 0 (or Mzgq = 0) asthe
resulting exponent is 1,7 times 0,6 which iscloseto 1,0 and & iscloseto 1,3.

O Other cross sections

Expression 5.18 may be used for symmetrical and bi-symmetrical cross sections, bending
about either axis, for z-axis bending replacing éyc, My ed, My rd and xy with &, MzEq,
MzRrd and xz.

Thenotationsin expressions5.18, 5.19 and expression 5.25 are (In the diagramstheindex d
for design value is omitted):

Ngg = axia compressiveforce
Nrg = Afo/ a1 (or Agfo/ aa for class 4 cross sections)
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Xy reduction factor for buckling in the z-x plane
Xz reduction factor for buckling in the y-x plane

My ed,Mzeq = bending moment about the y- and z-axis. The moments are
calculated according to first order theory

Myrd= ayW fo/ 1 bending moment resistance about the y-axis
Mzrd = a W fol 1 bending moment resistance about the z-axis
ay, az = shape factor but a, should not be taken larger than 1,25

9.06 Lateral-torsional buckling

When abeamisbent initsstiffer principal plane, it usually deflectsin that plane. However,
if the beam does not have sufficient lateral stiffnessor lateral support to insurethat it isso,
then the beam may buckle out of the plane of loading. The load at which this buckling
occurs may be substantially lessthan thein-planeload carrying capacity of the beam. While

short beams can reach the full plastic moment My more slender beams may buckle at

moments Mcr which are significantly lessthan M. For anidealized perfect straight elastic
beam, there are no out-of -plane displacements until the applied moment reachesthecritical

value M¢r, when the beam buckles by deflecting laterally and twisting. Thuslatera buckling
involveslateral bending and axial torsion. Thesetwo actions are interdependent, and when
the beam deflects lateraly, the applied moment exerts a component torque about the
deflected longitudinal axis which causes the beam to twist, while twisting of the beam
causes the applied moment to exert acomponent lateral bending moment which causesthe
beam to deflect. This behavior, which is important for unrestrained I-beams whose
resistanceto lateral bending andtorsion arelaw, iscalled elastic flexural-torsional buckling.

“Zy

y

Ly
/
7

—_

Lateral-torsional buckling

2301.09.17
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A beam-column which is bent in its stiffer principal plane and compressed, see Figure
2301.09.17, may aso fall predominantly by buckling out of the plane of loading. This
behaviour is closely related to the flexural-torsional buckling of beams. However, the risk
of lateral buckling is even larger as the axial compression force tend to cause weak axis
flexural buckling by itself.

As for flexura buckling the following expression for the resistance of a beam-column
segment is used as a starting point.

n iq 4
(EJ °+(MV,EJ O{_M Z’E] "<100 (926)

NR MyR MzR
The effect of second order moments are introduced by:

» adding the reduction factor x, for z-axis flexura buckling of the axially compressed
member in the first denominator.

» adding the reduction factor xit for lateral-torsional buckling for the bending moment
My g in the denominator in the second term.

» multiplying the exponents 77, and & with the reduction factor x, for z-axis flexural
buckling of the axially compressed member.

Note however, that the exponent ) is not multiplied with the reduction factor x; as
buckling take place by out-of plane deflection and twisting. The second order moment is

predominantly a M, bending moment as flexure occur in the x-y plane.

The resulting expression for beam-columns with | shaped and similar cross sectionsis:

( N Ed J%J{ M y,Ed JVCJ{M ZEd Tzcsloo (5.27)
XzNRd XLT MyRd M zRd
where:

Ngg = axial force
bending moments about the y-axis. In the case of beam-columnswith hinged
ends and in the case of members in non-sway frames, My gq is moment of

the first order. For members in frames free to sway, My gq is bending
moment according to second order theory.

Mzeqd = bending moments about the z-axis. Mz gq is bending moment according to
first order theory

Nrg = Afo/pu1 or Agfo/ a1 for class 4 cross sections.

