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Abstract

Cellular and castellated members are steel I-geetiembers with circular or hexagonal web
openings placed at regular intervals along the neglmdength. Compared with a member
without web openings, these members have a mommaptnaterial use in strong-axis bending.
Other advantages are the savings in constructioghhgossible by guiding service ducts
through the web openings and aesthetics. Howewenpared with unperforated members, the
resistance checks will be more complex and thedation cost will be higher.

Depending on the boundary and loading conditidegufal buckling about the strong axis could
contribute to the failure of cellular or castelthtsolumns or beam-columns. The corresponding
critical buckling load of castellated and cellutaiumns is expected to be smaller than that of a
similar I-section column without web openings, doghe decreased shear stiffness of the web.
This is caused by the local bending and shear aefitons around the openings. However,
research covering this aspect is limited.

In this paper, the elastic strong-axis flexural lWdmg behavior of castellated and cellular
members will be investigated by means of a numkpiaeametric study. It will be shown that the
existing formulations for the critical buckling ldare still unsafe. Thus, a new expression for
the critical buckling load will be proposed, basad an adaptation of the approach used for
flexural buckling of battened columns.

1. Introduction

Cellular and castellated members are steel I-sectieombers with large circular or hexagonal
web openings in their webs, appearing at regul@nmls in length direction. Because of these
web openings, their strong-axis bending resistamtiebe optimized: for the same amount of

material, the resistance will be higher than fase&tion members without web openings.
Additional cost savings are possible by the abiidyguide service ducts though the openings,
saving construction height. A last advantage i# tihghter appearance. However, the presence
of the web openings will modify the failure behavad cellular and castellated members.

Cellular and castellated members are predominaséyg for beams, but they can also be used as
columns. This can be out of aesthetic considerstibat also because the column is subjected to
a combination of strong-axis bending and compressi@ver the past years, a considerable
amount of research has focused on the laterabtmakibuckling behavior of castellated and
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cellular beams (Ellobody 2011; Nethercot and Kert82; Nseir et al. 2012; Sonck 2014;
Sonck and Belis 2015; Zirakian 2006). However,dhisting research about flexural buckling of
cellular and castellated columns is much more &chitDepending on the boundary conditions,
compressed columns can fail by strong-axis flexowakling (Fig. 1). For this buckling type, the

presence of the web openings will influence théoadi buckling load detrimentally, due to the

decreased shear stiffness of the web caused bydeftamations around the web openings.

Figure 1: Strong axis flexural buckling of cellukand castellated columns.

Research about the strong-axis flexural bucklinga®ur is relatively limited. All existing
research focuses on the elastic critical buckloag!formulation. In (Sweedan et al. 2009), the
critical buckling load of cellular columns is intgmted. It is proposed to use a tabulated
reduction factor for the critical Euler bucklingald. Additionally, the approach used for battened
columns as proposed in (Timoshenko and Gere 196%)oensidered. However, this was found
to be overly conservative. In (El-Sawy et al. 2Q00®)similar investigation was executed for
castellated columns, where it was proposed to hseted values for a buckling modification
factor that takes into account the effect of theashstiffness of the web. In both papers, the
introduced modification factors should be deterrdinesing charts based on the numerical
results, which is not very convenient. However, arenappropriate closed expression for the
critical buckling load is given in (Yuan et al. 2D1for castellated columns and in (Gu and
Cheng 2016) for cellular columns. More details dbthese closed expressions and their
derivation is given in Sections 2.2 and 2.3. Theoamh of geometries for which these
expressions was validated was limited.

In this paper, the closed expressions for thecatitbuckling load, given in (Yuan et al. 2014)
and (Gu and Cheng 2016) will be checked in a langenerical parametric study. Additionally,

it will be investigated whether the approach usedtattened columns could be modified to
make it more precise. In this investigation, orim@y supported, doubly symmetric castellated
or cellular columns loaded by a central compres&vee N will be considered.

