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ABSTRACT

Thin-walled cold-formed (TWCF) profiles are extee$y used in adjustable selective pallet racks
that represent the most common typolbgiween théogistic solutions. In these structures, vertical
members (uprights) are usually channels, often ipexl with intermediate stiffeners, rear flanges
and additional lips. Furthermore, in order to allor a rapid connection with beams and bracing
components, usually uprights present regular pation systems along their length. Nowadays,
theoretical approaches available to design TWCF bemsiare based on equations valid only for few
unperforated (solid) cross-section geometries. Asoasequence, rack manufacturing engineers
frequently adopt the well-known design-assistedelsying approach to overcome this limitation and
to assess accurately member performance. This appraime consuming and cost demanding,
stresses the need of further improvements reqtaredver aspects currently not considered in design
codes.

The paper summarizes the results of a study foauséae response of a commercial upright profile.
In particular, 48 compression and 24 bending testsperforated and unperforated profiles have
been carried out. A summary of the experimentalggmm is proposed together with the re-
elaboration of test data. Furthermore, the influerd perforation is discussed as well as key design
geometric parameters. Finally, owing to the lackndérmation in major rack standard codes, three
different proposals to evaluate the effective sdanoments of area have been developed, discussed
and applied, hoping to contribute to standard impments.

Keywords:. thin-walled cold-formed (TWCF) members, solid aedorated members, stub-column
tests, bending tests, effective geometric proggertie

1. INTRODUCTION

Nowadays, the use of thin-walled cold-formed (TWGEel members is spreading worldwide in
several application fieldésom low-rise residential buildings to industriallstions in logistic for the
storage of goods and products (racks) [1-3], thatlae core of the present paper. Rack convenience,
mainly due to the cheap manufacturing process allpvor high standardization level, lightness and
rapidity of construction, is however counter-bakehdy very complex design rules. The behaviour
of the key components is in fact strongly influeshé®y buckling phenomena, i.e. local, distortional
and global buckling as well as by their mutual iattions [4-7] that require to be suitably accodnte
for complex and tedious analytical evaluationsttk@nmore, these approaches cannot be applied in
case of perforated members, frequently used agalecbmponents (uprights) in racks.

In this paper, the attention is focused on thequerénce of the uprights. Figure 1 shows examples
of typical upright cross-section geometries, whachcan be observed, are usually channels generally
provided by multiple stiffeners, rear flanges armttlifional lips. Moreover, a regular system of
perforations is distributed along the total lengtithe member, which can be located on both the web
and the lips. The former perforation system alléarsa speed-lock connection between the upright
and the beams in the down-aisle direction (Figae ®hile the latter is used to connect the lips of
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the uprights to the bracing components in the eaise direction (Figure 2b). Perforations are also
frequently used for the connection of the baseepdatails to the upright (Figure 2c).

From the designer point of view, according to Ewapstandard [8], the performance of unperforated
(solid) cross-section members can be theoretiadbessed for a quite limited number of cross-
section types, satisfying specific limits in terafsvidth-to-thickness ratios. In these casesybi-
establishecffective width approac|9] is efficiently adopted to account for the effe of local and
distortional buckling, but the presence of perfiora is not considered. On the other hand, the US
TWCF provisions [10] offer a more general approdbht is the so-calleDirect Strength Method
(DSM), calibrated by researches over the yearsagakperimental results on a quite wide variety
of solid cross-section shapes [11,12], includintkreections [13], that are not yet covered by these
provisions.

Figure 1. Profiles used as uprights for steel girack systems.

The influence of perforations has been quite deaplgstigated in recent years. Various studies
analyzed, both numerically and experimentally gfiect of simplified geometries of perforations on
the response of plain and lipped channels [14A§phn example, studies by Baldassino and Hancok
[17], Casafont et al. [18] and Moen [19] focusedtloa response of commercial rack uprights with
different geometries. The comparison of the resparfsunperforated and perforated profiles of
different length allowed for pointing out the inflnice of perforations on both the load carrying
capacity and the collapse mode.
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Figure 2. Details of connections in steel storagek Isystems: a) beam-to-column, b) bracing compsreend c)
base-plate.
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The level of reliability of DSM in case of regulperforation systems was also investigated by
considering the behavior of perforated and nonguatéd uprights under axial compression [20,21].
The comparison of the collapse load and failure @sqabinted out a low level of reliability of DSM

if applied to predict ultimate load.

Despite the considerable improvements of the rebear racks, in case of perforated members, the
design assisted-by-testing approach [22] seems,nant, the most reliable way for practical design
purposes. In order to decrease the non-negligii¢scassociated with the experimental activities,
i.e. the costs of the testing setup, the live-egsbciated with specimens, the costs of the latmgrat
staff, and the time required to elaborate thedatt, a mixed approach which combines few tests and
several finite element (FE) analyses could beyealhvenient. In this direction, research effodsé
been addressed in some papers published in reearg §23-26]. Furthermore, refined FE models
have been extensively used for the study of allrtoék components, especially uprights, beam-to-
column or base plate connections [27,28], charaetgiby a marked non-linear response, normally
appraised via expensive experimental activitiesalfy, it is worth noting that finite element moslel
have been used also in studies of the behaviarle$é¢ale rack frames [29-33] pointing out the need
of refined beam formulations or very expensive ni®desing shell elements in order to capture the
complex experimental response.

This paper presents the results of a researchemtluence of perforations on the response of a
commercial rack profile. The study focused on theameters influencing directly the load carrying
capacity, i.e. the effective area, the bendingstasce and the second moments of area of thegarofil
At this aim, the results of compression and bentisits on unperforated and perforated members are
herein presented and discussed. The lack of pahatidications offered by the European standards
[34] about the procedure to experimentally evaltlagesecond moments of area and the key role of
this data for design purposes as stressed in Weeckversion of EN15512 [35] suggested a detailed
study of this subject. The outcomes can be corsidaistarting point for future FE numerical studies
simulating full scale-experimental tests [36,37¢l ahould be useful, in the Authors’ opinion, for an
improvement of the rack provisions.

2. THE EXPERIMENTAL PROGRAMME

As previously mentioned, the study concerns a comiadecold-formed rack profile, presented in
Figure 3. As can be observed, it is an open chamitielrear flanges with additional lips and one web
stiffener. It is also provided by a regular pattefrperforations located on the web, on the lipd an
on the rear flanges. Key details about the segggmmetry and the perforation layout associated with
each module are presented in Table 1 and Figuesgectively. Owing to commercial confidentiality
reasons, all geometric and performance data asepied in non-dimensional form, without however
any reduction of the field of validity of the resea outcomes. More in detail, in Table 1, the
thickness, the ratio between the gross second msroéarea along the principal directiohgdlg,2)
and the ratio between the eccentricity of the skeater ¥s) and the position of the centroid of the
gross sectionyg), with respect to the web, are reported. In theetas reported also the torsional
slendernessj};, that is defined as:

Glt
Ae = ElL, (1)
whereG andE are the shear modulus and the Young’s modulupeotisely,l; is the Saint Venant
constant andly is the warping constant.
Furthermore, the data related to the gross cragmaemodulus ;) along the principay andz
directions, are reported in the table too, and @ufits min andMax are related to the minimum and

maximum section modulus, respectively for bendilog@the non-symmetry axis.
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Figure 3. Different global 3-D views of the congielé membr.