Xz = reduction factor for buckling when one or both flanges deflects laterally
(buckling in the y-z plane or lateral-torsional buckling)

My rd = ay W, fo/ M1 = the bending moment resistance for y-axis bending
XLT reduction factor for lateral-torsional buckling
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Mz Rrd = az W fo/ 1 = the bending moment resistance for z-axis bending
ne = 0,8or dternatively rgx, but 77 [10,8

o =K

& 0,8 or alternatively & x; but & [10,8

No, W and & are defined according to the expression in Figure 2301.09.13.

The expression for flexura buckling, see expression 9.19, must also be checked. This
expression is governing for small z-axis bending moment. See examples of interaction
curvesin Figure 2301.09.18 wherethe vertical straight-line parts of the interaction curves
correspond to flexural buckling. The curves in Figure 2301.09.18 are valid for a rather
small slenderness parameter jy: 0,4 . In dender beam-columns, flexural bucklingismore

seldom governing.

Flexural
uckling

| | My e
0 02 04 06 08 1 Myr

Example of interaction curves for lateral-torsional

buckling 2301.09.18

Note that My gq isthefirst order bending moment for beam-columnswith hinged ends and
for membersin non-sway frames, but second order bending moment for membersin frames
freeto sway. In most casesthe buckling length for y-axisbuckling is different from that for
z-axisbuckling. The buckling length for z-axis buckling isusually supposed to be the actual
member length, whereasthe y-axis buckling length usually islarger in sway framesand less
in braced frames.

9.07 Thin walled cross sections

The choice of exponents as functions of the shape factors alows the possibility of taken
local buckling into consideration, without changing the interaction formulae. If the most
compressed flange is so slender that local buckling occurs, then that section will not yield
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and theinteraction curveiscloseto astraight line. This meansthat the exponents should be
close to 1 for a beam-column segment and close to 0,8 for flexural and lateral-torsional
buckling.

9.08 Transverseweds

The influence of transverse welds on the buckling resistance depends, to some extent, on
the location of the welds. If aweld is close to the mid-section of the beam-column, the
buckling strength is about the same as if the hole column were made of heat-affected
material. If the transverse welds are close to pinned ends, they do not reduce the buckling
strength, but the squash load of the beam-column segment at the ends. This meansthat, if
the slenderness of the column is large and consequently the buckling resistance is small
compared to the squash load, then the transverse welds at the ends do not influence the
resistance.

In Eurocode 9 the coefficient ay, isintroduced in theinteraction formulae for beam-column
segmentsto take the influence of transverse weldsinto consideration. Furthermore, in the

interaction formulaefor flexural buckling and lateral-torsional buckling the coefficients ax
and @) 1 are introduced as follows

Flexural buckling, y-axis bending:

é
yC M
_ NEd L _MyEd <100 (9.28)
/Yy wx NRd

Flexural buckling, z-axis bending:

(& J ; [M J <1,00 (9.29)
Xzwx NRd wo M zRd

Lateral-torsional buckling:

e Ve Sz
( N Ed J N M y.Ed + (—M ZEd ] <100  (9.30)
XzwxNRd XLT WxLT M y,Rd woM zRd

Conservatively, the following value can be used:

£/
o= wx= wxL 7= L h"f o M2 <100 (9.31)
o/ Ym1

where gz IS the reduction factor for the heat affected materia according to 9.4.2.
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However, when HAZ softening occurs close to the ends of the bay, or close to points of

contra flexure only, ay and ay T may be increased in considering flexural and lateral-
torsional buckling, provided that such softening does not extend a distance along the
member greater than the least width of the section.

5= o (9.32)
X+ (- y)sin ==
lc
o,
WALT= T (9.33)
Xt Q- ) p)sin TS
Cc
where
£/
wo= ez al Vw2 py o100 (9.34)

fol VM1
X = Xyor xzdepending on buckling direction
XLT = reduction factor for lateral-torsional buckling of the beam-column

Xg = distance from the localized weld to a pinned support or point of contraflexure
for the deflection curve for elastic buckling of axial force only, compare Figure
2301.09.19

lc = effective buckling length.

