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SUMMARY

This thesis work aims to successively analyze and develop "ex novo" problems
concerning the use of finite elements for the analysis of issues characterized by high
plasticity, geometrical and material nonlinearity, large displacements and rotations; all
combined with the effect of temperature on the material mechanical properties. The
ultimate objective of the work is the analysis and development of nonlinear Finite
Elements devoted to the modelling of steel structures at ambient and elevated
temperature.

Three different experiences will be analyzed in this elaborate; each of them
characterised by specific issues that may be involved in the analysis via finite element
method of steel structures at ambient and elevated temperature. At the same time
innovative aspects that are related, for example, to the particular typology of the
analyzed case study (first case) or in the methodology used in the treatment of the
problem (second and third case) are investigated. The thesis structure chronologically
retraces this path and the results and the experience gained from each of them were
exploited to ultimately implement athermomechanical finite element that is expression
of all the tackled problems. The thesis consists of a collection of three papersthat have
been published or submitted on each of the investigated topics.

In detail:

- Inthefirst paper, acommercia finite-element code, of the type "multipurpose”, such
as ANSYS has been used for the analysis of innovative cold-formed, lateraly-
restrained steel rectangular hollow flange beams subjected to monotonic bending test.
The numerical analysis has been carried out by means of the direct comparison with
experimental tests on real scale specimens; that has allowed the detection of some
phenomenological problems that have been included in the model calibration. From a
numerical point of view, thiswork has at first allowed to deeply investigate the plastic
problem by means, for example, the appropriate identification of the constitutive laws
for the material, the correct choice of hardening law and yield surface, and their impact
on the model. The local buckling problem typical of these profiles has been evaluated,
through the use of shell elements. Furthermore, the effect of the global and local
imperfections, which have been introduced in the model with different amplitudes, has
been deeply investigated by evaluating their effect on the ultimate load. The calibration
of the model finally allowed to perform a series of parametric analyses in order to
extend the results to an extended range of profiles, characterized by different
senderness.

- In the second paper, the thermal problem has been introduced with the support of a
finite element software, designed specifically for thermomechanical analysis (SAFIR).
The case study is, in this case, based on a multi-storey steel-concrete composite open
car park subjected to localized fire of vehicles. With this study, not only the plastic
problem has been analyzed but also phenomena such as the effect of high geometrical



SUMMARY

nonlinearity and large displacements on the structure in addition to the temperature
effect on materials mechanical properties. The case study has been used to evaluate the
assumptions and the issues that arise when developing an innovative integrated
modelling methodology between a computational fluid dynamics (CFD) software
applied to compartment fires and a finite element (FE) software applied to structural
systems. Particular emphasis has been given to the weak coupling approach devel oped
between the CFD code fire dynamics simulator (FDS) and the FE software SAFIR.

- Inthethird and last paper all the experiences obtained from the previous works have
been focused on the implementation, inside the MATLAB environment, of a
thermomechanical beam finite element based on the co-rotational beam theory for the
analysis of two-dimensional frames heated under high temperature and subjected to
plastic deformation and to the effect of geometrical nonlinearity. The finite element is
mainly aimed at the study of steel structures, with double-symmetrical profiles such as
IPE or HE cross sections, and could then be used as a modelling tool for typical frames
subjected to thermal actions. The element implements both Euler-Bernoulli and
Timoshenko beam theories and can analyse dender to moderately stocky structures. A
co-rotational formulation was used for describing the beam kinematic. The degradation
of the steel mechanical propertiesat high temperature according to the Eurocode 1993-
1-2 was considered by integrating the material congtitutive law based on a
predetermined temperature field in the cross section. An improved displacement
predictor for estimating the displacement field at the beginning of each time step was
successfully implemented and allowed to significantly decrease the computational
time. Furthermore, advanced path-following methods that detect secondary equilibrium
paths owing to instability occurrence were implemented in order to analyse the elastic-
plastic post-buckling behaviour of compressed steel elements at high temperature
without the need of introducing geometrical imperfections. In order to show the
potential of the developed finite element by highlighting the practical implications, a
parametric analysis was performed to show whether the element could reproduce the
EN1993-1-2 buckling curve. Validation against experimental and numerical data
obtained with commercial software like ABAQUS and SAFIR is thoroughly shown in
the paper.



SUMMARY




Toric1

TOPIC 1.
Numerical analysis of cold formed steel profiles subjected to
monotonic bending moment

1 Introduction

This section focuses on the development of a nwalework aimed at predicting the
section bending moment capacity of cold-formedl seangular hollow flange beams
(RHFBs). The geometry of RHFB comprises two toralbynstiff rectangular tube
flanges connected by a slender web through weldihg.numerical model is based on
the results obtained from an experimental testnamogne reported in [1].

The following paragraphs describe the issues asdnagtions that were considered to
numerically capture the behavior of these specingnimtroducing the fundamental
phenomena that are involved in the modeling prooé#sin-walled steel beams.

The focus is the achievement of a calibrated fislement numerical model, able to
predict the behavior of RHFB beams also charaadtig different slenderness or plate
thickness compared to those tested during the empatal campaign.

This is therefore recommended to preliminarily eas the effective resistance, under
the particular load configuration, of such beamsl aonsequently assess their
convenience in term of performance and costs.