Table 1. Cross-section dimensions and charactetisti

P

X
0.2p b
220594 0.4p
t [mm] 1.45
lgy/ lg: 1.02
AJ1/mm] 2.36-1¢
Ys ! Yy 0.77
Wg,y / \Ng,min,: 1.18
Wg,MaX,: / \Ng,min,: 1.25

As to the perforation system, Figure 4 can be ctared: four significant cross-sectiomws)(differing

for the amount of perforated area (ratio betweerptrforated and unperforated (gross) area), can be
clearly identified in the upright module:
cs. 1 having holes in the web and in the flanges, at & perforated area corresponding

approximately to 15% of the one associated withutiygerforated cross-section;

cs. 2 the most perforated one, with holes in the wiglmges and stiffeners (approximately 25%

of the total area is loss due to perforations);

cs. 3 with perforations only in the web (2% of lossare
cs. 4 un-perforated cross-section.

0.85p

Olp

AN &= H 3 O e 1

C i O w“ / \ / o cs. 2
\/ \_/ cs. 3

003p || cs. 4

Figure 4. Non-dimensional geometry of the perfaraiassociated with a module of length 0.85p.

Nominally equal specimens, differing only for thegence or the absence of perforations along the
length, have been tested under pure compressioarated mono-axial bending. In the following, the

specimens with holes are identified as H-type, evthe ones without holes are named S-type. Both
H- and S-types have been produced from the sarakcsiié
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Due to the great influence of the material propertin the experimental results [38], five tengtdd
have been performed to determine the material ptiepeof the steel. The values of the yieldifyg (
the ultimate strengtH{) and the Young modulu&) are reported in table 2, together with the mean
value, the standard deviation and the coefficiénboation. In particular, flat coupons, flat cauys,
with the typical backbone shape, have been extidoben the coil used to produce the specimens,
before any cold-forming process (perforation, ngli punching....). This allowed for evaluating the
material properties of the ‘virgin’ steel withoutyainfluence of the cold-forming processes, which
increase both the yielding and the ultimate stire$ise corner zones and around the holes, as glread
well-established in the past [39]. Tests have hmaformed according to the EN I1ISO 6892-1 [40].
As to the yielding and ultimate strength it can m@ed a quite moderate dispersion of the
experimental results. The same remark regardgtas@oung’s modulus but is worth noting that the
effective value is significantly lower than the garescribed by European provisions for storagesack
as well as for the more traditional carpentry sfisghes, i.e 210000N/min(approximately 14%).

Table 2. Properties of the virgin material

Sample fy fu E
[N/mn] [N/mn] [N/mn?]
1 420.1 463.8 177710
2 420.5 467.4 189050
3 418.3 459.2 175770
4 418.1 464.9 179840
5 421.2 461.9 180120
Mean value 180498
419.7 4634 | 180500)
gta.”d?‘rd 1.374 3.094 5095
eviation
CoV% 0.33 0.67 2.82

2.1 Elastic buckling analysis
Preliminary elastic buckling analyses for the ufmpeted profile were performed by using the
CUFSM software [41] and the member response wasaeaol under pure axial force and pure
bending moments. The cross-section was modelledAr@odal points, for a total of 46 elements and
each round corner has been simulated as piecewese via 3 elements. Both for compression and
bending, a stress distribution characterized byattteevement of the mean value of the yielding of
the material (420 N/mf) has been considered and results are presentedesipect to the stress
distribution multiplier, simply indicated in thelfowing as “load factor”, plotted versus the efiget
length. Also, the modal participation factor ofrpmipal buckling modes in each selected length are
reported, obtained by using the vector norm clasgibn available in the software. As to the pure
compression case, results of the analysis are susedan Figure 5. It can be noted that in the
selected range of lengths, the dominant elasti&lingc mode is always the distortional one, i.e.
percentage of participation ranging from 96% to 8Eurthermore, the influence of local buckling
in all cases is extremely limited (lower than 2%)ile for the greatest length the influence of globa
(flexural) buckling is less than 20%.
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Figure 5. Stability curves for S-type profile und@gempression, obtained from CUFSM [41].

As to the response to bending moments, owing tpitégence of a single axis of symmetry, attention
has been focussed on three different stress diitits: one for investigating the behaviour on the
down-aisle direction (bending along the y-axis,oadmng to table 1) and the others for the behaviour
along cross-aisle directions (z-axis).

As to the former, reference can be made to Figuhecdn be noted that the influence of distortiona
buckling is never negligible, decreasing with therease of the member effective length, dominating
on the global one up to 1.5m, approximately. Furttzee, the percentage of the local buckling mode
for the length values of interest is always thedsty

10 T T T T T

load factor 3.46 = = -g!obal.

N iocal 0.5% ) [ distortional | —

| |distortional 05% e % E:;:aelr |
N

load factor 1.98
global 10.8%
local 0.2% load factor 1.48
distortional 89% global 90%
distortional 9.7%|

load factor
(4]

0 500 1000 1500 2000 2500 3000
lenght [mm]

Figure 6. Stability curves for S-type profile undending along y-axis, obtained from CUFSM [41].

As to the flexural behaviour along the non-symneadifection, two types of stress distributions have
been considered, differing for the parts of thessrsection in tension (or compression). To identify
them, avoiding misunderstanding, reference is ntadle state of stress on the rear ends. Negative
(neg and positive(pog bending distribution, whose response is preseiriefigures 7 and 8,
respectively, are conventionally related to testkicing compression or tension, respectively is thi
zone. It can be noted that for negative bendinpdisnal buckling modes are predominant on the
global up to 1.5m, being practically negligible thBuence of the other modes. For effective lesgth
greater than 1.8m, approximately, the flexural ingkmode becomes the dominant one. Otherwise,
in case of positive bending, the contribution @ tlistortional buckling mode, initially approximbte
greater than 90% decreases smoothly with the inemewf the global one, and, for the highest value
of the effective length, unlike the previous bemdirases, it is quite limited but however non-
negligible for practical design purposes.
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Figure 7. Stability curves for S-type profile undenegative bending, obtained from CUFSM [41].
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Figure 8. Stability curves for S-type profiles undepositive bending, obtained from CUFSM [41].
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2.2 Compression tests

Compression tests have been performed accordigl 15512 [34] on specimens of different length
(300, 450, 600, 750, 900, 1150 mm) in order to stigate the local and distortional failure modes
and their mutual interaction (Figure 9). All thetsehave been executed under load control. Therang
of the considered lengths has been defined in cmleappraise the different buckling modes,
influenced by local and/or distortional modes, #mlheight of the specimen has been defined by the
need of having an un-perforated cross-section irespondence of the thick plate as well as by the
pitch of the perforation modulus.