In the next section, the already existing formolasi for the strong-axis critical buckling load: N
of castellated and cellular columns will be diseassSubsequently, it will be shown how the
existing approach for battened columns could beifieddto obtain a new, more precise
formulation of N:. All these formulations will be compared with themerical results obtained
using the numerical model and parametric studyrdest in the next section. Finally, a detailed



comparison of the numerical and analytical resglidescribed, illustrating the suitability of the
new formulation.

2. Existing design rulesfor strong-axisflexural buckling
In this section, an overview will be given of thi#fefent existing formulations for the strong-
axis critical buckling load that could be suitafide cellular and castellated members.

2.1 Critical load of built-up columns

As first derived by Engesser, the effect of theastdeformation can decrease the critical Euler
buckling load Nr (Eg. 1) to a critical buckling load Nsav(Timoshenko and Gere 1961). The
latter critical load can be expressed by Eq. 2hich GA, is the shear stiffness of the member.
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Timoshenko and Gere (1961) derived an expressiotiéocritical buckling load of several built-
up column types, of which the geometry of columnthvbatten plates (Fig. 2) matches the
cellular and castellated member geometries the bhstbattens would correspond with the web
posts between the web openings, whereas the lamggtiuchannels sections could correspond
with the tee sections in cellular and castellatedntoers (Fig. 3).
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Figure 2: Flexural buckling of battened columnglitidnal deformation due to local bending moments.

From this battened column, an element FEDCBA isaextd, subjected to a global normal force
N, bending moment M and shear force V. These stessdtant are distributed over FEDABC as
shown in Fig. 2, assuming that the points of irtftet of the deflection curves are situated in the
middle of the batten (point H) and in the chanm@lsid-distance between two battens (points F,
D, A and C), just as for a Vierendeel beam. Thins local bending moments caused by the shear
force are zero at the aforementioned locations.eoh element, the additional deflection due to
the local bending of the battens and the chanraisbe calculated. The resulting inverse shear



stiffness 1/Ga of the battened column can be calculated by digdthe angular shear
displacement by the shear force V (Eg. 3). In this expresstha,first term originates from the
rotation of the batten in B due to the local begdmoment in the battens, witl ¢he distance
between the centers of two adjoining battens, & hight between the centerlines of the top and
bottom section and Ethe bending stiffness of the battens. The secermd originates from the
additional bending deflection A’A” of the channgéction, El being the bending stiffness of the
top and bottom sections.

1 :K:ﬁ i+_a’3| (3)
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In this calculation the local shear deformatiorsswall as additional deformations of the channel
sections due to second order effects are neglected.
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Figure 3: Equivalence of cellular and castellateldimns with battened columns.

The approach used for a built-up columns with Imagéates could be adapted to take into
account local bending deformations around the omsnof cellular or castellated columns. This
will be further developed in Section 3.

2.2 Approach by (Yuan et al. 2014) for castellatellimns

In (Yuan et al. 2014), a derivation of the critit@hd Ny yuanOf castellated columns is presented,
applying the Ritz method to express the statiopaot the potential energy. Bernoulli's
hypothesis is valid for the two tee sections: thtation of the tee sections is equal to the sldpe o
the deflected member axis. However, this will net the case for the web post, which will
undergo shear deformation. This shear deformatomplemented by assuming an independent
axial displacement of the top and bottom tee sectio the derivation, a shear factas40.25
was derived specifically for the common castellateginber geometry with regular hexagonal
openings and for a Poisson’s coefficieraf 1/3. The shear factogkcovers both the shear and
bending deformation of the web post, consideringcéangular web post with average width.

The critical buckling load Nyuancan be expressed using Eq. 4, using the dimengiomsFig.