>
ral

P
>I€

<€

Effective buckling length I and
definition of x 2301.09.19

InFigure2301.09.19 A and B mark examples of studied sections on the distance xa and xg

from apinned end or point of contra-flexure. Seetable 5.07 for values of buckling length|¢
= KL.

The design procedure is illustrated in Figure 2301.09.20 where K is short for the first
guotient in expression 9.28 and B is short for the second quotient. Ky varies along the beam-
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column. At the pinned ends Ky = Ko =Ngq/ (Afo/ 1) corresponding to aAstressresi stance
ratio”. Atthemid-section Ky = K¢ =Kg/ y corresponding to aAbuckling resistanceratio”.
In-between Ky varies asasine curve, see Figur e 2301.09.20 and the expression below the
figure.

In the section of the transverse weld Ky and B isincreased by 1/a«y. In this example two
sections need to be checked; the mid-section and the section with the weld. If the applied
bending moment varies along the beam-column, then in principle all sections need to be

checked, to find the largest value of K‘( + B. In most cases it is possible to identify
intuitively which section is governing.

(] Moo

|
| BO
- "
Weld &30 - - — - Bhaz
Ngg _ Mo ed
Ko = Nrg (Nra = Afo /Y1) Bo M_Rd
NEd fO /%lll
Ke = Bhaz=Bo 75 /.,
¢ /YNRd haz Opnazfalmz

K, = Kq + (K. - Ko) sin (’lT—X)
C

_ _ : TTXhaz f0 /Wl
Khaz_ (KO+ (Kc KO) Sln( Ic )) pnazfa/%/IZ

Check K.+ By< 1,00
and Khaz{ + Bhaz< 1,00

Beam-column with cross weld

2301.09.20

9.09 Columnswith unfilled bolt-holes or cut-outs
The expressions 9.28 - 9.30 are used, except that pha, in 9.31 and 9.34 is replaced by

Anet/ Agr Where Angt IS the net section area, with deduction of holes and Ay is the gross
section area.
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9.10 Varying applied bending moment

For a beam-column subjected to axial compression and bending moment where the
maximum applied moment do not coincide with the section with the largest buckling
deflection, then some equival ent bending moment is often used. In Eurocode 9 amethod is
recommended implying that, in principle, every section along the beam-column must be
checked for the combination of axial force, first order bending moment and second order
bending moment. The influence of the axia force, inclusive the second order bending
moment, isincluded inthefirst term in theinteraction formulae. In asection apart from the
section with the largest buckling deflection, the second order bending moment isless. The
first quotient in the interaction formulae is then reduced by dividing it with the factor

wx— 1 Tx (935)
X+@-x)sn "3
lc
where:
X = Xyor xzdepending on buckling direction
Xg = distancefrom the studied section to apinned support or point of contraflexurefor

the deflection curve for elastic buckling, see Figure 2301.09.19
buckling length.

lc

The method is illustrated in Figure 2301.09.21 for a beam-column subjected to an axial
compressive force and unequal end moments. Note that

x+(@-x)sin TXs

Ned _ NEd lc _
wxXNRd NRd X
. T .71
- NEd , (NEd NEdyg, TXs_ Ko+ (Ke-Ko)sin —8 (9.36)
NRd XNRd NRd lc lc
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K, = Ko + (K. - Ko) sin (’ITX)
C

By = BO'(BO',UBO)%
C
Neg K = NEg _ Mogq
.=
NRrd X NRg

K0:

Check K, + B,< 1,00 in every section

Beam-column with different end moments

2301.09.21

TALAT 2301 117



10 Deviation of linear stressdistribution

10.01 General

Deviation from linear stress distribution over the cross section may be caused by

- plastic deformation of cross sectional parts with asmall slendernessratio (small b/t)
- buckling of dlender cross section parts (large b/t)

- shear deformationsin awide and short flange (small L/b), see 10.02

- flange curling of awide slender flange (large b/t), see 10.03

- lateral deflection of non-symmetrical flanges, see 10.04

- introduction of concentrated loads

- variation in cross section and local rotations

Buckling and plastic deformations are dealt with in chapter 3. Local stressconcentrationsat
load introduction, variation in cross section and rotations are normally determined by
simplified calculation methods.

