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INITIAL IMPERFECTION CHARACTERISTICSOF MONO- SYMMETRIC
LITE STEEL BEAMSFOR NUMERICAL STUDIES

Jung Kwan Seo, Tharmarajah Anapayan and M ahen M ahendran

Faculty of Built Environment and Engineering, Quéand University of Technology, Brisbane, Australia

Abstract: The aim of the present study is to investigateitfigal imperfection characteristics of the new
mono-symmetric LiteSteel beams (LSB) and their ¢fen the moment capacity. A unique manufacturing
process of simultaneous cold-rolling and electesistance welding process is used in the manufagtof
LSBs that can lead to unique initial imperfectionsttie form of initial geometric distortions and icesl
stresses. Such imperfection characteristics ar&alplto be present in conventional steel beami@est In
this study, the imperfections in LSBs were measuaad their effects on the moment capacities were
investigated using finite element analyses. It atstuded a sensitivity study of geometric impeti@es and
residual stresses on LSB moment capacities. Thperppresents the details of this study, the resalts
useful recommendations for numerical modellingjgteand manufacturing of LSBs.

Keywords: Cold-formed steel, LiteSteel Beam (LSB), Initial imperfections, Residual stresses, Nonlinear
analysis.

1. INTRODUCTION

The use of thin and high strength cold-formed steembers in buildings provides many benefits
including high strength to weight ratios and colficiency but also presents many challenges. Aliatra
Tube Mills formerly known as Smorgon Steel TubeIM{ISSTM) has developed a new concept of Hollow
Flange Sections (HFS) using a dual electric rasigtavelding technology. These sections are manurfzatt
from a single strip of high strength steel usingidtaneous roll-forming and electric resistancesding.
One of the hollow flange sections is a mono-symimétollow flange channel, known as LiteSteel Beams
(LSB). Unlike the conventional hot-rolled or colddfieed steel sections, the thin-walled and high gtien
LSB sections are made of two torsionally rigid, eldsectangular flanges and a relatively slender. viéle
unigue manufacturing process is likely to causé lggometric imperfctions and residual stressesthmit
effect on the strength of LSBs is not fully undeosgsto Some investigations have been undertaken on the
initial imperfections and their effect on the beloav and strength of mono-symmetric sections (Sahahd
Pekdz, 1999, Yang and Hancock, 2004, and Dinisl.et2807). Mahaarachchi and Mahendran (2005)
conducted a series of tests to measure the intiaérfection and residual stresses for LSBs. Thesearch
on residual stresses was conducted for 150x45x$B, 250x75%x2.5 LSB and 300x75x3.0 LSB sections.
The measured residual stresses were then exprasseadratio of the virgin plate’s yield stress. tiadi
geometric imperfections were measured for 48 tygasst specimen using both a Wild TO5 theodolitd a
the imperfection measuring equipment specially gresii and built at the Queensland University of
Technology. However, a detailed study on the eftédatach component of residual stresses and geiometr
imperfections has not been undertaken yet. Thisareh was therefore undertaken to investigate tiaildae
various imperfections in LSBs, and their effect be behaviour and moment capacity of LSBs based on
numerical studies. This paper presents the dethflis study and the results.



2. EXPERIMENTAL INVESTIGATION

2.1 Test specimens

Maharachchi and Mahendran (2005) measured theuadsstresses in three LSB sections. Test results
showed that the flange yield stress exceeded thenab yield stress of 450 MPa and the web nomineldy
stress of 380 MPa. They were then expressed dmafdhe virgin plate’s yield stress value of 38Pa.

In this research, residual stress tests were coeddor 150x45x1.6 LSB sections to confirm the poesi
test results, and also to determine the effect asfous improvements made to the LSB manufacturing
processes during the last three years. Initial gdoenimperfection tests were also conducted foo tw
200x45x1.6 LSB single sections and one 200x45x1 B h&ck to back sections. A specimen of 3.2 m length
was used in the tests.