4. In this equation, kL is the bending stiffness of one tee about itagypal y-axis, Aee the
surface of the tee and e the distance betweenretiitercof gravity of the complete cross-section
and the center of gravity of a tee. This expres$anNc yuanwas checked numerically for a
relatively limited group of 56 castellated columeogetries and its suitability will be further
examined in Section 5.
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Figure 4: Dimensions and coordinate system foutalland castellated columns.

2.3 Approach by (Gu and Cheng 2016) for cellulduoms

Very recently, Gu and Cheng (2016) proposed a faatimn for the critical buckling load of

cellular columns. Its derivation is very similar tloe derivation in (Yuan 2014) for castellated
columns, although it is somewhat less detailedthéumore, in this derivation the bending
deformations of the web were not considered. Fafigwthe notations of Fig. 4, the critical
buckling load Nr,cucan be expressed by Eq. 5, with the shear fastgiden by Eq. 6.
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The validation of the proposed:.Nduwas very limited, as the results were only compavét
numerical results for 13 different cellular colurgpometries. The suitability of the proposed
expression will be further discussed in Section 5.

2.4 Other solutions

Apart from the three approaches mentioned abowajght be useful to compare the obtained
numerical values of the critical strong-axis flexiuouckling load with the critical buckling load
Nero, using the bending stiffness Ebf the gross cross-section at the web post (EqTfig
reduced bending stiffness of the member could kentinto account by considering the value of
the 2T critical buckling load N2tgiven by Eqg. 8. In the latter equation, bendinffretss El
about the strong axis is calculated for the cressien at the center of the opening. This 2T
approach, in which all cross-sectional propertiescalculated at the cross-section at the center
of the web opening is currently already being useBuropean pre-standards (CEN 1998) for
lateral-torsional buckling, and has been found ¢oabvalid approach for other global buckling
modes of castellated and cellular members (Son&k)2(Bonck et al. 2012).
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3. Formulation of expression for critical load

In Section 2.1, the method used to derive thecatitimoment of battened columns was
introduced as a possible approach to calculateshiear stiffness of the perforated web. In its
original shape, preliminary investigations showéd tapproach to be very conservative: it
resulted in an overly low shear stiffness. Thisdased by the fact that all material is assumed to
be located on the center lines of the tee sectimsweb posts, neglecting the stiffer regions
above and below the web post, where the centes loighe tee sections and the web posts
intersect. Thus, a modification of the approachtattened columns was proposed, taking into
account that part of the web post lines and tetoselines will be rigid. Additionally, equivalent
opening dimensions were proposed to be used fow#ie post width and tee section height.
Lastly, the effect of the openings on the overalhding stiffness of the castellated and cellular
column was taken into account by using a weightexlaage.

These adaptations will be further explained inftiwing sections. It will be assumed that the
circular and rectangular openings can be replageeduivalent rectangular openings with a
specific set of dimensions, depending on the camsd deformation. However, the distribution
of stress resultants, as depicted in Fig. 5, withain the same. In this figure, h’ is the distance
between the centers of gravity of the tee sectairthe center of the web opening, w the web
post width and, the opening length.

P
V(W+E)I2 F E D
+

/H e

! A”

- ==Y V(w+6,)/h
ﬁL <4—

Viwo)2 \Ciii[v;f )/4B A
Tl T

V(W4

Figure 5. Considered distribution of forces.

3.1 Effect of web post bending

The rotation of the web post ends relative to therd EB connecting the two web post engds (

in Fig. 3) can be found using the unit force metbadhe simply supported member EB (Fig. 6).
In the original derivation, the bending stiffnedsle web post was constant along EB. However,
for the castellated and cellular members, it isias] that the intersection between the web post
and tee section, highlighted in Fig. 6 will not @eh (Elwp=), resulting in the integral only
being non-zero in the central part of the web pbisé resulting rotation is given by Eq. 9. In this



expression,El,, is the bending stiffness of the equivalent webtpaish width w*. This

equivalent web post width w* can be calculated oy B, using Eq. 11 for cellular columns,
and Eq. 12 for castellated columns (Fig. 6).