Figure 9. Compression test set-up

The specimen lengths have been selected as inltbeihg specified:

- the shortest one (i.e. 300 mm), selected to ingatithe influence of local buckling, satisfies the
requirements of EN 15512 [34], i.e. length valugs$ias both the requisites of being 3.5 times the
width of the specimen and of including at leasé fpritches of perforations;

- the longest one (i.e. 1150 mm) corresponds toitartte of two subsequent nodes of the bracing
system in the transversal (cross-aisle) directibrthe most commonly used upright frame
configuration;

- the other lengths, intermediate from the shorteghé longest, were chosen by maintaining a
constant step of 150 mm.

For each selected length value, four compressgin teere performed on nominally equal specimens.

Like for the more traditional hot-rolled carpentgmponents, imperfections can be found as out-of-

straightness of the member or as a distortion ef dloss-section. An efficient set-up for the

imperfection measurements has been proposed atlite [42] but, due to its complexity, it has not
been used in the present research, as it happetisefeommercial manufacturing tests. It is worth
noting that initial geometric imperfections playnan-negligible role on the effective member
performance when numerical finite element modetsaatopted. Owing to the aims of the present
papers, only experimental results are herein censt and, as a consequence, the presence of
imperfections is directly accounted for from teatad

The EN15512 recommendations [34], in order to itaté the interface with the testing apparatus,
prescribe that specimens for compression testprapared by welding a thin plate at both ends of
the specimen. To reduce the costs of the testataiie same time improving their repeatability, an
alternative specimen layout was adopted in thisareh. The portion of the upright of appropriate
length was placed directly between two thick pldtes/ing a thickness of 12 mm) work-machined
with furrows (8 mm depth) reproducing the crossisecof the specimen (Figure 8), avoiding, as a
consequence, any type of slip and slack as weHleasndary eccentricities due to the effective
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position of the fillet welds. The thick plates we@nnected to a hydraulic jack and to a loading cel
(maximum capacity of 220 kN) via spherical hingése effectiveness of the ends restraint system
was verified by comparing the results of testsiedrout adopting the two different end finishing
systems (i.e. pre-shaped plates and welded plates).

Figure 10. Details of compression test: a) theresttains and b) the spherical hinge.

As concern to the applied load, it should be remarthat, while for S-type specimens the position
of the section centroid can be theoretically ev@dain case of H-type specimens the presence of
cross-sections with different characteristics aldhg member length (Figure 4) prevents this
evaluation. Therefore, the load was always apphedorrespondence of the centroid of the gross
section, independently on the presence/absencarofrations. During the tests, the applied load and
the vertical displacement of the specinggefi.e. the shortening of the specimen) were reabxae a
data logging system at a frequency of 2Hz. Tesili®svere evaluated in terms of experimental
ultimate load Py,), mean value of the ultimate load of specimens ofglmme lengthRym and
associated standard deviatist.dev). Attention was also paid to the characteristitugaof the
ultimate load Py, i.e. to the value to be considered for desigrppses according to limit state
design philosophy, that is based on statisticalyaigof the test results of four nominally equal
specimens, according to criterion addressed irEtivepean rack code. All these quantities, divided
by the squash load of the gross cross-secBorr g - 1)), are reported in Table 3 together with the
observed failure modes. It is worth noting that thigo between the effective and the gross cross-
section area is the well-know® reduction factor. It is worth mentioning that tHassification of
perforated cross-section is not addressed in tmedade 3 part 1-1 [43] and it has been decided to
use the gross cross-sectional arkg,as reference term to present test results indmoensional
form.

Table 3. Summary of the stub-column test results.

Specimen S-type H-type
P [ P P i P, | A P, i
Length| ID | —= L stdev. | —& failure - um | stdev. | —K failure
P, P, P, mode P, P, P, mode
1 | 0.913 L 0.750 L
2 | 0.898 L 0.741 L
%OHC: 3 1089 0.91 | 0.0171| 0.87 3 0717 0.74 | 0.0166 | 0.70 3
4 | 0.929 L 0.753 L
1 | 0.811 L 0.718 L+D
2 | 0.795 L 0.706 L+D
;115nc1) 3 10775 0.79 | 0.0147 | 0.75 D 0735 0.72 | 0.0122 | 0.69 )
4 | 0.792 L+D 0.723 L+D
1 | 0.737 D 0.679 D
2 | 0.723 D 0.699 D
gqon? 3 10704 0.72 | 0.0134| 0.69 D 0682 0.68 | 0.0102 | 0.66 D
4 | 0.720 D 0.676 D
1 | 0.667 D 0.579 D
750 5 10673 0.67 | 0.0117 | 0.64 D 0607 0.61 | 0.0188 | 0.55 D




mm 3 0.661 D 0.617 D
4 0.688 D 0.635 D
1 0.644 D 0.552 D
2 0.635 D 0.581] D

210n(1) 3 0638 0.65 | 0.0178 | 0.60 D 0562 0.57 | 0.0189 | 0.52 D
4 0.674 D 0.594 D
1 0.629 G+D 0.516 G+D
2 0.589 D 0.526 G+D

];]EI].rE;]O 3 0626 0.62 | 0.0183 | 0.57 GiD 0505 0.51 | 0.0101| 0.49 D
4 0.620 G+D 0.50% G+D

failure modesL= local mode; D = distortional mode; G =global med

1 The results are also sketched in a more direcpfggeal) form in Figure 11. In the figure, the iseld
2 bullets identify the experimental results while thelti-linear lines are related to the mean (black
3 curve) or the characteristic (redrve) values, respectively. Moreover, dashed crefers to the H-
4  type specimens while the solid curve to the S-fyodiles.
5 Asitappears from the figure and the table, foalken lengths (300 and 450 mm) a predominant local
6 failure mode (L) was observed, while for the otleegths, the collapse was always due to distortiona
7 buckling (D), with the exception of the longest apgens (i.e. 1150 mm of length) interested by a
8  mix between distortional (D) and global (G) bucllimode, that is mainly due to interaction between
9 bending and torsion. As expected, the observedréarodes are quite different from the pure elastic
10 ones (Figure 5) due to the effective constitutivatenial law and to the presence of mechanical
11 imperfections associated with the manufacturingcesses. It is worth noting that the testing
12 equipment allows for pure compression tests ontoded members. In case of perforations a small
13 value of eccentricity was due to the presence adxsection differing for the perforation systems
14  (Figure 4). However, the real member eccentrigtyo limited for affecting remarkably to the adtua
15 load carrying capacity.
16
17
1.0
P —mean § « -=--- mean_H
P, O exp S I3 exp H
0.9 ~ | - -
: char_S = = =char H
0.8
0.7
0.6
0.5
length
[mm]
0.4
200 400 600 800 1000 1200
Figure 11. Mean and characteristic values of thd loarrying capacity of the tested specimen val tength.
18