2.2 Initial geometric imperfections
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Figure 1: Locations of initial imperfection measuments (a) and (b): single LSB (c): back to back LSB

Geometric imperfection refers to deviation of a rhemfrom perfect geometry. It includes bowing,
warping, and twisting as well as local deviatiofrs.this research, the imperfection magnitudes oBLS
sections were measured based on the final shafoenoéd sections. The imperfection measuring equiggme
included a levelled table with guided rails, a tasensor, travelator to move the sensor and aldgter.
Measurements were taken along five lines for sih@® web and three lines for flange in the longihadi
direction of the specimen at 100 mm intervals. hhgerfection measurement locations along the lepnfjtn
3.2 m span 200x45x1.6 single LSB are shown in Fgure(a) and (b) while Figure 1 (c) shows the
measurement locations along three lines for welthé longitudinal direction for back to back section
Figures 2 (a) to (d) show the measured imperfestairstraightness for each LSB member tested inibgnd
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(a) Measured imperfection of single LSB web (b) Blead imperfection of single LSB flange
Figure 2: Measured Imperfections for 3.2 m longx80x2.0 LSB
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(c) Measured imperfection of back to back LSB w&bAverage values for webs and flanges
Figure 2: Measured Imperfections for 3.2 m long>x81x2.0 LSB

The overall maximum values of member imperfectiaresless than about 50% of the recommended limit
of span/1000 (SA, 1998). The member imperfections ¢f straightness) were found to be dominant than
local plate imperfections. For example, the flamgperfections were considerably smaller than theepted
limit of width/150. This demonstrates that the wdgmanufacturing process of LSB does not lead to
geometric imperfections that exceed the currenttyepted fabrication tolerances. As illustrated iguFes
2(c) and (d), it is also observed that the overdtial imperfection values were not affected bykao back
assembling of LSB members.

2.3 Residual Stressdistributions

In numerical analyses, idealized residual strestewes must be used to simplify the modeling preces
while retaining a reasonable accuracy in strengghilts. For hot-rolled I-sections, the longitudin@mbrane
residual stress distributions shown in Figure 3af&)recommended by ECCS (1984) and have been ddopte
by numerous researchers. The assumed residua distsbution for HFB sections is shown in Figu(e)3
based on the measured residual stresses of DoarMahdndran (1996). They ignored the membrane
component of the residual stress as it was foungetsignificantly less than the flexural componéfritis
residual stress model was used by Avery et al.RB0predicting the flexural capacity of HFBs.
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Figure 3: Residual stress distributions in (a) tsplesections for membrane stresses (b) hollowgian
sections for flexural stresses (c) LSB flexura¢sses (d) LSB membrane stresses

The distributions of flexural and membrane resicste¢sses based on the measured residual strasses i
three LSB sections are given in Figures 3 (c) andNthhaarachchi and Mahendran, 2005). Conventional
open cold-formed sections made by roll-forming aldrave only flexural residual stresses. HoweveB LS
sections are different to the conventional coldvied steel sections due to the unique dual elesistance



welding and this can lead to the generation of ntamiresidual stresses. Therefore it is very ingmrthat
both membrane and flexural residual stresses assumed in LSB sections. The maximum flexural redidua
stress was recorded in the corner of the outsaregé (1.07%) while the maximum membrane residual stress
recorded in the web was 0.6() Wwhere § is the virgin plate yield stress of 380 MPa. Tensést results
showed that the average flange yield stress (516)MPmuch higher then the virgin plate yield stre6380
MPa due to the cold-forming process. Thereforerdwdual stresses recorded in the flange corners we
more than the virgin plate yield stress (1,p7f

In order to confirm the residual stress distribngianeasured by Mahaarachchi and Mahendran (2005)
and to determine the effect of improved manufanturprocesses since 2005, residual stress tests of
150x45x1.6 LSBs were undertaken using the desteiatiethod known as the sectioning method.
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Figure 4: Measured stress distribution along thé \(#dter 24hrs)

Figure 4 (a) shows the locations of strain gaugeslun the web element of 150x45x1.6 LSB. The final
residual stresses were calculated from the differdmetween the strain gauge readings before cuaitirgy
those obtained after 24 hours following cutting.eTitesidual stress components of LSB we element are
shown in Figure 4(b). The results show that the brame stresses in the web caused by the welditigeof
section are considerably smaller (0,Mgfrsus 0.6QJ than those measured by Mahaarachchi and Mahendran
(2005). In fact the flexural residual stressedmweb element have also been reduced. This mtnelresult
of improved LSB manufacturing process in the laat years.

