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THE EFFECT OF RESIDUAL STRESSES lN THE LATERAL­
TORSIONAL BUCKLING OF STEEL I-BEAMS AT ELEVATED 

TEMPERATURE 

Vila Real, P. M. M.', Cazeli, R. " Simões da Silva, L.', Santiago, A. 4 and Piloto, P.' 

ABSTRACT 

Wltell a beom is bem abolir ils major axis ii ma)' tll'isl alld lJlove laterally, before iI 
reaches ils elastic/plastic resista1/ce iII bendillg. A/llioi/glz lhe problem Df latera/-lOrsiollaJ 
bflCklillg of steel beams af roam temperawre has a well established solutiofl, llte same 
problem af elel'ated temperalllre has 1101. A IlwlIerical illvestigatioll of lhe lateral-Iorsiollal 
bflCkU1l8 of s1eel J-beams subjecled to a tempera/llre varia/folI from roam temperarltre /Ip to 
700 "e. willl lhe aim of assessillg lhe eIfeels Df lhe residual Slresses ;n this meclwnism of 
fai/ure, is presewed ;n t!tis paper. 

To 111;5 pllrpose. a geomctrically Gnd materially nOIl-linear finite elemelll program, 
lias been used to determille lhe lalera/-torsiolla/ resislallce of sleel l-heams ar ele\lafed 
temperatures, lising lhe material properties of Eurocode 3, ParI 1-2, The IIlllllerical resulls 
"ave beell cOlllpared /O lhe results of lhe simple l1Iodel presellled i" Eurocode 3, ParI 1-2 
( 1995) and a lI elV proposa/lhat is being cOllsidered for approva/, 

Key \Vords: Residual Slresses, Latcral-torsional buckling, Temperaturc 

1. INTRODUCTION 

Slender beams, subjected to bending loads in lhe plane of their greatest flexuraI 
rigidity, can ' buckle by combined twist and lateral bending, called lateral lorsional buckling 

I Associalc Profcssor, Univcrsity of Aveiro, 3800 Avciro 
2 Rescarch Assislanl, University of Aveiro, 3800 Aveiro 
3 Associatc Professor, Univcrsity of Coimbra, 3030-290 Coimbra 
.. Re.<;carch Assi stanl, Univcrsity of Coimbra, 3030-290 Coimbra 
5 Assistant Professor. Polylcchnic InslilUte of Bragança, 5300 Bragança 
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instability. Due tO lhe low torsianal and lateral flexural stiffness af slender beams, their cross­
section may rotale and detlect lateral1y, as in torsional-flexural instability of columns caused 
by axial compression. Although lhe solution to lhe problem af lateral-torsional buckling af 
steeI beams at room temperature is well knownlll, there is no soIution for this problern at 
elevated temperature. Among lhe more importanl [actces which affect lhe lateral slability af 
beams in actual slrUctures arc!,21: 

• lnitial bow; 
• Initial twist in lhe section; 
• Accidental eccentricities of loading; 
• Premature yielding due lo lhe presence af residual stresses. 

ln this paper, lhe influence af lhe residual stresses in lhe lateral-torsionaI buekIing of 
unrestrained steel I-beams has been numerically investigated. The results were eompared to 
the simple model presented in Eurocode 3, Part I ~2'31 and lO a new proposaI(4-61 that is being 
considered for approvaI in the Eurocode. This proposal was based on the numerical results 
from the SAHR program, a geometrical and ma(erially non-linear code speciaIly developed 
for the analysis Df structures submilted to firel71 . ln lhe numerical analyses, a three­
dimensional (3D) beam element has been used. 11 is based on the following formulations and 
hypotheses: 

Displaeernem type element in a total co-rotational description; 
Prismatic element; 
The displaeement of the nade line is describcd by the dispIaeements Df the three 
nodes of the element, two nodes at each end supporting seven degrees of freedom, 
three translations, three rotations and the warping amplitude, plus one node at the 
mid-length supponing one degree of freedom, the non-linear pan of lhe 
longitudinal displacemenl; 
The Bernoulli hypolhesis is considcred, i. e., plane sections remain plane and 
perpendicular to the longitudinal axis and no shear energy is considered; 
No local buckling is taken into aceount, which is the reasoo why onIy Class 1 and 
Class 2 seetions can be used[8J; 

The strains are smaIl (von Kárnlán hypothesis), i. e. 