19  Results show a negligible influence of the periorat on the collapse mode while, as expected, the
20 collapse load of the H-type specimens is lower tthenone of the S-type: on average 14%. The
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difference increases up to 24% and 17% for thetsbiband the longest specimens, respectively,
which corresponds approximately to the percentdfgss area in thes. 2andcs. 1showed in Figure

4. The minimum difference (4%) is associated whth length of 600 mm. The differences between
the characteristic and the mean value of the cedlapad are on average of 6%, with a maximum of
11% for H-type profiles with 750 mm of length. Mokeer, it is worth noting that the maximum
distortional displacements are never in the mitéight of the specimen and the deformed amplitude
is quite independent on the presence/absence fof@ions. As it appears from Figure 12, this zone
changes from test to test, also on members witle dangth, influenced principally by the geometric
imperfections.

Figure 12. Different collapse modes for the prafilgth different length.

Finally, it should be observed the limited dispensof the experimental data, having a standard
deviation never greater than 2%, to confirm thécigfiicy of the adopted experimental equipment,
allowing for tests with a high level of repeatatyili

21  Bending moment tests

The flexural performance of the profile was expenmally investigated by means of the traditional
four points bending test, which allows for a constaoment distribution between the applied loads,
without any shear influence, and that is traditllyn@commended as static scheme for investigating
the bending behaviour also with reference to cormptsamade by different materials like wood,
concrete, etc.... Due to the mono-symmetric gegmetrthe cross-section, bending tests were
performed in both principal directions (i.e. y- an@dxis according to Table 1). Tests were inspired
by section A.2.9 of the EN15512 standard [34], Wwhiowever requires improvements due to the
limited indications concerning the details on tegtraining system and on the efficient way to tiemns
the load to the specimen. It is worth noting tleise aspects influence in a non-negligible way the
specimen performance, as already discussed alg@]inFor these reasons, ad‘ho¢ set-up has
been designed and used. Like for compression,rfoomninally equal specimens have been tested for
each type of bending tests. In all tests, the tetagth of the specimens was 3000 mm while the
distance between the end supports was 2800 mnt. ggears from the elastic buckling analyses
(see section 2.1) this value falls in the rangefiich the lateral buckling is dominant with respiect
the distortional and local ones (Figures 6-8). lkemnore, the ratio between the end support distance

11
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and the cross-section width was 32 in perfect agest with EN 15512 requirements, prescribing
this ratio in the range 30+40. As to the measusysgtem, linear voltage displacement transduces
(LVDTSs) allowed for appraising the vertical dispd@eents at the mid-span section and at the sections
in correspondence to the applied loads (to evathatesymmetric behaviour of the specimens). In the
central section, in order to capture eventual eovali effects, the vertical displacement was reabrde
on the two opposite sides of the specimen. Duriesist the applied load and the vertical
displacements were automatically measured at adraxy of 2Hz.

2.1.1 Bending tests in the down-aisle (y) direction

Bending tests around the symmetric axis (aroungig-according to Table 1) were carried out on
specimens made by coupling two profiles front-tmnafr(Figure 13b), according to the general scheme
proposed by the European provisions, which recondittemtesting of a complete upright frame [34].
More in details, full-scale lacings have been agdidnd reference has been made to a buttoned strut
specimen, whose behaviour is however representatitree upright one. In order to avoid torsional
effects, loads and restraints were realised sdliledabrces are directly applied to the shear eg8)

of the gross cross-section, as shown in Figure [h3he same figure the centroid of the section (C)
is also indicated. The load is transferred fromtt@raulic jack to the specimen by means of a stiff
distribution beam made of two hot rolled lipped mhels coupled on the flanges by means of batten
plates. At each load application point, two splrargteel balls apply the force directly to the shea
centre of the profiles (Figure 14a). A similar amgament is adopted at the supports in order to
recreate the ideal end restraint conditions of sirappport and hinge. Both the unperforated (S-type
and perforated (H-type) profiles were examinedfan@ach type, 4 nominally equal specimens were
tested.

_a=700mm_, 1400mm . 700mm

F/?Z

Figure 13. Scheme of the bending test around tilieegtion: a) global view of the testing set-up d&)dhe considered
static scheme.

a)
Figure 14. Details of bending test: a) the loadliapfion point and b) the external restraint.

12
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In all the tests, the collapse was achieved ircaasebetween the applied loads, i.e. in the zameu
constant bending moment, as reported in Figuredry, close to one of the load application points.

b)
Figure 15. Typical failure modes for a) the S- &hdhe H-type specimens.

Figure 16 shows the non-dimensional load vs. mahspection displacement curves: solid and
dashed lines are related to S- and H-type profitsspectively. In the figure, the forde,() and the
mean mid-span displacememt,j, i.e. the mean value recorded by the two mid-dp&DTs, are
normalised with respect to the maximum (failuregdoof the S-type specimenB fax 3 and the
corresponding displacemenkqax_3, respectively. As a preliminary comment, it canappreciated
the great repetitively of the test results anditifieience of the perforations that remarkably af$ec
both stiffness and resistance of the specimens.

1.1

F, 2,
1.0 F, zmax_S
0.9
0.8 IOV S

‘
’
’

’

0.7

0.6 ——S-type ----H-Type

0.5
0.4
0.3
0.2
8z,

6zmax‘s

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.1

0.0

Figure 16. Load-mid-span displacement curves ferSkype and H-type profiles.

Tests results can be, at first, analysed in terfrfisxural resistance, i.e. by considering the maxin
bending moment\y,), which is reported in table 4 together with theam My ), standard deviation
(st.dey and characteristic valueMy). All these data are presented in non-dimensitorah by
dividing for the nominal elastic flexural resistanaf the gross cross-sectidy = Wyy - fy, where

W ,yis the section modulus of the gross cross-sectmmahe y-axis ané is the mean value of the
yielding strength. It has been decided to condiderelastic resistance for all bending cases anly t
propose the experimental data in a comparative eramvithout any direct reference to the cross-
section classification criteria of EC3 [43]can be noted that in case of S-type profildghal values

13
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are greater than unity confirming the importancéhef strain-hardening effects induced by the cold
production processes [9]. Furthermore, the infl@eotthe perforations on the global resistance is
non-negligible, leading to a reduction of 20% aBéolof the flexural resistance with reference to the
mean and characteristic values, respectively.