3. FINITEELEMENT ANALYSIS

3.1 Element type and M esh

Taking advantage of the advanced capability of ABAQHBII modelling considered both geometrical and
material nonlinearities, an elasto-plastic matemabdel and large displacements based on the total
Lagrangian formulation. The nonlinear shell finglement (S4R) was used in the modeling of LSBs. This
element is a thin and thick, shear flexible, isapaetric quadrilateral shell with four nodes anddsgrees of
freedom per node, updated Lagrangian frameworKjcatype large strain and bilinear interpolation esctes.

Elastic shell elements were used for eigenvalu&lmgeanalyses, and plastic shell elements alloviiorg
large deflection behavior were used in non-lineacking analyses. By varying the element size, the
adequacy of finite element mesh used in the modeal studied. It was found that good simulation tesul
could be obtained by using the element size of@p@ mm x 4 mm (length by width) for web and flasg

3.2 Boundary conditions

The idealized boundary conditions used by Kurnia{&008) for simply supported boundary condition
were used here with a uniform bending moment. Remtresent elastic and nonlinear finite elemenlyaaa
the following boundary conditions are applied whEpe, y, z] indicates translational constraintsddrix, v,

z] indicates rotational constraints about x-, yad &-axis, respectively; A “0” indicates constraiahd “-”



indicates no constraint. The pin support at the was modeled by restraining appropriate nodes degré
freedom T[-, 0, 0] and R[O, -, -]. To simulate thgmsnetric condition support at the middle of spdrg t
following nodes degrees of freedom TJ[O, -, -] and, R} O] were restrained. This combination simudade
simply supported condition with warping free anadbflange twist restraint conditions. To simulate
uniform end moment across the section, linear fomere applied at every node of the beam end, wthere
upper part of the section was subject to compredsirces while the lower part was subject to tenfifces.
The required uniform bending moment distributiorthivi the span was achieved by applying equal end
moments using linear forces at the end support.

3.3 Effect of geometric imperfections

Real beams are not perfectly straight and are agsdcwith geometric imperfections, which may affect
their buckling behaviour and strength. The initiadperfection shape was introduced by ABAQUS
*IMPERFECTION option with the critical buckling eigeector obtained from an elastic buckling analysis.
For intermediate and long spans, the critical misdateral distortional and lateral torsional buegl and
hence the node that has the maximum out-of-plaferdation from elastic buckling analysis will beuadly
given the largest imperfection magnitude of spa@@1@vhich is the AS4100 fabrication tolerance.

Table 1(a) shows that the measured imperfectiossdan this study and Mahaarachchi and Mahendran
(2005) are within the manufacturer’'s fabricatiometance limits (SSTM, 2005). There are eight défer
kinds of imperfections and associated toleranceshasvn in Table 1 (a). It is realized that the iahit
imperfections depend on the aspect ratio of wedng# width as well as other factors such as méteria
properties, welding condition, and rolling proceésailable measurements show that although théalnit
imperfection distribution is quite complex, overalember imperfection is predominant in the longitat
direction. Also, for lateral buckling analysis meenkimperfections are critical. Hence the criticakll
imperfection including lateral displacement, twistation, and cross section distortion was adopted
numerical studies. However, the effect of localipedss-section or plate imperfections (C4 to C7 ibl&a
1(a)) is not known. Hence the fabrication toleranoé these imperfections shown in Table 1(a) wdse a
used in the FEA, but without any overall member enfigction. Tables 1 (b) and (c) show that the mdmen
capacity loss due to the cross-section or platesifeptions is considerably less than that due ¢oue of
L/1000. Therefore it is recommended to conservhtieglopt the fabrication tolerance of span/1000 for
overall member imperfection in the lateral bucklagalysis of LSBs. This also implies that as londg-&Bs
are manufactured within the current SSTM tolerarafegrious imperfections shown in Table 1(a), tise
of L/1000 in the numerical analyses is adequate.
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Figure 5: (a) Typical von Mises stress distributairultimate moment, (b) The results of imperfattialue
and direction on LSB Ultimate moments under unifonement conditions