1.1 Relevance of experimental-numerical studieson cold for med steel profile: state
of theart

In last decades, cold formed profiles for the mibn of small houses frame used as
secondary elements for roof systems have widen ti@iket in Europe. However this
typology of structural elements were already largiffused and employed in North
America and Australia. This impulse, registere® &tsEurope area is in part connected
to the recent construction sector crisis that hemesequently moved the attention
towards the choice of alternative elements thathagacterized by reduced weight and
cost, in particularly if compared to common hotledl steel profiles. This fact has
attracted the interest of researchers towardsnhéysis of the structural behavior of
such profiles both under static [2,3] and cycliadings [4,5] by taking into account the
fundamental problem of instability that mainly dexs by employing cross sections
which generally fall into the Eurocode 3 Class 4.
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Fig. 1 Cold formed profiles for structural applications; a) Building frame
realized with cold formed profiles [6], b) Z coldrfned elements used as
purlins elements in roof system [7]

Moreover, thin walled cold formed profiles subjette flexure may be sensitive to
local, distortional and lateral torsional bucklitigt can reduce the bending capacities
below the elastic moment MThis prevents the possibility to develop the asét
reserve of the cross section. As a consequenceesu@dilure mechanisms may be
observed even though the material has not evehedabe elastic limit.

Several experimental tests were performed in lastrs/ by researchers in order to
analyse these issues. Test results are comparedhsibutcomes deriving from finite
element models that are used to numerically sirauls real physical behaviour.

On these premises, the present work aims to irgagstithe performance of a new I-
shape cold formed profile, realized by means of tactangular hollow flange cross
sections connected by a slender web. A numericaleinewas then calibrated on the
basis of the experimental evidences. The studyyaealin particular the inelastic
flexural behaviour of cold formed beams by avoidegral or torsional buckling. The
tested beams were in fact conceived for the useasndary beam elements in roof
systems or slab of small steel-framed buildings rehkateral displacements are
generally prevented by the steel sheeting.

2 Case study: experimental programme

The research has involved six, | - shape, beamrspes fabricated with cold-formed
rectangular hollow flange sections (see Fig. 2)e Tdsted specimens can be divided
into two typologies (RHFB-240 and RHFB-300) thafeti in terms of global section
size and plate thickness (see Tablel). The act@mlsores carried out on tested
specimens are instead used in the numerical medelTable 2).
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Fig. 2 Geometry of the cross«géon; a) RHFB 300, b) RHFB 240.

The specimens were provided Byuppo Mannian Italian steelwork company. Steel
profiles were built by welding two structural tubgsroduced by cold rolling - to a cut
flat plate that constitutes the web. This fact preed to introduce an intermediate
stiffener on the outermost flat elements that am of the tubes. This sort of detailing
would be beneficial in order to reduce local buafgland crushing due to local effects
of the flange in compression. Moreover, the wagrofducing the specimens was cause
of higher imperfections with respect to those pneesoly expected if an appropriate cut
machine had been used.

Table 1 Nominal section dimensions of the specimens. Dsiwers in mm.

hnom Brom Ct.nom thom L
RHFB-240 240 100 20 2.0 4500
RHFB-300 300 150 30 3.0 4500

Table 2 Measured section dimensions of the specimens. simes in mm.

h b (] t fi L
TO1 RHFB-240 235.2 100.0 19.8 1.92 1.75 4495
T02 RHFB-240 235.6 99.4 19.8 2.01 1.75 4495
T03 RHFB-240 235.6 100.0 20.0 2.00 2.25 4495
T04 RHFB-240 235.3 99.9 19.7 2.01 2.50 4495
TO5 RHFB-300 298.3 150.0 30.4 2.87 3.00 4498
T06 RHFB-300 296.8 150.1 30.0 2.86 3.50 4496
TO7 RHFB-300 297.5 150.1 30.2 2.93 3.50 4498

The experimental set-up for static tests — Fig.v&as conceived in order to force a
failure mode caused by the attainment of the mawintiending moment capacity.

Thus, each specimen was loaded according to apfiat-bending scheme and was
fully laterally restrained by two HE300B profildsat assured restraint against lateral
torsional buckling, as illustrated in Fig. 3. Loviefion sheets were inserted between
the specimen and the HE300B and they were arrangadeth a way that they were not

7
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in contact with the specimen. Moreover, transvstgieners were welded at supports
and at load points to avoid either web bucklingveb crushing or web crippling owing
to concentrated transverse loads, as depicted)irBFi

167,2
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>7000 ; e
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633 | - 770

4000

I— T L

Fig. 3 Lateral and side view of the experimental set-up

As previously mentioned, the load was applied byamseof a four-point bending
scheme in order to induce in the central span,the.length between the two load
application points, constant bending moment ano shear force. In this way, the
midspan load condition of a simply supported beanictcbe well reproduced. The load
was introduced by means of a hydraulic actuatdr#las displacement-controlled at a
speed of 0.5 mm/min.

The total length of the specimens and the distémeteeen the two point loads were
selected on the basis of the recommendations prdvidAppendix A.3.4 of EN1993-
1-3 (2006). As a result, the total length was 4,3ha span between supports 4 m and
the distance between point loads 1 m. The end stgppansisted of a hinge and a roller,
respectively.

The instrumentation (Fig. 4) comprised verticalptisement transducers (A2-A8)
installed along the specimen in order to measuweédtflection; an horizontal transducer
(A1) at the roller support in order to measure hbeizontal movement and of strain
gauges (E1 and E2) glued on the top and on therhdtange of the midspan section
in order to record strains.
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Fig. 4 Instrumentation satp of RHFB beams; a) RHFB 300, b) RHFB 240

Fig. 5 Experimental test; a) Side view of the set-up, b) Detail of web stiffener
with end plate support
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3 Numerical modelling of cold for med profiles

In next paragraphs the main issues and assumptiahs/ere involved in the study of
cold formed profiles will be introduced and analysEhe aim is to develop a numerical
model able to predict experimental outcomes andemuently take into account the
main physical phenomena that are involved in ttaération of flexural resistance of
rectangular hollow flange beams. The numericabcated finite element model could
then be used in order to perform parametric analyse

Numerical studies on cold formed profiles are alyeavailable in literature. Anapayan
and Mahendran [2] analysed for example the lateuakling behaviour of C shape
hollow flange beams, Shifferaw and Schafer [3]adtrced numerical models for
predicting the inelastic bending capacity of backack C or Z sections subjected to 4
point bending tests; Avery et al. [8] numericallydied the flexural capacity of hollow
triangular flange beam developed and designed istrAlia for use as a flexural
member. Other studies could be reported for diffepeofiles shape or load conditions
[9, 10], however not redundant analyses are uptiV available for similar designed
rectangular hollow flange beams. This work aimeeXpand the knowledge of flexural
resistance also to this innovative cold formed|gie#file.