1 ali 1 --« 
2 dX 

where li is the longitudinal displacement and x is the longitudinal co-ordínate; 
The angles between the deformed longitudinal axis and the undeformed but 
translated longitudinal ax.is are small, i. e., 

sin q> '" q> and cos q> '" 1 

where tp is lhe angle between the are and lhe cord of the beam finite elernent; 
The longitudinal integrations are nurnerically calculated usiog Gauss' rnethod; 
The cross-section is discretised by means of triangular ar quadrilateral fibres. At 
every longitudinal point of integration, ali variables, such as temperature, slmin, 
stress, etc., are uniforrn in each fibre; 
The tangent stiffness matrix is evaluated at each iteration of the convergenee 
process (pure Newlon-Raphson method); 
Residual stresses are considercd by means of initial and constant strains[91; 
The material behaviour in case of strain unloading is elastic, with lhe eIastie 
modulus equal to the Yaung's rnodulus at lhe origin af lhe stress-strain curve. [n 

I 



: ross­
aused 
ng af 
~m aI 
ity af 

og af 
ed lo 
)cin!!, 
,sulL .J 
aped 
Jrec-
; and 

hree 
10m, 
t lhe 

lhe 

and 

and 

bul 

At 
Iin, 

lce 

) 

Fire Design 1439 

lhe sarne cross-section, some fibres lhat have yielded may lherefore cxhibit a 
decreased tangent rnodulus because they are still on lhe loading branch, whereas, 
at lhe sarne time, some olher fibres behave elaslically. The plastic strain is 
presumed not lo bc affected by a change in temperature[I OI. 

Numerical simulalions have demonstrated c1early that beams wilh closely spaced 
restraints can reach Lhe plastic moment Mp, while long unrestmined spans effcctive!y fai! by 

elastic lateml-torsional instability at moments lhat are very c10se to the theoretical elastic 
criticai mornent M E (see figure l). 

A slender bcam which has low resislance to lateral bending and torsion may buckle in 
the clastic mnge by deflecting and twisting ouI of the plane of loading. This is lhe 50 called 
elastic flexural-torsional buckling phenomena. The resistance of a beam lo elastic buckling 
increases as its slendemess decreases, and a steel beam of moderate stiffness may yield before 
its elastic buckling load is reached. Yielding is caused by a combination of the stresses 
induced by the applied loads with any residual stresses which remain after the rnanufacturing 
process is completed. Yielding reduces lhe effective out-of-plane rigidities, and decreases the 
buckling resistance below the elastic value as shown in figure 1. 

Bucldiog 
resistancc E1nstic buclding. 1.1 E 

t----~~ -\ . Fullp~asticity •• MI' 

/ 
lndastic 
buclding 

PI:lStic rnngc. Inclastic rnngc . ElllStiC rnngc 
Slendcmcss 

Fig. I - Effect af slenderness on Lhe buckling resistance. 

The influence of the residual slresses is higher for intermediate slenderness of lhe 
bearns as it wiII be show" in lhis paper. 

2. CASE STUDY 

Simply supported steel I-beams af lhe European series IPE 220 with fark supparts (the 
beams cannOl deflect laterally ar lwis t aI the supports) submitted to uniform moment as 
shown in figure 2 were studied. A longitudinal geometric imperfection of sinusoidal type as 
been assumed 

y(x =--S1O-) 1 . ('tX) 
1000 1 

(I) 

where I is lhe beam length. 
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x 

Fig. 2 - Simply supported beam submiued (o momenls at lhe t!nds. 

The residual stresses ndopted are constant ncross lhe thickness af the web and af lhe 
flanges. Triangular distribution as in Figure 3. with a max!mum value of O.3x235 MPa, for 
lhe 5235 slecl as \VelI as for lhe 5355 stcel has been adopted1111. 

!C . IA 0.3 
~ 

-/ 0.3 
TI 0.3 

o ~{ ., 
'. 

T' 0.3 

Fig.3 - Residual slresses: C - compression; T - tension. 

ln the nu meneai calculations this residual stress distribution was approximated by lhe 
self equilibrated diagram af figure 4. 

0 .3 f, 

Fig. 4 - .Shape of lhe residual slresses adopted in lhe numerical calculations( f y = 235 MPa). 