LSB is a mono-symmetric section, and hence the ifepion direction may also affect its ultimate
strength. A typical von Mises stress distributiarutimate moment is shown in Figure 5 (a). Thaulssof
geometric imperfection value and direction on LSBmate strengths under uniform bending moment are
shown in Figure 5 (b). The negative imperfectioagse a maximum of 22 and 8% reduction to the utéma
strengths of 200x45x1.6 (slender section) and 158k4 (non compact section) when compared with



positive imperfection for the lateral distortion@htermediate spans) and lateral torsional buckjlogg
spans). The ultimate strengths of 200x45x1.6 (|ersection) based on the measured initial impedect
value are about 4 to 8% higher than that for thgatiee imperfection value of span/1000. Hence negat
imperfections must be used in the numerical stualiesdesign of LSBs.

Table 1(a): Comparison of fabrication tolerancemeasured imperfections for lateral buckling analysi

. LSB SSTM Fabrication | Measured initial
Case lllustration imperfection
(mm) tolerance (mm)
values (mm)
<length / 500 -
= — 2.0 (L=1000mm) -
c1 | — Camber | 150x45x1.6 4.8 (L=2400mm) 1.6 (L=2400mm)
I Length I 6.0(L=3000mm) 2.1 (L=3000mm)
(Camber) c -
200x45x1.6 ™5 ([=4000mm) | 1.9 (L=4000mm)
<length / 500 -
2.0 (L=1000mm) -
c2 150x45x1.6 | 4.8 (L=2400mm) 2.6 (L=2400mm)
6.0(L=3000mm) 3.2 (L=3000mm)
200X45xX1.6 2.0 (L=1000mm) -
XAOXLO T8 0 (L=4000mm) | 2.9 (L=4000mm)
<2 +0.5 perm )
length
3.2 (L=2400mm) 1.3 (L=2400mm)
€3 150x45x1.6 =5 & —3000mm) | 1.4 (L=3000mm)
. 200x45x1.6 4.0(L=1000mm) 1.0 (L=4000mm
(Twist)
a
»H« aora<0.02h -
c4 /7 /7 I 150x45x1.6 0.9 (L=1000mm) -
bf
- 200x45x1.6 0.9 (L=1000mm) -
(Single flange out-of-square)
a
A A R I
c5 /7 “ ]: 150x45x1.6 1.35 (L=1000mm) -
bf
200x45x1.6 1.35 (L=1000mm) -
(Two flanges out-of-square)
).L,‘ vz (d = 2d) 1 150 -
(o1} 150x45x1.6 0.8 (L=1000mm) -
A, 200x45x1.6 1.133 (L=1000mm -
(Web Flatness)
Al Af
"H" _)”'_ A<0.01h -
Cc7 D ' I" 150x45x1.6 0.45 (L=1000mm) -
) ) t
0.45
200x45x1.6 -
(Flange flatness) (L=1000mm)




Table 1(b): Effect of local fabrication toleranaess Commonly used overall imperfection on LSB strengt

Method Smorgon Steel Tube Mills (SSTM) (2005) 34898)
Local Local Local Local Overall Imperfection
0.02h 0.03h (d-2d)/150 0.01b
Tolerance FEA (L/1000)
C4 C5 C6 c7
Mu 12.136 12.00 12.00 12.00 10.963
150x45x1.6
SSTM/ 1.107 1.095 1.095 1.095 -
SA
Mu 15.079 15.015 14.951 15.015 13.743
200x45x1.6
ST 1.097 1.093 1.088 1.093 -