3.1 Material characterization of the specimen: effect of cold for ming process

Carbon steel presents a stress-strain curve thasually characterized by a linear
elastic range followed by a yield plateau. In maages the material is modelled by
means of a bi-linear curve.

Other metals, such titanium, aluminium and stagksel have nonlinear stress-strain
curves featuring relative low proportionality sses and extensive strain-hardening
ranges [11]. In these cases a particular critefiordefining the yield limit must be
specified. For stainless steel, for example, thévadent yield stress is determined on
the base of the permanent strain of the 0.2% mwe$s.

Moreover in the case of cold formed profiles, readi with carbon steel or stainless
steel, the working process due to cold rolling rfiedithe classical stress-strain relation
by introducing a significant strength enhancementghe corner regions due to
hardening. Indeed for flat regions in particulamneorners area the elastic-plastic
transition is smoother.

The definition of the representative stress-strainve, also with reference to the
specific position of the material in the cross mextis therefore of particular
importance to define with a sufficient order of a@cy the structural behaviour in
particular when buckling phenomena are involved.

Some authors as Engesser [12,13] or Shanley [1a1ysed the effect of yielding on
the buckling resistance in particular of compresssldmns by underlying substantial
differences when a load deflection curve is plottétth reference to a bilinear or a non-
linear stress-strain curve. In the case of colchémt beams, such as the ones analysed
in this study, a correct characterization of theéamal properties is fundamental in order

10
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to correctly capture the generation of local bugkkeffects in the compressed elements
of the specimen. A campaign of tensile tests oieidint material specimens were then
carried out in order to obtain sufficient data ticcessively numerically reproduce the
experimental evidences. The study involved 25 spews extracted from different
region of the flange tubes (corner, lateral bowrted superior flat zone) and web. The
obtained stress-strain relations are then repant&ey.6.

600 T T T T
I I I I
I I I I
500F - — — — i
I I I I
I I I
L I | I I
=z ! | ey At S
o I g boomimoc [J— [ | |
= | | | | = | | | |
0 300 - — -~ [t B - - Z300F - e
4 | | | | 0 | | | |
g [
& I I I I g I I I I
____L e [ I I I I
200 I I I I e e H e R
I I I I I I I I
100 I | | | I I I I
***** TTTT T 100 - ———-r—-—-——--
‘ | | =*=- Tube flat RHFB-300 ‘r ‘T === Tube flat RHFB-240
| | | ===Tube corner RHFB-300 | | | == Tube corner RHFB-240
0 1 1 T T | 1 T T
0 2 4 6 8 10 00 2 4 6 8 10
Strain (%) Strain (%)
(a) (b)

Fig.6 Example of a tensile test stress-strain relatigmst) RHFB 300 material data for tube
flat and tube corner zone, b) RHFB 240 materiah datt tube flat and tube corner zone

The tensile tests revealed that a significant imeein yield strength, due to cold
forming process, was actually observed in the aazoee respect to the flat part of the
tube flange. The percentage of increase, obtaimed &n average measure performed
on all tested specimens, was around +28% for RHFBL2ams and +30% for RHFB
300 profiles.

The results of the investigation on material chemdazation were then employed in the
numerical finite element model.

True stress — strain relationships were employedniaterial properties because more
representative of the state of material in largaistanalyses.

0y = 0g (1+ 5e) (1)

& =1In (1+ ae) 2
The Poisson’s ratio was taken equal to 0.30. ThétilMear Isotropic Hardening
(MISO) material law, available in ANSYS [15], wasstead used for implementing the
true stress — strain data. It allows including eruefined stress-strain relationship by
means of several linear segments. The material hneliks on the Von Mises criterion,
a classical yield criteria introduced in 1913 basedthe second deviatoric stress
invariant 3. The physical idea of the criterion is thdhe plastic yielding begins when
the } stress deviator invariant reaches a critical vadlu@he critical value mainly

11
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depends on a hardening internal variable thatiggically connected with the density
of dislocations in the crystallographic microstiuret that causes an isotropic increase
in resistance to plastic flow [16]. In some cades {sotropic hardening), the internal
variable could be easily expressed by means afgaukir scalar value whose amplitude
determines the size of the yield surface. In tree ad the Von Mises criterion the yield
surface could be defined as:

whereoy is the uniaxial yield stress.

In the space of principal stresses the yield serfassociated with the Von Mises
criterion is represented by the surface of an infinite cylinder (see Fig.7a); whose axis
coincides with the hydrostatic axis. In the biasitiess space it is an ellipse symmetric

with respect to the origin of the principal stresane (Fig.7b).

(@)

uniaxial test

02
o1 initial surface

hardened surface

(b)
Fig.7 Von Mises criterion; a) Von Mises yield surfacepiincipal stress space, b) Isotropic
hardening (with reference to a uniaxial tensil¢ testhe Von Mises yield surface in the
deviatoric plane

12
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It is important to note that the pressure compooétihe stress tensor is not included
in the definition on the Von Mises criterion, asansequence the yielding is influenced
only by J,.

For that reason the criterion could be used torimsthe elastic-plastic behavior of
material in which the failure is due to slip betwalislocation planes (ductile metals),
however is not suitable for describing concreteeda®material, for which the effect of

hydrostatic component should be taken into account.

In the MISO model, based on isotropic hardening yileld function exhibits a uniform

expansion of the initial yield surface without translation; this choice was deemed
adequate for the purpose because of the monotatucenof the experimental tests.