M val(l, +
h= -[ El mEtx= 12h('20EI*V\b ©)
BE WP WP
*=£ +w—/, (10)
oceII ﬁf _lga (11)
Cocast = W+ B2C (12)
m Mo weh wh L2 L2 wr L
V(W+)I2 ¢

.
h a | a
B/ L 3
A Vw2 C !

Figure 6: Determination of displacement AAifw+¢,)/2 due to web post bending.
Equivalent web post width w* and opening lengih

3.2 Effect of tee section bending

The additional deformation A’A” of the tee sectimnlocation A, relative to the tangent in B can
again be found using the unit force method on dileaar beam BA (Fig. 7). In the original
expression, the bending stiffness of the beam BA assumed to be constant. However, for the
castellated and cellular members, it is assumeddhbkeantersection between the web post and tee
section, highlighted in Fig. 7 will not deform (fs+x), resulting in the integral only being non-
zero in the right part of the beam BA with len@tf2. The resulting displacement A’A” is given

in Eg. 13. In this expression, the bending stiffnekthe equivalent tee sectidi is calculated

using an equivalent opening height a* given by E4.for cellular columns and Eq. 15 for
castellated columns (Fig. 9).
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Figure 7: Determination of relative displacemenfAdue to tee section bending. Equivalent openiaight a*.

3.3 Effect of overall bending

For the larger lengths, the effect of the sheaomedition decreases and the effect of the overall
bending stiffness El dominates. It was found tiat dleviations for these larger lengths were
minimal if a weighted average EWwas used for the overall bending stiffness. Théghted
average, given by Eq. 16, was determined by conegléhe smallest encompassing rectangle
for each opening, i.e. the rectangle with heigahd lengthlo.

El’ =(”_E’foj EI2T+(1— n?OjEIO (16)

3.4 Overall expression for GAnd Ny.cav

Finally, the inverse shear stiffness 1/G#&an be determined by Eq. 17. Using this expression
Eq. 18, the critical load &NcavCan be calculated as a functioncofind f. In Section 5, these
values will vary between 0.45 and 1.00 in step8.05, and the best-fitting valuescoandp will
be determined.
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4. Numerical model and parametric study
In this section, the numerical model used for theametric study, as well as the considered
parameters during this study are described. Themsions and the used coordinate system are

depicted in Fig. 4.



4.1 Numerical model

The numerical model used for the parametric studs wonstructed in Abaqus (Dassault
Systemes 2014). The member was modelled using atiadshell elements with reduced
integration (S8R) for the flanges and the web,adjarding the fillet between the flanges and the
web.

At both ends, the members were simply supportexjgmting all lateral displacements (in y- and
z-direction) and rotations about the longitudinalxs. At one end, the axial displacement of the
central web node was prevented. To prevent weakiaxtkling, additional lateral restraints (in
y-direction) were introduced along axial linesta tveb to flange intersections, as well as at the
centre of the web. Kinematic coupling constraimesvpnted local deformations of the web at the
column ends. The compressive force N was introdatdubth ends of the columns as line loads
(shell edge loads) on the flanges and the web, l€iwthe sizes would correspond with a
uniform compressive stress over the cross-section.

The critical buckling load was determined using iaedr buckling analysis. The considered
members were all perfectly straight and displayedfeet linear elastic behaviour with the
modulus of elasticity E=210 GPa and Poisson’s aoefft v=0.3. Using these values, the shear
modulus G=E/2/(1+) can be determined.

4.2 Parametric study

The different critical buckling load formulationsofn Sections 2 and 3 were checked using the
results of a parametric study in which the critibatkling load of a large number of castellated
and cellular columns was determined. All considagedmetries were fabricated starting from
the six hot-rolled I-sections listed in Table 1wis assumed that these parent sections were cut
into two halves according to a certain patterrgrafthich both halves were shifted and welded
together (Fig. 8). The final height H of the cdstteld or cellular member can be found using
Egs. 19 and 20, assuming a cut wigtbfr8 mm.