Table 1(c): Effect of fabrication tolerances vs. @oonly used overall imperfection on LSB strength

Method Smorgon Steel Tube Mills (SSTM) (2005) ®898)
Camber Sweep Sweeq Camber (L/500) + Local Ovienglerfection
Tolerance L/500 L/500 | L1000 | cq4ca+Ce+| C1+C5+C6+| FEA FEA
c1 c2 c2 c7 c7 (L/500) | (L/1000)
Mu 11.775 | 11.369| 11.910 12.00 11.91 | 10151 | 10.963
150x45x1.6
SSSTA'W 1.074 1.037 1.086 1.095 1.086 0.92p ;
Mu 15.015 | 16.924| 16.860 15.01 14.89 | 12.788 | 13.743
200x45x1.6
SSSLM/ 1.003 | 1231 | 1.227 1.093 1.083 0.931 -

3.4 Effect of residual stresses

Flexural residual stresses are commonly used innimerical studies of mono-symmetric and/or
symmetric cold-formed steel beams. However, orignded number of studies have been reported fonaro
symmetric beams. In this section a sensitivity gtofiresidual stress on the ultimate strength oB&Sinder
pure bending is presented.
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Figure 6: (a) Residual stress values (b) Residtegses distributed in L

0

0B21.0819

01 @ 1228

SB FE model

The idealized residual stresses were modelled usB@BAQUS *INITIAL CONDITIONS option, with
TYPE = STRESS, USER. The user defined initial stessere created using the SIGINI Fortran user



subroutine. Residual stress values and patterns56k465x1.6 LSB (non-compact section) based on
Mahaarachchi and Mahendran’s (2005) models, andshiape of initial imperfection that is adopted and
combined without loads in the same step from tre éilastic buckling mode are shown in Figure 6{lable

2 and Figure 6(a) show the applied membrane ardri¢residual stresses at each point of LSB.

Table 2: Membrane and flexural residual stressd$0x45x1.6 LSB model as a percentage of yield stres

Membrane residual stresses
Model Web Left side of the Outside of the Right side of the Inside of the
Flange flange flange flange

MW EW LF1 LF2 OF2 OF3 RF3 RF4 IF4 IF1
Case Y | 0.24fy | -0.41fy| -0.23fy| -0.23fy| - - 0.03fy  0.03fy .0Bfy | 0.11fy
Case2 | 0.55fy| -0.55fy - - - - - - - -
Case 3 - - -0.23fy]  -0.23fy - - 0.03fy  0.03fy  0.03fy 0.11fy
Case4 | 0.55fy| -0.55fy -0.23fy  0.23f - - -0.03fy 08ty | 0.08fy | -0.08fy
Case5 | 0.55fy| -0.55fy -0.23fy 0.23fy  0.08fy -0.08fy-0.03fy | 0.03fy | 0.08fy| -0.08fy
Case ® | 0.15fy | -0.15fy| -0.23fy| -0.23fy| - - 0.03fy  0.03fy .0Bfy | 0.11fy
Case ? | 0.15fy | -0.15fy - - - - - - - -

Flexural residual stresses

Case8 | 0.24fy| o0.24fy o0.24nf o024ty o024fy 107}y 4Dy [ 041ty | osfy | o038fy

Table 3: Effects of residual stresses on the utémaoments of LSB

Ultimate moments M(KNm) Ratio
15((>£L51(5)>(<)1m?][|_)88 without Memb Flex Memb. Memb. RS/ Flgxural RS/ Mem.+Flex. RS/
RS ) ) +Flex. without RS | without RS without RS
Case 1 9.97 9.38 9.07 8.71 0.941 0.910 0.874
Case 2 9.97 9.93 9.07 9.07 0.996 0.910 0.910
Case 3 9.97 9.29 9.07 8.71 0.932 0.910 0.874
Case 4 9.97 9.61 9.07 8.89 0.964 0.910 0.892
Case 5 9.97 9.74 9.07 9.02 0.977 0.910 0.905
Case & 9.97 9.29 9.07 8.71 0.932 0.910 0.874
Case P 9.97 9.93 9.07 9.07 0.996 0.910 0.910