3.2 Evaluation of residual stresses, related impact in cold formed steel structural
behaviour and their inclusion into the numerical model

Cold formed profiles undergoes forming and fabraraprocesses that could produce
high values of residual stresses with a conseduogract on the structural behaviour of
steel elements. Residual stresses are caused $&tjc pdeformation or temperature
gradients induced in the metal and due to rollimglding, grinding, heat treating etc.
In relation with their magnitude and position theyuld produce negative effects on
fracture, fatigue, brittle fracture and bucklingeplomena [17]. The knowledge of
residual stresses, and their introduction in thaenical model, is necessary in order to
correctly model the flexural behaviour of the beaamsl to take into account the
buckling phenomena that could affect the comprepseis.

However, due to practical difficulties, the measoeat of residual stresses in cold-
formed sections is not easy, in particular for ieoh parts of the cross section where
their impact is greater. For flat parts of the sresction, their derivation is easier but
the relative amplitude is in this case negligibteaddition, there is an almost lack of
data or analytical models able to predict the redidstresses distribution in
conventional cold-formed profile. Some studies weemformed by Rondal [18]
however the developed model was for example net @bdlescribe the variation of the
stresses through the thickness, this conduces gental simplifications. As a
consequence, a reasonable and justifiable intramucf these quantities, performed
for example at the level of shell thickness intéigrapoints, is not so expected. A
possible way consists in their implicit inclusiamthe stress-strain diagram obtained
through tensile tests that characterize the méatpraperties. Before going into the
details, we have to point out that for cold-fornmeedmbers the residual stresses could
be computed as the sum of two terms: membraneuasitresses and a flexural
component.
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€Y (b)
Fig.8 Beam tested specimens; a) View of the specimers a@dion, b) Bending caused by
flexural residual stresses released after couptraction

The stress-strain relationship obtained from tensdists includes flexural residual
stresses whose magnitude is not negligible for-tmiched sections [19]. The proof of
residual stresses presence was also observedaftgon extraction by observing the
bending of material specimens due to the releafiexafral residual stresses (Fig. 8b).
Conversely, membrane residual stresses were naumashbecause small with respect
to flexural residual stresses, apart from corngiores. These zones are also affected by
the increase in yield stress due to cold formingkwarocess.

The cold working enhancement was not included & ¢brner zones because the
membrane residual stresses were not modelled:cin tleey tend to counteract one
another.

On the other hand if the increase in yield strertgdl been included in the model,
residual stresses have to be explicitly introdudéda: followed methodology applied
to the specific case study has effectively dematestr a dependence of the ultimate
bending moment M on residual stresses. Generally the introductibrresidual
stresses, both flexural and membrane, reducesatoe wf M, by causing premature
buckling phenomena of the compressed part.

3.3 Introduction of geometrical imperfectionsand their influencein the numerical
model

Geometrical imperfections were introduced into niienerical model in order to take
into account the lack of correspondence betweendia geometry (defined by the
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nominal values reported in Table 2) and the reafigaration of the profile. Their
introduction was indeed of fundamental importancarticular for this case study,
where a high level of imperfections were observedlbtested beams. As previously
mentioned the presence of high imperfections ogispEns was mainly connected to
the working process employed for their fabricateord the absence of a specific cut
machine.

Two problems should be take into account when angédcal imperfection has to be
introduced into a numerical model. The first relies the determination of the
imperfection shape, the second regards the comespae amplitude. With reference
to the second point, the present study followsntie¢hodology introduced by Schafer
and Pekoz [19] that quantify the maximum amplitidperfectiond as a function of
the element widthv:

d = 0.006w 4)

The shape of the imperfection was instead deteiiyemeans of a linear buckling
analysis referred to the eigenvector associatdioettowest eigenvalue Fig.9.

AN

Fig.9 Buckling shape referred to the lowest eigenmode

In the present model specific imperfections, oladirby following the reported
procedure, were introduced for the web and top cesged flange.
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Fig.10 Introduction of geometry imperfections in the 3Ddab

Different value of amplitude were tested; finally the maximum value proposed by
Schafer and Pekoz [19] was maintained in order dlibrate experimental data.
Performed finite element simulations demonstrateirect connection between the
imperfection amplitude and the ultimate bending raotmM, (an increment of
amplitude progressively reduces the vaddiévl, and vice versa)he introduction of
geometrical imperfections also modify the failureahanism that instead would be
observed in the presence of an ideal structure.

3.4 Description of the numerical model

Numerical nonlinear models provide a comprehensigans to investigate cross-
section slenderness, plastic material reserveyaitin of local buckling phenomena
and other effects that influence the bending sttenfbeams.

All the beams tested during the experimental cagip@il, T02, TO3 — (RHFB240),
and T04 TO5, T06 - (RHFB300) were modelled throfighe element analysis. Shell
elements were introduced for the study of the spens.
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AREAS
TYPE NUM

Fig.11 Finite element model of the beam. RHFB 240

More in detail, the SHELL 181 element (Fig.12), itakale in the ANSYS elements
library [15], was used in order to model all thetypd the beam. The element is suitable
for analyzing thin to moderately-thick shell sturgs. It is a four-node element with
six degrees of freedom at each node: translatiortié x, y, and z directions, and
rotations about the x, y, and z-axes [15]. SHELL 1&cludes the linear effects of
transverse shear deformation.

@ KL
iAJ

Trianguiar Oplicn
{nect recommended)

Fig.12 Shell 181, Ansys element [15]

A mesh sensitivity investigation was initially penfned in order to introduce an
adequate model refinement able to accurately préuicspread of plasticity and arise
of local buckling effects. Finally a uniform meslonstituted by means of square shape
elements, 5mm wide, was introduced for all the &tiens. All the parts of the beam,
included the intermediate web stiffeners and the gates supports, were modelled
into ANSYS. Restraints were applied, accordinglth®static scheme, to the end plates
along an ideal line (Fig. 13) in order to distribtihe reaction forces.