Figure 5 shows lhe adopted stress-strain relationship at elcvated temperaturas for 
grade S 235 steel. 
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Fig. 5 - Stress-strnin relationship a1 elevated tempera1ures for grade S 235 sleel. 

3. ANALYSIS ACCORDING TO EUROCODE 3 

1441 

According to Par1 1.2 af Eurocode 3 lhe buckling resistance moment f',!! b,fi.I.Rd al time 
tis given by: 

where: 

XLT,f/ 

Wpl ,)' 

k 
) ' ,0 .... "" 

'Y AI ,fi 

!vi = XLT.fi IV k f _1_ 
h.Ji.I. Rd I? pl .. v ,..O.com y 

.- 1M •fi 

is lhe reduction factor for lateral-torsional buckling in the fire design situation; 

is the plastic section modulus; 

(2) 

is the reduction factor for the yield strength at the maximum temperature in the 

compression flange 9".rorrI ' reached at time t; 

is lhe partia! saFely Factor For lhe fire situation (usually Y".fi = 1 ). 

This equation is used ifthe non-dimensional slenderness XLTOcom for lhe tcmperature reached 

at lime t, exceeds lhe vai ue ar DA. The constant 1.2 is ao empirically determined value and is 
used as a correction factor which allows for a number of effects. The reduction factor for 
lateral-torsional buckling in fire design situatian, XLT ,Ji' is detennined as for room 

temperature, using instead lhe oon-dimensional s leoderness X"LT.O,a"" givcn by 

x =x LT,O,mm LT 
k E.O,I'"m 

(3) 

where 
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XLT is lhe non-dimensional slenderness at roam temperature; 

kE.a,com is the reduction factor for lhe slope af lhe linear elastic range at lhe maximum 5teel 

temperature reached a1 time t. 

The solid line of figure 6 shows lhe design curve for lateral-torsional buckling in case 
af fire according to Eurocode 3. For ali temperatures greater lhan 20°C this curve is unique 
and denoted EC3,fi. 00 the vertical axis is lhe ratia 

where 

M b ,fi,t,Rd 

M fi,n,Rd 

(4) 

AI b.fi,I,RJJ is the design lateral-torsional buckling resistance moment a1 lime t af a lateral1y 

unrestrained beam, given by equation (2), and 
II! fi,n,Ra is the design mameot resistance af a Class 1 ar 2 cross-section with a uniform 

temperature 9". It may be determined from: 

M =k "'{MO M 
fi.O.Ra ,.0 Rd 

"(M.fi 
(5) 

where, 'Y MO = 1.0, 'Y M .fi = 1.0 and M Rd is the plnstic resistance of lhe gross cross-section 

M p/,lM for norma] lemperalure, given by 

M _ Wp"'!' 
Rd -

YMO 

(6) 

This figure a150 shows that lhe lateral buckling design curve a1 elevated temperature is 
different from the curve at 20°C by the empirical factor 1.2 (the curve at elevated 
lemperalure, EC3,fi, is lhe curve at 20 °C divided by 1.2). Therefore it must be emphasized 
that throughout this paper the ratia M b .fi. / ,Rd 1M fi.O.Rd wiU be used for the purposes of 

comparison. lt is obtained as the reduction factor for lateral-torsional buckling in the fire 
design situation XLT. fi divided by 1.2, for the Eurocode 3, Part 1-2 results, Le.: 

ar directly fram 

M b,JI.I.Rd 

M fi.O.Rd 

XLT.fi , for Eurocode 3, Part 1-2 results 
1.2 

M SMIR for lhe SAFIR results 
M ' 

fi.O.Rd 

(7) 

(8) 
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O D.2 OA n. 0.8 1.2 1.' 1.6 1.8 2 
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Fig. 6 - Beam design curve of Eurocode 3 for fire situation (EC3,fi) and at roam temperature 
(20"C)_ 

4. ANAL YSIS ACCORDING TO THE NEW PROPOSAL 

A new propasal for the lateraJ-torsional buckling resistance, based on numerical 
calculations was proposed by Vila Real et al[4,5I, Accordinfi to this new proposal , lhat adopted 
lhe sarne philosophy already proposed by Franssen et aI. 12J in lhe conlext afaxially laaded 
colurnns subjected to fire conditions, the design buckJing resistance moment of a Jaterally 
unrestrained beam with a class 1 ar 2 cross-sectian type, is abtained as follows l4.6l, 

whereXLT./i' is given by 

with 

1 
h1b,/i,',Rd = x'LT,fiWpl."k'l.O.co"J'I--

1M .fi 

I [- - ,) 
IPLT.a.,"m ='2 l+a"A.LT.o.com + (ÀLT.a, com)-

(9) 