Table 4. Non-dimensional ultimate bending momeahgly-axis.

. Myi Mym Myk
specimen - - st.dev -
P Mely Mely Mely
Sy 1.141
Sy | 1.144
S Toor] 112 | 00263 1.06
Sey | 1.103
Hl,y 0.918
H.y | 0.926
Hay 0.944 0.93 | 0.0081| 0.91
H4,y 0.925

2.1.2 Bending tests in the cross-aisle (z) direction

The static scheme adopted for the tests in thesgommetric direction is the same already presented
in section 2.2.1 (Figure 13b) and, in order to preéwdistortional phenomena, suitable restrains have
been adopted at the specimen ends and at theppéidagion points, as shown in Figure 16, allowing

hence to simulate the effective layout of the uprigame.

a)

b)

Figure 17. Details of the test setup in both a)atigg and b) positive directions.

14



Figure 18. Local restrains used to avoid undesrdidtortional efcts.

1 Collapse occurred always in the constant bendingmemd zone, i.e. between the applied loads for
2 both the positive and negative series of testaufeid9), like for the down-aisle bending tests.

b)
Figure 19. Collapse after the bending test: ajsttgpe and b) the H-type specimens

It can be noted that different boundary conditibase been used to realize the external supports in
case of bending in the non-symmetric direction ({Fé20). In case of negative bending (Figure 20a),
the web is directly supported by a steel platetktan a pin while, for positive bending (Figurdo®0
suitable lateral plates have been bolted to théghpflanges, owing to the impossibility to load
directly the rear ends of the upright. This dewegises a secondary bending moment due to the
eccentricity of the support point to the centroid.

O 00 NO UV b

a) b)
Figure 20. End supports for positive (a) and negath) bending tests.

10
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The different boundary restraint conditions affihet stiffness of the elastic branch of the specanen
as shown by the experimental curves presentedguré&i2l, that shows the non-dimensional load
(Fy) vs. mid-span section displacemed) curves, for both the unperforated (S-type) andopated
(H-type) profiles by considering the positive (IMa@nd negative (red) responses with solid and
dashed lines related to S- and H-type profilepeesvely. The curves are normalized with respect
to the maximum forceRymax_s_pgs and to the associated displaceme®Ridx s pgs achieved in the
tests of the S-type profiles for positive bendiAg.expected, perforations affect in a non-neglagibl
way both stiffness and resistance. Furthermoiis,worth noting that stiffness in the elastic bianc
is significantly influenced by the sign (positivereegative) of the bending moment.

1.1

Fy;

1.0 F. ymax_S_pos

0.9
0.8
0.7
0.6

0.5

0.4

—— S-type ----H-Type

— pos

0.3 neg

0.2

0.1 o) i
8 ymax_S_pos

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Figure 21. Non-dimensional force-displacement csifee S-type and H-type specimens.

0.0

For a better appraisal of the test outcomes, thelteeare presented in terms of failure bending
moment as shown in Table 5, reporting the maximypeemental bending moment for eaehest
(Mz,) and, for each set of nominally equal specimdms ean valueMz ), the standard deviation
(st.dey and the characteristic valubl{y. These data are normalized with respect to theimam
flexural resistance of the gross cross-sectionuaat asMer; = Wy,min,z- fy, whereWgy minz is the
minimum value of the gross section modulus alongxis andy is the mean yielding strength. It can
be noted that, like for bending tests in the dowateadirection non-dimensional data are proposed
with reference to the elastic resistance.

Table 5. Non-dimensional ultimate bending momeahglz-axis for both positive and negative direction

Positive moments Negative moments
Specimen Mz,pos,i Mz,pos,m st.dev Mz,pos,k Mz,neg,i Mz,neg,m st.dev Mz,neg,k

Melz Melz Melz Melz Melz Melz
S 1.331 1.031
S 1.332 1.085
S 1354 1.34 0.0095| 1.31 1041 1.05 0.0263 0.99
S 1.348 1.051
Hi 1.021 1.01 | 0.0050| 1.00 0.932 0.94 0.0183 0.90
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H2 1.015 0.925
Hs 1.014 0.959
Ha 1.011 0.954

Like in the previous tests, strain hardening eff@tay a non-negligible role on the solid crossisac
resistance, up to 34% and 5% for positive and megaésts, respectively, related to the elastic
bending resistance. For perforated componentsjtdebe presence of holes/slots, the performance
compared to the elastic gross cross-section resistes moderately reduced (no more than 8%) in
case of negative moments, while a limited incremeatween 1% and 2%, is observed for positive
moments. The influence of the perforations on tbeding resistance is non-negligible: the mean
bending moment is reduced of 33% and 12% for tis#tige and negative cases, respectively. If the
characteristic values are considered, this redadsa31% and 10% for the positive and negative
cases, respectively.

3. REMARKSON THE EFFECTIVE AREA

The value of the effective cross-sectional ared aramount importance for the design of steéd rac
uprights, remarkably influencing the load carryicapacity of the overall frame. This data can be
obtained by means of stub-column tests, i.e. cosspa tests on specimens having a short length
[34]. From the practical point view, designers preib define the upright performance by making
reference to the already introdud®dparameter, that is herein considered for the dson on the
effective area. As it appears from Table 2, witierence to the 300 mm specimens of length and to
the characteristic valu€), assumes the values of 0.87 and 0.70 for solidpanidrated specimens,
respectively. These values confirm the remarkabftuence of local buckling on the upright
performance and point out the quite high reducbéreffective section due to the presence of
perforations. Furthermore, the updated version 915512 [35], which is currently under public
enquiry before the official approval by CEN (EurapeCommittee for Standardization), provides in
Annex Ga procedure addressed to obtain the effective gagrof profiles taking into account the
presence of regularly distributed perforationspénticular, reference is made to an equivalentsoli
cross section and the effect of the perforatiorestditholes and/or slots is accounted for by meéns o
local thickness reductions (Figure 22). As declaretthe code, values calculated by this method are
acceptable for stiffness and may be used in glotmalels while strength values should be obtained
by testing according to the requirements of trasigard.

\-s_ i { >
2
\' TN
—
]’h X?
@ = I~
¥ 2 d
W< L Ah; e P
\//

Figure 22. Evaluation of the equivalent cross-segtaccording to [35].