The plate and the bottom tube flange were connetdgdther by means of rigid
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constraint equations CERIG command [15]. Load waglied by introducing an
increasing displacement ramp to all nodes belonginige intermediate web stiffeners,
located at half meter from the midspan. Lateralst@ints were then introduced in
order to prevent the lateral torsional buckling aimdulate the constraint effect of the
lateral HE300B profiles.

Fig.13 Detail of mesh discretization, local refinementj @md support constraint

4 Numerical outputs

The accuracy of the final element model was chedikgdomparing the ultimate
moment capacity Mand the vertical displacemedu at midspan in correspondence of
Mu.

Results are reported in Table 3.

Table 3 Flexural behaviour comparison between numerical exgkrimental

results.
My Fe /My TEST %, Fe /% TEST
TO1 RHFB-240 1.02 0.90
T02 RHFB-240 1.05 0.93
T03 RHFB-240 1.04 0.93
T04 RHFB-300 1.03 0.98
T05 RHFB-300 0.98 0.81
T06 RHFB-300 1.04 0.95
Average 1.03 0.92
cov 0.02 0.06

The finite element model generally tends to ovémese the ultimate moment capacity
M. of the tested beams that demonstrate to be mooendable (mainly for the effect
of high imperfections). Nevertheless the differenae shown in Table 3 is limited

(average ratidv'u,FE IMy TEST= 1.03); the developed model is a good predictor of
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the ultimate moment capacity of the profiles.

The bending-moment displacement curves for two ispets (TO1 RHFB 240) and
(TO4 RHFB 300) are showed in Fig. 14. In the figutee results of the numerical
simulation are superimposed to the experimentalenges.
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(b)
Fig.14 Bending moment — displacement curves; a) RHFB BPpRHFB 240

The validation of the numerical model takes intacamt also the comparison of the
failure mode that was observed experimentally tithequivalent mechanism detected
by means of the finite element simulation.

The plastic mechanism that involved the top congioesflange of the tested specimen
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is depicted in Fig. 15a and Fig. 16a, while Fig.b1&nd Fig.16b show the
correspondence numerical output. The finite elenmantel demonstrates to well
capture the arise of buckling phenomena that afféwe superior flange. The web
buckling observed for RHFB 300 specimens was akdbrepresented in the numerical
model Fig. 17. The finite element model of the RHEE specimens was although not
able to detect some minor plasticisation occuriatlyén the tests as depicted in Fig.
18. These profiles (RHFB 240 series) were in fagteraffected by imperfections and
local effects that increase their deformabilitytwit deviation in the elastic branch as
illustrated in Fig. 14b.

-.039149 029182 9248
-.034166 -.0042¢

NODAL SOLUTION

STEP=56
SUB =5
TIME=.55001

@ (b)
Fig.15 Plastic mechanism for the superior compressed dlafitgt evidence; a) Experimental
test, b) Numerical output
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TIME=.70001
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@) (b)
Fig.16 Plastic mechanism for the superior compressed élasgrond evidence; a)
Experimental test, b) Numerical output
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Fig.17 Web buckling RHFB300; a) Experimental test, b) Nrioz output
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@) (b)
Fig.18 Plasticization on the superior flange for RHFB246fites; a) Experimental test, b)
Numerical output

4.1 Parametric analyses

A series of parametric studies were performed depto expand the available findings
to a wider range of beam slenderness.

Material properties representative of material @yugests that include flexural residual
stresses were used in the parametric analysesl gecanetric imperfections were

modelled by means of the lowest buckling mode shagepoint bending scheme was
used with span of the beams set to 4 m and a destainl m between the point loads.
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The dimensions of the cross section were the oh#dseol01 RHFB-240 profile and
the TO4 RHFB-300 profile but the thickness that wased between 1.2 mm and 4 mm
for the RHFB-240 profile and between 1.8 mm andré for the RHFB-300 cross
section, respectively. The limit of a Class 3 setticcording to the EN1993-1-1 [20]
was assessed by plotting the normalised ultimateemd M, over the elastic bending
moment M with respect to the most limiting e/tlenderness value that was the tube
flange in compression, whecas the flat width of the plate elementts thickness and

e = V(235/f). As expected, the parametric study showed noiderable difference
between the two cross sections owing to geometnjlagity normalised with respect
to the material strength. In fact, from Fig. 14d &g 14b it is possible to observe that
trend line obtained through linear regression hasesslope and intercept values. From
the same Figures it is possible to note that EN1@9®Is to be conservative by
underestimating the flexural capacity of RHFB crsestions. The Class 3 limit is also
conservative: from the parametric analyses thetari$ecal buckling of the tube flange
in compression, i.e. when My < 1, is observed for ¢/equal to about 48 instead of
42. Furthermore, the capability of the DSM [21poédicting the flexural behaviour of
RHFBs was investigated. The main idea behind tlathod is the determination of all
elastic instabilities, i.e. local M, distortional M, global buckling M. and the
bending moment that causes yield, i.. Whe smallest moment among:MMcrd, Mcre
and M, identifies the bending resistance of the sect®ince lateral-torsional buckling
and lateral-distortional buckling do not apply e tcase study, only local buckling is
considered. It is worth to point out that for compan purposes input data of finite
strip analyses in terms of geometry of the crosi@® and mechanical properties, i.e.
yield strength, elastic modulus and Poisson’s dgiefit, were chosen consistently with
the FE analyses. The stress distribution was assusweording to the M. No
imperfections were included and bending resistabegond the elastic bending
moment is not estimated. Thus, it is interestingtiserve when local buckling becomes
significant and affects the flexural strength af eam by preventing the attainment of
the elastic bending moment. Fig. 14a and Fig. Miwghat the DSM provides a good
prediction for ck slenderness value up to 55, then it tends to fiignily
underestimate the flexural strength{¢#t60).
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Fig.19 Parametric analysis a) RHFB300 b) RHFB240
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Abstract

This paper presents the results of a compreheagjperimental-numerical study aimed
at determining the flexural performance of coldrfied laterally-restrained steel
rectangular hollow flange beams (RHFBs). Two RHEBdifferent dimensions were
considered as representative of typical secondaaynis in small steel-framed houses.
Results of the experimental study that consistedl wfaterial characterisation and ii)
tests on full-scale specimens are thoroughly ptesemMoreover, a numerical work
was performed in order to develop a model ableepraduce the experimental
outcomes and used to expand the available findivgs a wider slenderness range
through parametric studies.