(10) 

( 11) 

The imperfectian factora, in this proposal, is a function ofthe steel grade and is given by: 

(l = 0.65~2351 I , (12) 

where f y represents lhe nominal yield strength of lhe material in MPa. The remaining factor 

XLT.O.,"m should be calculated as in eq. (3). 

Comparing lhis new proposaI with lhe Eurecode 3 fonnulas (sec figure 7) it can be 
verified thal the shape of the buckling curve is different, with lhe new one starting frem 

Xn.fi == 1.0 for XLT.O.clI," = 0.0 but decreasing even for very low slenderness, instead of having 
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a horizontal plateau up to ÀU.O.HNII =0.4 as in lhe Eurocode 3(7]. The lateral-torsional buckling 

curve now depends on lhe 51eel grade due to lhe imperfeclion factor ex as it can be seco in 
figure 7. 

AI •. fi~,1J I},{ fi.UI 

I' r---------------------------------, 

... 

o G.l 0.4 0.6 Q.I 

EO, S'!ll Df SllS 

-o- N ... Propw.I- SlJS 
~N.wPropoAl-m5 

I': IA i.6 1.1 

~T ... r •• 
Fig. 7 - Comparison between design buckling curve from EC3 and lhe new propasaI. 

5, NUMERICAL RESUL TS 

The numerical results for lhe beams ai room temperature (20 Oe) are ploued in figure 
8. It can be secn that the results are in good agreement witil lhe beam design curve af 
Eurocode 3 whenevcr the residual stresses are considered. It is also evident from figure 8 lhat 
lhe influence Df lhe residual stresses is higher for intermediate slendemess of lhe beams. 

M .... IM ..... 
12 

1.0 t-..--•• --".;;c 
•• . , 
'4 

" ~ 

0.0 Q.2 0.4 0.6 U8 

--ho _lO"C'" 
• RoOIIII=pcnhre ooiIb raiQal.ruoa 
o RooIIII .... pcnd.." "*'1>0 .. ruiUl.,..... 

1.2 1.4 1.6 UI 2.0 

~ 

Fig. 8 - Beam design curve 3l roam temperalure. 

Figure 9 shaws the influence af lhe residual stresses as lhe temperature increases from 
200 °C up to 700°C. This Figure clearly shows lhat the influence of the residual stresses 
decreases with increasing temperalure. This is due to lhe stress-strain relationship at elevated 
temperature shawn in figure 5. 
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Fig. 9 - Beam design curves at e!evated temperature. 
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6. CONCLUSIONS 

The physical fact lhal Young's modulus decreases faster than lhe yield slrength when 
lhe temperature increases, plus the facI that lhe slress-strain relationship at elevaled 
lemperatures is nol the sarne as at roam temperature, produces a madification af lhe lateral­
tors ional buck1ing curve aI elevated temperatures. The horizontal plaleau valid at 20°C up lo 
a noo-dimensional slendcmess af DA, vanishes aI elevated temperatures. The simple models 
based on lhe lateral-torsiooal buckling curve Lhat is valid aL room tcmperature lead to a safety 
levei lhat depends 00 the slendemess of lhe beam, the results being unsafe for a certain range 
af the slendernesslS1. To overcome this problem a new beam design curve has becn proposed. 

The fact already known by experimental tests at room temperature lhat Lhe influence 
of lhe residual stresses in the lateral torsional buck1ing of beams is bigger for intennediate 
slenderness has been numerically confirmed. 

Finally, it hus also been shown that lhe buck1ing resistance af lhe beams is less 
sensitive lo lhe residual stresses when lhe temperature increases. This is probably lhe result of 
lhe smaller difference between yield stress of steel and lhe levei of residual stresses (hat is 
characteristic of elevated temperatures . It is also noted that no hcat treatment phenomena that 
should eliminale residual stresses were takcn into account in lhe numerical simulations, an 
issue certainly worth some attention. 
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