Notes: ¥ The modified ideal residual stresses model of Mahaarachchi and Mahendran (2005), 2 Present
measured experimental residual stresses

Effects of membrane residual stresses on LSB ukimaioments are shown in Table 3 for
150x45x1.6LSB of 1.5m span. The results show thatuitimate moment is governed by flexural residual
stress components (compare the ratios in columasd67 of Table 3). When both membrane and residual
stresses were included, the strength ratio wasceetlfrom 0.910 to 0.874, which is not as severe as
expected. The web membrane stress values weral\vaiesiderably for Cases 1 to 7, but their effectten
ultimate moments was found to be not significamin{pare Cases 2 and 7). Comparison of Cases 2 and 3
clearly demonstrates that the membrane stressifidhge had a greater effect on strength thandbatto
web membrane residual stress. Also, it is obsetivatithe outside membrane stress in flanges i€nitital
when the ultimate moments are compared for Cased &.a

Figure 7 shows the effect of residual stressesheruttimate strength of each LSB section with vagyin
span under uniform bending moment. For this purpbkhaarachchi and Mahendran’s ideal residual stres
model was used. It is evident that welding indueed cold-forming residual stresses reduce the LSB
ultimate strength significantly, but it is interest to note that the ultimate strength reductioarabteristic
due to residual stresses differ as a function ahdpr all sections. Their effect is minimal fontyer spans.

In summary the use of flexural residual stresseselin the numerical studies of LSBs can give
reasonable estimation of their moment capacity. i@, accurate estimates could be obtained if mamebr
residual stresses are also included in the analiFesthis purpose a simpler distribution than #jest by



Maharachchi and Mahendran (2005) could be used mibced values for web membrane residual stresses

as measured in this study, ie. Case 7.
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Figure 7: Effect of residual stress on the ultimratament capacity of LSBs
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Electric resistance welding process in LSB manufawgguis considered to have introduced the additiona
membrane stresses in the cold-formed LSBs. Howévappears that the LSB manufacturer has improved
the manufacturing process as the measured membnasses in this research are considerably snihber
those measured on LSBs about three years ago. Congitlee smaller effect of membrane residual stgss
on LSB strength, there may not be a need to fuithprove the manufacturing process to reduce thel leflv
residual stresses in LSBs. However, any attemptdaae the flexural residual stresses in LSBs dumld

forming actions will be beneifical.

4. CONCLUSION

The unique LSB manufacturing process of simultanemlid-forming and electric resistance welding
resulted in specific initial imperfections (initigleometric imperfections and residual stresses Ghuld
significantly affect the moment capacity of LSBsisThaper has presented the details of initial iffgotions
present in LSBs and their effects on the momentaippaf LSBs. Following are the main outcomes:
1. The unique manufacturing process of LSB does nat teageometric imperfections that exceed the

currently accepted fabrication tolerances.
2.

its accuracy in simulating the flexural behaviotit8Bs.

The measured geometric imperfection values carsbd in the numerical modelling of LSB to improve



3. Inclusion of the maximum initial geometric impetien value based on the overall member fabrication
tolerance in the critical elastic buckling modeagequate to predict the ultimate moment capacity of
LSBs under uniform bending moment conditions foliglepurposes.

4. The effect of flexural residual stresses on the smntapacity of LSBs was found to be greater than
that due to the membrane component of residuasstihe LSB moment capacity was found to be not
sensitive to the membrane residual stresses iwgheelement. Based on the numerical studies reported
here, a simplified residual stress distribution b&nused in the numerical studies of LSBs without a
greater loss of accuracy to the moment capacityitses
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