Table 1: Considered parent sections and their diinas.
Total height Flange width ~ Flange thickness Web thickness

h(m) b (m) tr(m) tw (M)

IPE300 0.300 0.150 0.0107 0.0071
IPE600 0.600 0.220 0.0190 0.0120
HEA320 0.310 0.300 0.0155 0.0090
HEA650 0.640 0.300 0.0260 0.0135
HEM320 0.359 0.309 0.0400 0.0210
HEM650 0.668 0.305 0.0400 0.0210
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Figure 8: Fabrication of cellular and castellateshmbers.
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The two varying factors for cellular member geonestivere the diameter of the openingad=f
and the distance wgfo=fwa between two openings. By varying the geometryofack and

(Table 2) and taking into account the geometricst@mts from (CTICM 2006) and (CEN
1998), all realistic cellular geometries made fribra selected parent section were considered.

For the castellated geometries, the height of genmg a, the width of the web post w#d and
the opening angle can vary. The values of the factogsand fy, as well as the opening angle
were varied as mentioned in Table 3. Considerirgathovementioned geometric restrictions, a
large group of castellated member geometries wasidered, going from very narrow openings
through regular hexagonal openings to very wideoat Angelin& like openings.

Table 2: Varied geometry parameters for celluldnms.
fa 0.8 1.0 1.2
fw 0.1 0.4 0.7

Table 3: Varied geometry parameters for castellatédmns.

fu 14 15 1.6
fu 0.1 0.3 0.5
a 45° 60° 75°

For each considered geometry, five different lesgtiere considered, so that the corresponding
slendernessl = f,Ar I N, ,r would be approximately equal to 0.5, 1.0, 1.5,r2&. This

slenderness was determined using the surfageof the cross-section at the center of the
opening, a yield stresg 6f 235 MPa and the critical buckling load: M.

In total, 725 different linear buckling analysesrevexecuted: 215 for the cellular columns and
510 for the castellated columns. The lowest eigkmvabtained for each of these is considered
as Nrabq

5. Results and discussion

In this section, the numerically obtained valueshef critical load N abqwill be compared with
the different critical load formulations for celdwland castellated columns. For each examined
geometry and each formulation ofxNthe errorA can be determined using Eq. 21.Alfis
positive, the formulation is safe (but conservatiwehile negativeA values correspond with
unsafe formulations.

Ncr abq
e [100% (21)

cr

All considered 725 geometries, with the exceptibthoee castellated columns, failed by flexural
buckling about the strong axis. The three deviabogkling modes all occurred for an IPE600
parent section with+£1.4. They all failed by local buckling of the teections at the ends of the
column. These three local failure modes will be fusther considered in the remainder of this
paper.
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5.1 Existing proposals

In Fig. 9, the numerical results are compared \lih most simple expression of all possible
formulations: the gross critical buckling load:DNEq. 7), considering the bending stiffness of
the gross-cross section and neglecting shear dafmms. As expected, this formulation is
unsafe. For the intermediate and longer lengths, uhsafety is relatively small (smaller than
15%), but for the shorter lengths large unsafersrcould be perceived for both the castellated
and cellular columns. The latter is due to the atffef the finite shear stiffness of the cross-
sections, which becomes increasingly importansfarter lengths. This effect seems to be more
severe for the cellular columns. In Tables 4 anch&merical values of the minimum and
maximum error, as well as its mean value and standaviation are listed for respectively
cellular and castellated columns. This comparisiso dlustrates the detrimental effect of the
web openings on the critical buckling load: theical buckling load N anqof castellated and
cellular columns can be about 30 to 40% smallen tie buckling load obtained for similar
columns without web openings.