According to the proposed procedure, the equivdleaknesst), is defined starting from the initial
thicknesst), as:
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¢ = ¢ AzhizSiwi
t AR

(2a)
wherew; andh; are the width and the height of a generic rectimdwle and\h; is the constant step
between pitches along the member.

It can be noted that for circular holes bbtlandw; are assumed equal to the diameteln case of
non-regular slots, like the ones on the front & tonsidered upright, reference has been made to
their maximum dimensions in terms of height andtivid he tern¥; is defined as:

$i

By applying this procedure, the associa@dalue, for the considered perforated profile, .i870
approximately 10% greater than the one experimigreghbluated. It is worth noting that the use of
the minimum perforated area that was adopted irp#s for routine design, in absence of stub-
column test data, providegavalue of 0.79, that is however from the unsafe ditting 15% greater
than the experimental one. Consequently, stub-cokests appear as necessary for a safe and reliable
design.

__ Ahi—hy
- 2w;

<15 {2b

4. REMARKSON THE EFFECTIVE SECOND MOMENT OF AREA

The European rack provisions, including also theNof35] version, and the US one [10] indicate the
experimental approach as a suitable and reliablefarahe evaluation of the bending resistance of
uprights. Nevertheless, these codes do not praletkls about the procedure to be adopted for the
evaluation of the second-moment of arka),(that is a key parameter for both static and seism
design. Owing to the quite limited additional ctest monitoring the vertical displacements during
tests, it seems very convenient to improve theajunds for bending tests including also additional
recommendations for the evaluation of the beanufl@xstiffness along the principal axes.

Starting from the bending test results discussdfiermprevious section, attention has been focussed
on the evaluation d&s. To this aim, the first branch of the experimemiaives (Figures 16 and 21)
characterised by a quite linear force-displacemalationship was considered. With reference to the
static scheme of Figure 13b, a basic equation ierivom the elastic theory of structures has been
adopted to assess, wherek indicates the axis of flexure (i.e. y, z-pos aregy). In particular, for
each couple of applied loa#;) and associated displacement of the mid-spancse@}), lefx has
been evaluated by neglecting the shear deformalmbntribution, owing to the high specimen
slenderness, as:

a?

Fj L?
lesre = 7550 (5= ) (3)

where,L anda are the span of the beam and the distance betiveesupport and the load lines and
E is the Young’s modulus.

Equation 3) is applied to each of the load-disptaeet curves following three different methods,
each of them related to the elastic ranges [10&#T], with a ranging from 30% to 70% and with F
maximum load achieved in the test. Referring taiFéR23, it can be noted that:

» according tamethod 1(Figure 23b), for each poifg}, F) of load-displacement curve, the term
left k,iiS directly evaluated according to eq. 3. The medme (efr,) of all theless ki values is assumed
as representative of the considered range;

» according tanethod ZFigure 23c), the experimental curve is approxe@datia a linear regression
function. The slope of the functioid relates the increment of forcdRy) and the displacement
(44) as:
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2 Rewriting Eq. 3) in incremental form, it can beahed:
_ AR (12 a*
3 lepri = 2E88, & (8 6 ) (5)
4 By combining egs. 4) and S)is given by the expression:
. Kf LZ aZ
5 lerie =5ta (5= %) (6)
6 e« according tomethod 3(Figure 23d), reference is made to the sldgg ¢f the secant of the
7 experimental curve, based on the first and lashtpaa the considered reference range.
8 Consequently, the second moment of area is evalasten Equation 6).
9 All these methods have been applied with referetacalifferent amplitude of the ranges of
10 experimental data, i.e. from 10%B0%k, to 10%kk-70%k.
AT
o
Method 1
>
]infar regression
Method 2 B0.38
> c)
10%Fu
oFu
10%Fu Method 3
> d)
o
stiffness (Ky)
a) 10%Fu
Figure 23. Methods for the evaluation of the secmdnent of area: a) the experimental curve, b) aweth c)
method 2 and d) method 3.
11  Results associated with the proposed methods poeteel in Tables 6 (method 1), 7 (method 2) and
12 8 (method 3), in terms of ratio between the effeciecond-moment of area and the theoretical gross
13 one (g, in thek-direction, i.e.lefd Igk ratio. In addition to the values evaluated by adssng the
14  modulus of elasticity recommended by the steelgteprovisions (i.eE = 210000 MPa), also the
15  actual value (approximately 14% lower) has beersicamned for the three methods.
16
17 Table 6.1eri |k ratio associated with method 1.
E = 210000 MPa E = 180500 MPa
axis | range | 10%-30% | 10%-50% | 10%-60% | 10%-70% | 10%-30%| 10%-50%| 10%-60%| 10%-70%
mean 0.89 0.88 0.88 0.84 1.02 1.02 1.01 0.9
Y [stdev. 0.0281 0.0261 0.0222 0.0316 0.0324 0.0300 .0256 0.0364
z- | mean 0.83 0.84 0.84 0.84 0.97 0.98 0.94 0.9
neg | st.dev.| 0.0318 0.0239 0.0211 0.0187 0.036p 0.0277 0.0244 0210.
z- | mean 0.94 0.94 0.94 0.93 1.09 1.09 1.09 1.0
pos | st.dev.| 0.0305 0.0227 0.0186 0.0150 0.0354 0.0263 0.0215 0178.
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mean 0.74 0.74 0.73 0.71 0.86 0.85 0.84 0.8
Y [stdev.| 0.0213 0.0136 0.0119 0.0106 0.024p 0.0157 0.0137 o0120.
y | z [ _mean 0.70 0.71 0.72 0.71 0.81 0.83 0.83 0.8
neg | st.dev.| 0.0365 0.0264 0.0215 0.0173 0.0423 0.0307 0.0249 0200.
z- | mean 0.73 0.74 0.74 0.74 0.85 0.86 0.86 0.8
pos | st.dev.| 0.0654 0.0514 0.0459 0.0410 0.075B 0.0596 0.0533 0476.
1
2
3
4
5
6 Table 7.lex4 | g ratio associated with method 2.
E = 210000 MPa E = 180500 MPa
axis | range | 10%-30% | 10%-50% | 10%-60% | 10%-70% | 10%-30% | 10%-50%| 10%-60%| 10%-70%
mean 0.87 0.86 0.83 0.78 1.00 0.99 0.96 0.9
Y [stdev. 0.0576 0.0175 0.0180 0.0257 0.0664 0.0202 .0208 0.0296
s | z |_mean 0.87 0.87 0.86 0.85 1.01 1.04 1.0( 0.9
neg | stdev.| 0.0217 0.0147 0.0166 0.0220 0.025L 0.0171 0.0193 0258.
z- | mean 0.96 0.94 0.92 0.89 1.11 1.09 1.07 1.0
pos | st.dev.| 0.0293 0.0121 0.0141 0.0281 0.034p 0.0140 0.0163 0326.
mean 0.73 0.71 0.69 0.64 0.84 0.82 0.79 0.7
Y [stdev.| 0.0175 0.0120 0.0157 0.0180 0.020p 0.0138 0.0181 0200.
y | z | _mean 0.77 0.75 0.74 0.71 0.89 0.87 0.86 0.8
neg | stdev.| 0.0267 0.0106 0.0142 0.0144 0.031p 0.0123 0.0165 0160.
z- | mean 0.82 0.79 0.78 0.75 0.95 0.92 0.9( 0.8
pos | st.dev.| 0.0370 0.0265 0.0190 0.0129 0.042p 0.0307 0.0220 0150.
7
8 Table 8.le4 | ratio associated with method 3.
E = 210000 MPa E = 180500 MPa
axis | range | 10%-30% | 10%-50% | 10%-60% | 10%-70% | 10%-30%| 10%-50%| 10%-60%| 10%-70%
mean 0.89 0.85 0.82 0.77 1.02 0.98 0.94 0.8
Y [stdev. 0.0633 0.0245 0.0246 0.028¢ 0.0780 0.0282 .0288 0.0329
s | z |_mean 0.87 0.87 0.85 0.84 1.01 1.00 0.99 0.9
neg | stdev.| 0.0125 0.0112 0.0118 0.0183 0.0144 0.0130 0.0136 0218.
z- | mean 0.97 0.94 0.91 0.87 1.13 1.09 1.06 1.0
pos | st.dev.| 0.0305 0.0114 0.0120 0.0114 0.0353 0.0132 0.0140 013Q.
mean 0.74 0.70 0.67 0.63 0.85 0.80 0.71 0.7
Y [stdev.| 0.0222 0.0113 0.0139 0.0111 0.025p 0.0130 0.0160 0128.
y | z [ _mean 0.77 0.75 0.73 0.70 0.89 0.86 0.85 0.8
neg | stdev.| 0.0168 0.0186 0.0175 0.0087 0.0195 0.0216 0.0203 0100.
z- | mean 0.82 0.79 0.77 0.73 0.95 0.92 0.89 0.8
pos | st.dev.| 0.0175 0.0093 0.0039 0.0060 0.020B3 0.0108 0.0045 0070.
9
10 Mean valuerfear and the standard deviaticst.(dev) associated with the elaboration of each curve
11  according to these three methods are reported bgidering the data related to nominally equal
12 specimens. Furthermore, in order to investigatdrtfieence of the range of data on the results, the
13 maximum (MAX) versus minimum (min) ratio is repatt@oo. In particular, it can be noted that:
14 » the value of the effective second moment of argeulgs on the range of the considered data.
15 Increasing the extension of the considered zkkagin general decreases, as expected, owing
16 to the material non-linearity and the stress cotraiinn associated with the cross-section
17 type;
18 » unlike what found for the bending resistance, bpgishe nominal value of thig, thelexv
19 lgkratios are always lower than unity, showing théurice of local buckling also for low
20 load levels. If solid members are considered, @ties are comprised between 0.77 and 0.97,
21 while in case of perforated members, the ratio earigetween 0.63 and 0.82. By using the
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effectiveE valuelerd Igxterm ranges between 0.89 and 1.13 while for petddriis between
0.72 and 0.95;