1INTRODUCTION

The use of cold-formed steel sections in small Bsus well established in North
America and Australia but in Europe their expla@atis mainly limited to secondary
elements of steel roof systems. Nowadays, evenuioge the use of such profiles is
growing fast. Cold-formed steel sections are venysgtive to buckling phenomena -
both local and global - because they are genettailhywalled profiles so that they can
easily undergo cold working processing. Therefailef of research has been addressed
to understand their behaviour under compressiesstis owing to axial and/or flexural
loads, see for instance review articles on numkesdnd experimental findings [1-4].
Nevertheless, their use as secondary beams ofteilsefully laterally-restrained
conditions of the flange in compression owing tsteel sheeting that prevents lateral
torsional buckling (LTB). Hence, the knowledgefid bending moment capacity of the
section represents a key information [5]. In orderenhance bending moment
performance, the use of hollow flange sectionensgting because most of the mass is
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located away from the strong section axis. Moreobetlow flange sections also
provide torsional stiffness. Thus, RHFBs can beogemtial alternative to C- and Z-
sections as well as to small hot-rolled sectioasikis to: i) enhanced flexural behaviour
associated with reduced weight; ii) ease of producing doubly symmetric geometry and

iii) fast production times. Related research woslkse mainly devoted to the analysis
of rectangular hollow flanges of channel sectio6sl@] and to triangular hollow
flanges of doubly symmetric | sections [11-13]. Narial studies on symmetric
rectangular hollow flange sections have been réceerformed [14-18]. However,
there is a lack of experimental testing on suchfilpo On these premises, an
experimental test programme on cold-formed steeFBdiwas planned in order to
investigate their flexural performance by determgnithe section bending moment
capacity. Furthermore, the experimental part iscaed by a numerical study with the
following objectives: i) to calibrate a finite elemt model capable of reproducing the
experimental evidences; ii) to perform a parametric analysis with the aim to broaden
the results in terms of bending capacity to a wideige of slenderness ratios of the
tube flanges; iii) to assess whether the prediction of the Eurocode EN1993 is adequate

for such a cross section; iv) to evaluate how the Direct Strength Method (DSM) [2]
estimates the flexural behaviour of RHFB crossisast

The paper is articulated as follows: Section 2 dess in detail the experimental
programme and the geometry of the specimens; Section 3 provides insight into the
characterisation of the material properties; Section 4 presents and discusses the
outcomes of the tests on the fsgkle specimens; Section 5 introduces the numerical
modelling and analyses the results of the model calibration; Section 6 describes the
parametric studies, whereas Section 7 draws thelusians and future perspectives.

2 EXPERIMENTAL PROGRAMME

The whole experimental programme was performeldeat aboratory of Structures and
Materials Testing of the University of Trento. latdlil, it was characterised by:

- 25 tensile tests on flat strips and on round carrefr material coupons
extracted from the specimens. The objective wandasure the actual tensile
properties and to estimate the hardening inducedthiey cold working
processing;

- 6 static monotonic tests on RHFBs.

2.1 Specimen properties

The section dimensions of the specimens were selettt be of common use in
structural applications such as either purlinsemosidary beams in small steel-framed
houses. In detail, the section geometry is depitdelg. 1. The nominal dimensions
of the specimen sections are reported in Tableoth Bections were overall classified
as Class 4 according to EN1993-1-1 [19] consideain@235 steel grade: tube plates
of Class 4 and web plate of Class 3.

Gruppo Manni, an Italian steelwork company, wasa&eholder of this experimental
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study, that can be considered as a feasibility ystadd provided the specimens.
However, since the machine for fabricating the REFB®mM a unique coil was not
available yet, the specimens were built by welding structural tubes - produced by
cold rolling - to a cut flat plate that constitutbe web. This fact prevented to introduce
an intermediate stiffener on the outermost flatnaets that are part of the tubes, as
illustrated in Fig. 1. This sort of detailing woub@ beneficial in order to reduce local
buckling and crushing due to local effects of ta@de in compression.

a b b b
\
Mo | g Ne | &
t t
£ | L/i ~ [
I — C——J4

Fig. 1:Geometry of: (a) tested section and (b) optimiszdicn.

Moreover, the way of producing the specimens wasseaf higher imperfections
relatively to those presumably expected if the appate cut machine had been used.
In this respect, in agreement with the steelworkngany, we convened to perform
repeated tests — three for each section dimenshatause some scatter in the results
could appear. For instance, it was noticed incet@sp@erfections owing to extensive
welding between tubes and web plate and RHFB-24filgs, endowed with smaller
elements and thicknesses, were more prone to betedf by the production process.
This aspect was observed in the tests and confidneidg the numerical calibration
process presented later on in the paper.

Based on the previous considerations, a carefusurement of the actual geometric
properties of thin-walled profiles is important bese even small deviations from the
nominal values could significantly affect their &@nd global behaviour. As a result,
Table 2 collects the actual measurements of th@setimensions as well as the actual
length of the specimeln. As expected, the actual values differ from thenimal ones
and they are generally lower. Global imperfectiarese also measured even though
they could not influence the behaviour of the bealmsng the tests because any
possible global buckling mode was prevented. In @ase, for sake of completeness,
for all the specimens the global imperfectionshia two principal axes were measured
and they were less than L/2500. Only for the TO1FRF240 specimen a global
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imperfection about the weak axis of approximatel{d00 was found.