Another simple approach would be to usg2N as given by Eq. 8 (Fig. 10). Here the effect of
the finite shear stiffness is also neglected, hatliending stiffness is calculated for the cross-
section at the center of the web opening. As exgedhis improves the safety for the longer
columns, which now display slight conservative habtra However, for the shorter lengths, this
formulation remain very unsafe. Thus, as alreadtedtby other authors, the shear flexibility of
the columns needs to be taken into account to capeith an accurate formulation of the
buckling load.

cellular columns: N apq VS Ner o castellated columns: N¢p ang VS Nero

| | | | | | | | | T
— Of----q--e--- R R Peeeeide B iy O—---- R e S I T -
X 0000 B9, . X .
S ﬁn.m&‘ﬁvm- v >6<> 08' ¥, Ox o . — xQ
04 g adS AT TXY<O O X o . '
IS [V )| BRI AR S APV i -0-:----°-M 4 7 -0 {85-.‘8-—
o $ & 7 veo ! o v v e :
Zb d:; Gl %0 Zu
o S S € 20 & .
g o IPE300 g IPE300
° - : . . HE320M o HE320M
= —30-t-up----- R R EERRR HE320A = —30 | HE320A {
Il Loe . . . IPE600 Il . : . : v IPE6OO
< @ . . . HE650M < . . . . ¢ HEG650M
_40_"."'i """ II """ L HE650A | =40 oo o II """ L x HEB50A ]
0 20 40 60 80 100 120 0 20 40 60 80 100 120
L (m) L (m)
Figure 9: ErrorA between N anqand Ny o for all considered cellular and castellated colamn
cellular columns: N abq VS Ner 21 castellated columns: N, apq VS Nr, o7
v by <>I I | | v 7o)
s 0 q,. .f m@%iﬁﬁw:ww W“ ARSI 5 O W&*%@Q ;*@wk%& R R
=) x0 % o Xt ' . .
— % v - 8 : : : : :
L =10 [ v —10—%-% ----- R R EERERE e ERRRERE o
2 20 | 2 20 |od e
g 'Y )9 ' : : IPE300 T ° . . . . a2 IPE300
® o : ; : HE320M © : : ; : = HE320M
= =30 ---- e R e HE320A 1 L =30 - PR Rk EEEEE R o HE320A
I & : . : IPE6OO I : : : : v+ IPE60O
< . . . . HE650M : : : : o HE650M
=40 |- - T II """ D x HE650A [| T 40 o II """ T x HE650A [|
0 20 40 60 80 100 120 0 20 40 60 80 100 120
L (m) L (m)
Figure 10: ErroA between N angand Ny 27 for all considered cellular and castellated colamn

11



In Figure 11, a comparison is made between the ricat@alues and the formulations proposed
in literature for cellular and castellated columiisan be seen that the largest unsafe errors are
7% smaller than for N2t, which is definitely an improvement (Tables 4 &)dHowever, these
results are not as good as expected. While the riyimde methodology was definitely
satisfactory, these formulations could be furtingprioved by considering other trial functions for
the buckled shape, taking into account local bepdeformations of the tee section and the web
post. These unsafe deviations were not noticeablthe original papers due to the limited
amount of geometries for which they were validated.
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Figure 11: Erron\ between Ny angand Ny, yuanOr Ner,cu for all considered cellular and castellated colamn

5.2 New proposed rule (Nsay)

Taking into account the large deviations for thee¢hformulations of N considered in the
previous section, it will now be investigated whesthn important amelioration in the results can
be obtained using the new formulation faof & which is largely based on the approach used to
account for the effect of shear deformation ondtitgcal buckling load of battened columns. As
already explained in Section 3, this rule was medito take into account that the intersections
between the schematized web posts and tee sedtawes finite dimensions and will behave
much stiffer. Additional modifications were made tgtermining the bending stiffness of the
web post (Ekp) and the tee section () using modified opening dimensions, represented by
factor a for the opening height gin Eks) and a factoB for the opening lengtlic” (in Elwp).
These factors were chosen so that a unity valubdtir would correspond with calculatingwel
and Ets using the maximum opening dimensions (the encosipasectangular opening with
length €, and height a). It was expected that assum#F1.0 would be too conservative, and
this is confirmed by Fig. 12 and the results in [€ab4 and 5: for the shorter lengths this
formulation can lead to results that are 6.5 tore$ too big. Thus, the necessity of using factors
a andp smaller than one (and larger than zero) is corttm