* method 1 is the most stable: the MAX/min ratio wigfierence to the proposed data is always
lower than 6%, while for the other methods it rasgp to 18%;

» the largest range (10%-70%Hs significantly interested by non-linear behaxriand hence
should not be considered for the effective stiffnegaluation (and hence, in the following, it
is neglected for the outcome discussion);

* if the 10%-70% range is excluded, the MAX/min ratecreases remarkably for each method
and became lower than 3%, 7% and 10% for meth@dahd 3, respectively, independently
of the considere# value.

Moreover, it can be noted that in case of bendloggathe non-symmetry axis (z-axis according to
Table 1), the state of stress acting on the raag#s (or, equivalently, on the other zones ottbss-
section) influences not only the resistance but #ie second moment of area, issue that is cuyrentl
neglected in routine design as well as in standeodes. For a more deep analysis of the results,
reference can be made to the ratio between thexdaonoment of area associated with the z-neg
(leffz,ned and z-poslésiz,pod @appraised by tests. In table 9, this ratio iseneed for the different elastic
ranges and for each analysis method. Differenderms of effective second moment of area is up
to, in mean, 11% and 6% for the solid and the patéal cross-section, respectively, confirming the
importance of the role played by the support coost on the global behaviour of the upright in
bending.

Table 9.leff,z ned leff,z pogatio for the considered S- and H-type specimen.

Range mean

10%-30%| 10%-50%| 10%-60%
Vethod 1 [SUeL 088 | 089 | 080 059
Method 2 ﬁgsg gg; 832 ggg 832
Method 3 ﬁgsg gsz 832 ggg ggi

Furthermore, the second moments of area assocutiethe S-type and the H-type specimens have
been compared with the aim of investigating thiuarice of the holes. The results presented in Table
10, in terms ofefk, ¢ leftk_Hratios, show a non-negligible influence of thefpeation system on the
flexural behaviour. For the considered uprightetiéihces for method 1 range from 13% to 20% for
the bending along z-pos and y direction, respéelgtivEhese differences increase if method 2 or
method 3 is considered.

Table 10lefr k,_¢ leff,k_Hratio for each direction.

. Range

HIEINEE | @ 10%-30%] 10%-50%] 10%-60%| M
mean 1.20 1.20 1.20 1.20

Y [stdev.] 00353 | 0.0229| 0.0146
mean 1.19 1.18 1.18 1.18

1 | “™9stdev.| 0.0819 | 0.0551| 0.0459
2-pos mean 1.30 1.27 1.26 1.29

stdev.| 0.1594 | 0.1153| 0.0989
mean 1.18 1.21 1.21 1.20

Y [stdev.] 0.0855| 00264 00514
mean 1.14 1.16 1.16 1.15

2 | "9 stdev.| 0.0446| 0.0290 0.041¢
2-pos mean 1.17 1.18 1.18 1.18

stdev.| 0.0898| 0.0511]  0.0464
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mean 1.20 1.23 1.22 1.22
y st.dev.| 0.0903 0.0446 0.0574

Z-ne mean 1.13 1.16 1.17 1.15
3 9 st.dev. 0.0096 0.0428 0.0301
mean 1.19 1.19 1.18 1.18
Z-pos

stdev.] 0.0623 0.0281 0.015(
Finally, the experimental second moments of atgg)(of the H-type specimens obtained by the
three methods, are compared with two differentistézal values: i)eq,kObtained from the equivalent
cross-section (Figure 19), according to ref. [&rld ii) Inetk Obtained by considering the maximum
perforated cross-sections 2in Figure 4). The results, presented in tablenlteims of ratio$e/
legk@ndlefr,k/ Inetk Show that theoretical approaches lead to an averegestimation of the second
moments of area. This trend, observable for alttresidered cases, is not true for the z-pos direct
for methods 2 and 3. Furthermore, if method 1 isatered, it can be noted that the equivalent eross
section approach tends to an overestimation grelger the one obtained from the net section.
Conversely, for method 2 or 3 no general indicatioan be found.