It was difficult to precisely quantify local inifiamperfections and consequently, they
were not measured. Nevertheless and as alreadyvedsd&RHFB-240 profiles were
overall more affected by imperfections.

Table 1. Nominal section dimensions of the specimens. Bsimns in mm.

hnom bnom Ct.nom tnom Lnom
RHFB-240 240 100 20 20 4500
RHFB-300 300 150 30 3.0 4500

Table 2. Measured section dimensions of the specimens. Gioes in mm.

h b Ct t ri L
T01 RHFB-240 235.2 100.0 19.8 1.92 1.75 4495
T02 RHFB-240 235.6 100.0 20.0 2.00 2.25 4495
T03 RHFB-240 235.3 99.9 19.7 2.01 2.50 4495
T04 RHFB-300 298.3 150.0 30.4 2.87 3.00 4498
TO5 RHFB-300 296.8 150.1 30.0 2.86 3.50 4496
T06 RHFB-300 2975 150.1 30.2 2.93 3.50 4498

3MATERIAL CHARACTERISATION

A total of 25 tensile tests were carried out onariat coupons extracted from the
specimens. The tests were performed in accordaitbeBM 1SO 6892-1 [20]. Both
flats and corners were tested in order to estakitistincrease in yield strength owing
to hardening induced by cold working and to obtdie stress-strain material
relationships to be used in the numerical modell®grners were machined and tested
to minimise eccentricities when loaded in the traction machine; in particular, the end
parts were flattened. The yield strendhof steels used for structural applications
classified according to EN10025-2 [21] is definesithe upper yield strengtRe.
Nevertheless, due to cold working, the corners rgaiplastic déormation; thus, the
yield point may not be well defined and the 0.2%qbrstress Ro.2p) is consequently
provided. As highlighted in Table 3, a discrepameyong values of average yield
strength between web and flange flats was obsekwading to so-called hybrid beams.
This is particular evident for the RHFB-300 whehe tube flat was characterised by
significantly higher yield strength than the web.
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Table 3. Tensile properties of steel.
avg fy (MPa) COV avgf, (MPa) COV avger (%) COV

RHFB-240
Web 274.1 0.03 354.4 0.03 24.6 0.08
Tube flat 3433 0.02 391.0 0.03 225 0.21
Tube corner 439.6 0.02 476.9 0.03 7.7 0.12
RHFB-300
Web 258.5 0.01 355.6 0.00 25.6 0.09
Tube flat 394.8 0.02 438.1 0.02 25.8 0.16
Tube corner 512.2 0.06 551.8 0.07 10.6 0.06

The stress-strain relationships obtained from tensile tests included flexural residual
stresses whose magnitude is significant in cold-formed sections [22]. In fact, when the
material coupons were extracted from the specimens, bending caused by the release of
flexural residual stresses was clearly observed, as shown in Fig. 2a.

Then, once they were put into the traction machine by gripping the edges, flexural
residual stresses were reintroduced through application of small loads. Conversely,
membrane residual stresses were not measured because small with respect to flexural
residual stresses, apart from corner regions [22].

The initial elastic modulus was found to be 202 GPa for the small tube, i.e. RHFB-240,
and 203 GPa for the large tube, i.e. RHFB-300. Table 3 also reports on the average
percentage elongation at failure rbased on an 80 mm gauge length.

(@) (b)
Fig. 2. (a) Curving of material coupon upon machining fribra cross sections; and (b) testing
machine.
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Typical stress-strain relationships of the webgtflbts and tube corners are shown in
Fig. 3a. The corner tests confirmed an increasgeid strength due to cold working.
The stress-strain constitutive laws of the RHFB-224# flats did not exhibited a sharp
transition between the elastic and the plasticeangee Fig. 3b -. This behaviour was
less evident for the tubes of RHFB-300. In Figit3aay be observed that elongation
at failure does not attain values given in Tablee8ause the extensometer had to be
removed some instants before failure in order tichany damage, as it is possible

observe in Fig. 2
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Fig. 3. RHFB-240. (a)Typical stresstrain relationship from tensile coupon tests; and

(b)elastie-plastic transition of the tulftat.
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4 STATICTESTS

4.1 Experimental setup

The experimental setup for static tests — Fig. d&as conceived in order to induce a
failure mode caused by the attainment of the masinbending moment capacity of
the section. Thus, each specimen was loaded angaalia four-point bending scheme
and was fully laterally-restrained by two HE300B/fdes that assured restraint against
LTB, as illustrated in Fig. 4b. Low-friction sheetgre placed between the specimen
and the HE300B and initially not in contact witte tkpecimen. Had LTB occurred, they
would have allowed the full cross-section bendiegts to continue without affecting
them thanks to the inherent small friction coeéfiiti However, LTB was not observed
in any test. Moreover, transverse stiffeners westdad at supports and at load points
in order to prevent either web buckling or web bing or web crippling caused by
concentrated transverse loads. The load was imteatlloy means of a hydraulic
actuator that was displacement-controlled at acspé®.5 mm/min. The total length
of the specimens and the distance between the @b lpads were selected within the
recommendation limits provided in Appendix A.3.4611993-1-3 [23]. In detall, the
length of the specimen should be at least 15 titeggeatest transversal dimension and
point loads should be applied to the specimen tayese a length under uniform
bending moment at midspan of at least 0.2 x (spabhot more than 0.33 x (span).
Thus, the specimen length was 4.5 m, the span Adnthe region of constant bending
moment equal to 1 m. The end supports consistachaige and a roller, respectively.
In order to minimise local effects, load was apgpltrough the web stiffeners, as
depicted in Fig. 4c. In detall, the spreader rigghm (see Fig. 4a) distributes the load
to two metallic cylinders placed on the horizongktes that are rested on the vertical
lateral bracing plates visible in Fig. 4c.