The results from the parametric study were compan#a Ncrcavusing factorsy and§ which
could independently vary between 0.45 and 1.0, witbrmediate steps of 0.05. Thus, the best
fitting o andp factors could be determined. For all considerddes the overall minimum error
Amin, maximum errofAmax, Mean erronmean and standard deviation of the erfagev could be
determined. These values are depicted in Fig. I3cédular columns and in Fig. 14 for
castellated columns. Not all consideredndp values are visible in these figures, as some galue
caused too large deviations to be visible in thgufgs (and to be of practical use). It should be

12



pointed out that the equivalent openings dimensamesnot formulated in a similar manner for
cellular and castellated columns (cf. Sections &t 3.2), which explains their different
behavior for similar values of andp.

Table 4: MinimumAmin, maximumAmax, meammean and standard deviatiastdev for error (all cellular

columns). The row with the selected values @hdp is highlighted in grey.

ﬁ a Amin Amax Amean Astdev

[] [] [%] [%] [%] [%]
Ner,0 - - -43.3 -2.6 -10.8 7.8
Ncr,ZT - = -39.4 4.0 -3.7 8.2
Ncr,Gu - - -32.2 4.0 -2.4 6.6
Ner,Gav 1.00 1.00 -1.1 558.7 55.3 116.3
Ner,cav 0.80 0.85 -11.9 1.1 -1.7 2.2
Ner,Gav 0.80 0.90 -11.4 2.2 -1.2 1.9
Ner,cav 0.80 0.95 -10.7 9.0 -0.5 2.2
Ner.cav 0.85 0.80 -6.6 4.9 -04 1.9
Ncr,Ga\/ 085 085 '58 62 '00 19
Ner Gav 0.85 0.90 -4.8 10.4 04 2.1

Table 5: MinimumAmin, maximumAmax, Meammeanand standard deviatiakqey for errorA (all castellated
columns). The row with the selected values @hdp is highlighted in grey.

ﬁ a Amin Amax Amean Astdev

[l [l [%] [%] [%] [%]
Ncr,C - - -27.1 -2.2 -8.5 4.7
Ner 2t - - -22.2 4.1 -1.7 4.4
Ncr,Gu - - -15.2 4.2 -0.2 2.8
Ner,Gav 1.00 1.00 -2.9 709.6 33.7 91.0
Ner.cav 0.45 0.7 -10.5 2.8 -1.2 1.8
Ner.cav 0.45 0.75 -8.4 2.9 -1.1 1.8
Necr.cav 0.45 0.8 -7.1 6.3 -0.8 1.8
Ner.cav 0.5 0.7 -10.3 2.8 -1.0 1.7
Ner.cav 0.5 0.75 -8.2 3.3 -0.9 1.7
Ner,Gav 0.5 0.8 -6.3 6.5 -0.6 1.8
Ner.cav 0.55 0.7 -10.1 4.4 -0.8 1.8
Ncr,Gav 0.55 0.75 -8 4.5 -0.6 1.8
Ner.cav 0.55 0.8 -55 6.8 -04 1.8

cellular columns: N apq VS N, ga, (B =1.00, a=1.00)

castellated columns: N apg VS Ner,ga, (f=1.00, «=1.00)
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Figure 12: ErroA between N angand Ny cavfor all considered cellular and castellated colurur$=1).
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Amir\ [%]

Bean %]