10.02 Shear lag

Shear stressesin the web are transferred to the flanges where they build up axial stresses.
The stresseswill not “reach” the centre of the flangesif aflange iswide and short because
of the shear deformations. Consequently the stress distribution is as shown in Figure
2301.10.01.

Shear lag

2301.10.01

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

The influence of shear deflections depends on the relationship of flange width to beam
length for the beam and shear force distribution along the beam. This effect existsfor both

TALAT 2301 118



the compression and the tension flange.

The influence of shear deflections for wide flanges may be allowed for by the effective
width concept. If following conditions arefulfilled, the effectivewidth isequal to theactua
width.

b<Lf/10 and b<|g/10

where b is the width of the flange according to Figure 2301.10.02a and Lg and L+ the
distances according to Figure 2301.10.02b. See literature for effective width of flanges
with large b/L.

T
P

eI L1111
; Lf
(b)
TALATEE oatons 2301.10.02
10.03 Flange curling of a wide flange

The bending stresses in the flanges of a beam contain a component directed towards the
neutral axis, due to the curvature, cf. Figure 2301.10.03a (valid if the beam is straight
before loading). Thiscomponent issmall for beamsthat are straight before loading and can
be neglected for common rolled and extruded beams.
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v, #
Training in Aluminium Application Techno

Flange curling

2301.10.03

For wide, thin flanges and for curved beams the component causes bending of theflangesin
the transverse direction. See literature.

For open cross section with small relation between depth and width the component above
may cause transverse compression of the cross section.

10.04 L ateral deflection of non-symmetrical flanges

For anon-symmetrical flange the shear stress gradient in the flange cause lateral forceson
the flanges, cf. Figure 2301.10.04. These forces are considered when determining the
location of the shear centre for normal extruded, rolled and welded beams without cross
section deformations.

For beams with athin web the lateral forces must be considered. Usually ki, isin the order
of 0,3, which can be used to check bending of the webs. See examples.

al la

A P
> <

Forces on non-symmetrical flanges

2301.10.04
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11  Examples

11.01 Software

The examples are worked out using the MathCad software in which some symbols have
special meanings according to the following:

X = 50.6:mm Assign value
y=2.5-mm Global assignment
X +y=531-mm Evaluate expressior
a=b Boolean equals
0.5 Decimal point
c=(13 2) Vector
d=(2 4 3) Vector

-
a:-=(cd) Vectorize
a=|2 12 6| Result

11.02 Crosssection constants

See separate file TALAT 2301 - 11.02

11.03 Serviceability limit state

Example3.1  Deflection of class 4 cross section beam

11.04 Bending moment

Example4.1  Bending moment resistance of open cross section part

Example4.2  Bending moment resistance of hollow cross section (polygon)

Example4.3  Bending moment resistance of welded hollow section with outstands.
Class 2 cross section

Example4.4  Bending moment resistance of welded hollow section with outstands.
Class 4 cross section
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11.05 Axial force

Example 5.1
Example 5.2
Example 5.3
Example 5.4
Example 5.5
Example 5.6
Example 5.7

Axial force resistance of sguare hollow section

Axial force resistance of symmetric hollow extrusion

Resistance of cross section with radiating outstands

Axial force resistance of channel cross section

Axial force resistance of laced column

Axial force resistance of orthotropic plate with open or closed stiffeners
Axial force resistance of orthotropic double-skin plate

11.06 Shear force

Example 6.1
Example 6.2

Example 6.3
Example 6.4
Example 6.5
Example 6.6

Shear resistance of aweb with no intermediate stiffener

Shear resistance of a web with equally spaced flexible intermediate
stiffeners

Shear resistance of aweb with intermediate rigid stiffeners

Shear resistance of aweb with rigid transverse and longitudinal stiffeners
Shear resistance contribution of the flanges

Shear resistance of a corrugated web

11.07 Concentrated force

Example 7.1

11.08 Torsion

Example 8.1
Example 8.2
Example 8.3

Concentrated force resistance of beam and purlin

Torsion constants for open cross section
Torsion constants for hollow cross section
Torsion constants for a deck profile