Table 11. Comparison between experimental and ¢fieal second moment of area for H-type members.

E = 210000 MPa E = 180500 MPa
Method axis 10%-30%| 10%-50%| 10%-60%| 10%-30%]| 10%-50%]| 10%-60%
mean|  0.90 0.89 0.88 1.03 1.02 1.0
Y [stdev.| 00256 | 0.0164 | 0.0143] 0.0299 00180  0.0145
lefti/ [ [ mean| 081 0.82 0.83 0.93 0.95 0.95
logi 9 stdev. 0.0421 | 0.0305| 0.0248] 0.0484 _ 0.0351 _ 0.0285
1-pos |_mean | —_0.90 0.92 0.92 0.97 0.99 0.99
. stdev.]| 0.1367 | 0.1349 | 0.1341] 0.0868  0.0683 _ 0.0610
mean|  0.93 0.92 0.91 1.07 1.06 1.05
Y [stdev.| 0.0267 | 0.0171| 0.0149] 0.030/ _ 0.0195 _ 0.01]2
lefti/ [ [ 'mean| 092 0.93 0.94 1.05 1.07 1.08
Inetk 9 stdev. 0.0478 | 0.0346| 0.0281] 0.0549  0.0398 __ 0.0323
1-pos |_mean | —_0.96 0.97 0.97 1.10 1.12 1.12
stdev.| 0.0856 | 0.0673 | 0.0602]  0.0985  0.0774 _ 0.0692
mean|  0.88 0.86 0.83 1.01 0.99 0.95
Y [stdev| 00212 | 00144| 00190 00243 00166 _ 0.0218
leftk/ mean|  0.88 0.87 0.86 1.02 1.00 0.99
legk |~ -9 [stdev.| 0.0308 | 0.0123 | 0.0164] 00358  0.0141  0.0189
1-pos |_mean | —_0.95 0.92 0.90 1.09 1.05 1.03
. stdev.| 0.0427 | 0.0306 | 0.0219] 0.049]  0.0357 _ 0.02%2
mean|  0.83 0.81 0.81 0.96 0.93 0.93
Y [stdev.| 00290 | 0.0115| 00154] 0.0333 _ 0.013 _ 0.01]7
left k/ mean 1.00 0.98 0.97 1.15 1.13 1.12)
Inetk |9 [stdev] 0.0350 | 0.0139 | 0.0186] _ 0.0404 __ 0.016D __ 0.0214
2-p0S mean 1.08 1.04 1.02 1.24 1.20 1.17
stdev.| 0.0485 | 0.0347 | 0.0249] 0.055] _ 0.0399 _ 0.0286
mean|  0.89 0.84 0.81 1.02 0.97 0.93
Y [stdev.| 00268 | 0.0136| 00167] 0.0304  0.0155 _ 0.01¢2
leftk/ mean|  0.89 0.86 0.84 1.02 0.99 0.97
legk |~ 9 [stdev.| 0.0194 | 0.0215| 0.0202] 00223  0.0247  0.0233
o5 |_Mmean| 0,94 0.91 0.89 1.08 1.05 1.0
s stdev.] 0.0202 | 00107 | 0.0045] 00233  0.0123 _ 0.0051
mean|  0.83 0.81 0.79 0.96 0.93 0.91
Y [stdev] 00182 | 00202| 00190 0021 0023 _ 0.0218
lefrx/ mean| 101 0.98 0.96 1.16 112 1.10
lnetk |~ [stdev.] 0.0220 | 0.0244 | 00229 0025 _ 0.0280 _ 0.0264
1-pos |_mean| 107 1.03 1.01 1.23 1.19 1.1§
stdev.] 0.0229 | 0.0122 ] 0.0051] 0.0264  0.0140 _ 0.00%8
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5. Concluding remarks

An extensive experimental campaign has been coedwst an open TWCF profile typically used as
upright for storage solutions, mainly for adjustabphllet racks. Two different types of tests have
been conducted: i) compression test on specimeviachdifferent lengths and ii) bending test on
both the down-aisle and cross-aisle direction. riep to investigate the influence of the regular
perforation systems that characterize the considerembers, both perforated and unperforated
(solid) profiles have been tested.

Compression tests were performed by adopting annaltive specimen set-up, differing for the end
restraints usually suggested by standards, algadmntee a high level of repeatability. Test tssul
point out the non-negligible influence of perfoaais, depending on the specimen lengths (i.e. on the
failure modes): differences ranges from 10% upQb.

As to the flexural behaviour, three different tygg¢ests have been carried out in order to capghee
profile response along the principal axes of tlessisection, one of which is also a symmetry axis.
Resistance is strongly influenced by strain hamigeiffects due to the cold working processes, with
non-negligible benefits for both sets of specimansto 34% with respect to the elastic bending
moment of solid profiles and quite moderately restlior perforated members. Furthermore, bending
tests data have been analysed focussing attentidheoexperimental evaluation of the effective
second moments of are&s(). Owing to lack of indications in standard coddgee different
procedures have been developed and applied. Retdtg that independently of the considered
procedure:

» the value oflefrk depends in a non-negligible way on the range efddta considered for the
analysis;

* in case of bending about the non-symmetric axis,dfferent values of the second moment
of area characterize the flexural response, depgndin the parts of the cross-section in
tension/compression;

» the three different procedures applied to askeg$ead to quite different results;

» the influence of perforations on both resistanat tiifness is non-negligible, despite a very
limited portion of the module interested by theslI@-igure 4);

» the equivalent solid cross-section according t§ ¢a&hinot be used to assess the effective area,
leading to non-negligible overestimation. Furthereyohis approach allows for an estimation
of the flexural behaviour acceptable for desigrppses.

Finally, it is worth noting that improvements redtto the experimental evaluation of the second
moments of area are urgently required in rack ions, affecting these quantities the set of iralern
forces on which routine design is based. In additethe detailed layout to be adopted for the end
restraints of the uprights in bending, also the dadory assessment of the elastic modulus should be
imposed by the rack design codes. The non-negligiifferences from the nominal value associated
with the material test results of the present neseaonfirmed also by [44] could affect signifitln

the actual degree of safety of the storage radesys owing to the influence of the material modulu
on both ultimate and serviceability limit state cke
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