—— p=1.00 —e— p=0.90 —— p=0.80 s p=0.70 o $=0.60 o p=0.50
—=— p=0.95 -+ p=0.85 —— p=0.75 & B=0.65 v p=0.55 x p=0.45

Figure 13: MinimumAmin, maximumAmax, meamnmeanand standard deviatiakqevfor errorA between N apgand
Ner,cav(cellular columns).
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Figure 14: MinimumAmin, MaximumAmax, Meammeanand standard deviatiakiqesfor errorA between N apgand
Nercav (Castellated columns).
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Overall, Figs. 13 and 14 illustrate th&hin, Amax andAmeanincrease with increasing values cof
andp. This is expected, as the formulation grows mamservative with increasing equivalent
opening sizes. However, the standard deviatiomefetrrorAswev display a clear minimum. For
cellular columns, this minimum corresponds withueal ofp of 0.8 and 0.85, while is about
0.8. For the castellated columns, this minimumesponds with values @fof 0.45, 0.5 or 0.55,
while a is about 0.75. Detailed values &fin, Amax Amean@nNdAstgevfor thesea andp values are
listed in Tables 4 and 5. These errors are ceytairdre acceptable than those obtained for all
earlier considered {Nformulations. Although the results for some conalions ofa andp lie
very closely together, the selection for the optimandp factors was made by aiming for equal
magnitudes of the maximum and minimum error. Fdlulze members it is proposed to use
a=p=0.85, and for the castellated members it is pregpde usex=0.8 andp=0.5. The obtained
errors A obtained for the selected and  factors are depicted in Fig. 15 for all considered
columns. Compared with the other considered (edg¥tiformulations, the match with the
numerical results has been considerably improved.

In the proposed formulation, a weighted averageagmh was used for the overall strong-axis
bending stiffness of the column (cf. section 3W)e good fit of this approach is visible for the
intermediate and longer lengths in Fig. 15, for ekhthe effect of the shear flexibility is less
substantial.

ceIIngr columns: N ang VS N, ga,(p=0.85, a=10.85) castellasted columns: N apq VS N ga,(B=0.50, «=0.80)
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Figure 15: Erron\ between N angand Nycavfor all considered cellular and castellated colurfar$=0.85 for the
cellular columnsp=0.5 andu=0.8 for the castellated columns).

6. Conclusions

In this paper, different formulations for the arél flexural buckling load about the strong axis
Ner of cellular and castellated columns were examimeshnerically. The goal of these
formulations was to take into account the effedihefweb openings, which mainly increased the
shear flexibility of the web, decreasing the catibuckling load. Compared with analytical
values obtained for unperforated columns of theesgaometry, the numerically obtained values
of N¢r could be up to 40% smaller.

For both cellular and castellated columns, formaoket for N that should take into account the

shear deformation of the web post were already ritest in literature. While an extensive

numerical check of these proposals demonstratedtiieaunsafe deviations were somewhat
decreased, the decrease was not substantial eneoighmall lengths, the obtained formulation
was still too unsafe.
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Based on an adaptation of the existing formulattérNc: for battened columns, the authors
formulated an approach that included the local bepdeformations around the web openings.
By considering different options for the equivalagening size used to determine the local
bending stiffness of the web post and tee sectmhgst-fitting equivalent opening size could be
determined for the cellular and castellated coluriiihe deviations following this approach were
found to be very acceptable (max. 6.5 % error). dffiect of the local shear deformations of the
web posts and tee sections is assumed to be ithpliccluded in the best fitting equivalent
opening.

In further research, the formulation for the elastitical buckling load N can be used in a
study of the strong-axis buckling resistances,Nconsidering geometric nonlinear behavior,
imperfections and plasticity of the steel. While tturrent paper focused on the effect of the
modified geometry of the cellular or castellateduoms on buckling behavior, in this future
research the imperfections will also be alteredsi& due to the modification of the residual
stress pattern that takes place during the praalugtiocess.
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