11.09 Axial force and bending moment

Example 9.1
Example 9.2
Example 9.3
Example 9.4

Tension force and bending moment
Beam-column with rectangular hollow section
Beam-column with eccentric load
Beam-column with cross weld

11.10 Non-linear stressdistribution

Example 10.1 Transverse bending of unsymmetrical flanges
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Lateral-torsional buckling between restraints

2301.04.14

Lateral torsiona buckling between bracing
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Reduction factor y;r for lateral-torsional buckling
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a—c Buckling modes for unbraced and braced compression members
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Stresses in gross and net section
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Net section in section with displaced holes
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Compressive force on a column
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Column curves

2301.05.06

Reduction factor x for flexural buckling
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Figure No.

Figure Title (Overhead)

2301.05.07

Stress distribution in buckled plate and effective cross sections

2301.05.08

Ways to calculate the dlenderness parameter A

2301.05.09

Cross sections susceptible to torsional buckling

2301.05.10

Heat affected zone

2301.05.11

Reduction factor for transverse weld

2301.05.12

a) —d) Laced built-up column. €) Battened built-up column

2301.05.13

Determination of the spring stiffness for intermediate and edge stiffeners

2301.05.14

Edge stiffener, notations and effective cross sections for A, and I,

2301.05.15

Channel section

2301.05.16

Intermediate stiffeners; notations and effective cross section for A, and I,

2301.05.17

Values of n for reinforced elements

2301.06.01

a) Pure shear state of stress.
b) Ideal tension field

2301.06.02

Stresses in aweb in the post-buckling range

2301.06.03

Stress trgjectories for 7= 37

2301.06.04

Comparisons between tests and theories

2301.06.05

a) Rigid end post b) Non rigid end post
¢) Cross section

2301.06.06

Reduction factor for shear buckling

2301.06.07

a) Web with stiffeners. B) Cross section of stiffeners

2301.06.08

Corrugated web

2301.07.01

a) Buckling of the web and plastic hingesin the flanges under a
concentrated load, b) Forcesin inclined webs

2301.07.02

a) Reduction factor y for b) patch loading

2301.07.03

Load applications and buckling coefficients

2301.07.04

Length of stiff bearing

2301.08.01

Shear flow and shear centre

2301.08.02

Design to avoid torsion

2301.08.03

Forces to prevent torsion

2301.08.04

Torsion constant of open and closed section

2301.08.05

Supporting beam and deck elements of a hoistable deck for ferries

2301.08.06

Bending moment and deflection of an hoistable deck for ferries

2301.09.01

Flexural buckling and lateral torsional buckling

2301.09.02

Rectangular section in bending and compression

2301.09.03

Interaction diagram for a rectangular beam-column segment of ideal elastic-
plastic material

2301.09.04

Stress-strain relationship according to Ramberg-Osgood

2301.09.05

Interaction curves for a rectangular aluminium beam-column

2301.09.06

Interaction curves for H beam-column segment

2301.09.07

Interaction curvesfor a T beam-column segment

2301.09.08

Interaction curves for axia force and y- or z-axis bending

2301.09.09

Bi-axial bending of beam with rectangular cross section. N =0

2301.09.10

Interaction curves for rectangular beam-columns subjected to axial force
and bi-axial

2301.09.11

Interaction curves for H beam-column segment in bi-axial bending and
compression
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Figure No.
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2301.09.12

Influence of exponents on the form of interaction curves

2301.09.13

Interaction formulae for I-beam-columnsegment resistance

2301.09.14

Interaction curves for | beam-column segment

2301.09.15

Interaction relationship for thin-walled cross section

2301.09.16

Interaction diagrams for y-axis and z-axis bending of H beam-columns

2301.09.17

Lateral-torsional buckling

2301.09.18

Example of interaction curves for lateral-torsional buckling

2301.09.19

Effective buckling length | and definition of x

2301.09.20

Beam-column with cross weld

2301.09.21

Beam-column with different end moments

2301.10.01

Shear lag

2301.10.02

Notations

2301.10.03

Flange curling

2301.10.04

Forces on non-symmetrical flanges
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