The instrumentation applied to each specimen isvehim Fig. 5 and comprised:
displacement transducers (A2-A8) installed aloreggpecimen in order to measure the
vertical deflection; a displacement transducer (A1) at the roller support in order to
measure the horizontal movement and strain gadgfeartd E2) glued on the top and
on the bottom flange of the midspan section in otdeecord strains. The applied load
was registered by the actuator load cell.
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Fig. 4. a) Front and side views of the experimental setup. Dimensions in mm; b) T03 RHFB-
240 setup; c) load application system through the web stiffeners.
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4.2 Test results and discussion

For both sections, some similar features in terhflerural behaviour were observed.
In particular, during the tests the specimens d&peed well distributed local buckling
waves on the compression flange, see as an ex&igpléa. This was expected because
of the absence of an intermediate stiffener capablecreasing the critical buckling
stress of the compression flange. Minor plastiazatof the compression flange
occurred early in the tests of RHFB-240 becauseenaffected by imperfections
introduced by the production process and more sea$d local effects owing to small
thicknesses. This led to a loss of stiffness egrlthe tests. Moreover, some minor
plasticization was also observed outside the zeheden the point loads owing to local
imperfections associated with still significant degrg moment close to the constant
bending moment region, as illustrated in Fig. 6aad Fig. 7b. Nonetheless for each
specimen, the eventual failure was caused by adtom of a main spatial plastic
mechanism inside the zone of constant bending mgraerdepicted in Fig. 6a-b and
Fig. 7c-d. Particularly for RHFB-300, web bucklimgs also observed, as noticeable
in Fig. 7d.

Results in terms of bending moment-vertical dispiaent curves are illustrated in Fig.
8 for RHFB-240 specimens and Fig. 9 for RHFB-3068camens, respectively. The
bending moment was computed by multiplying the bélthe measured applied load
by the distance between the bearing and the pmadt IAs soon as the ultimate bending
moment was reached, it suddenly decreased withxhitbieng an appreciable plateau,
which is typical of Class 4 sections as define@N1993-1-1 [19].
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(@) (b)

Fig. 6. RHFB240: a) T02 failure mode; b) T02 enlargement of the main plastic mechanism at
failure; ¢) TO3 minor plasticization outside the point loads (left), main plastic mechanism at
failure (middle), minor plasticization between the point loads (right); d) enlargement of the

plasticization outside the point loads.
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@ (b)

© (d)

Fig. 7. RHFB-300: a) T06 local buckling; b) T04 main spatial plastic mechanism; c) T04
highlight of the main spatial plastic mechanism (right) and of a secondary plastic mechanism
(left); d) TO6 failure mode with web buckling.
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Fig. 9 RHFB-300: bending moment-displacement curves.

Moreover, in both Fig. 8 and Fig. 9 the averagstalanoment My and the average
plastic moment Mp of the specimens are shown. Bigtnd Mp were computed based
on the actual geometric and mechanical propertieshis respect, the mechanical
properties of tube flat coupons were used and aeése in yield strength in the tube
corners was considered because membrane compressideal stresses were not
accounted for. In fact, as stated before, in colurbd steel sections, compressive
membrane residual stresses are small except foother regions where, owing to cold
working, there is an increase in yield strengthcg8ithese two effects tend to counteract
one another [22] and the compressive membraneuadsittesses were not measured,
the elastic and the plastic bending moment werepeted by disregarding the cold

38



PAPER 1

working effect in the corners. This reasoning issistent with the one employed in the
numerical analyses presented in Section 5. My ampdwére calculated for each
specimen and then averaged to obtain one single ¥at both section geometries, i.e.
RHFB-240 and the RHFB-300, respectively. Such curare useful for identifying
which level of bending moment was achieved by thecBnens. My was determined
as the bending moment at which one fibre of théi@ea@ttains first the elastic limit
(My.w). Since the beams were of hybrid type becdlisg¢ubes and the web were made
of different steel grades with fy.tubeflat > fy.weboccurred that the elastic limit was
reached before in the web than in the outermos filh the tube plate, as schematized
in Fig. 10. For this reason, and particularly fé#FB-300, the resulting elastic bending
moment (My.w) does not exploit the flexural stréngf the tube whose stress can be
still well within the elastic range. Thus, in order mobilise the full strength of the
outermost fibre of the tube plate a partial plastidistribution in the web has to be
accepted, where its part in compression may betaefieby local buckling phenomena.
Thus, an additional estimate of the elastic bendimmgment (My.f) computed by the
stress distribution shown in Fig. 10 was providédonsiders gross section stresses.
All RHFB-240 collapsed before attaining the averatgstic moment whichever the
way to compute it; thus, confirming the typical flexural behaviour of a Class 4 section
[19], as depicted in Fig. 8. For RHFB-300, it iseiresting to note in Fig. 9 that if we
consider the elastic bending moment by definitioa, My.w, the section flexural
behaviour of the specimens may appear of Clasg@eftheless, at My.w, the tubes are
in their elastic range with a significant resemdléxural capacity before yielding that
is not mobilised yet because fy.tubeflat >> fy.wibfact, if we now consider My.f, it
may be observed that none of the specimens attdimedevel of bending moment
hinting that local buckling affected the tube platfore achieving fy.tubeflat as well
as the web after yielding. The latter comparisamdse meaningful considering that in
bending capacity tests the flanges are the maistirgs elements, whereas the web
mainly carries shear. In this specific case, a®6&b of bending is carried by the tubes
and about 10% by the web. Consequently, the sectinie actually classified as Class
4. Moreover, such a behaviour was confirmed int¢isés where local buckling of tube
plate and of the web were clearly observed.
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o < fy.ubeflat o = fy.wubeflat
O =\lyy g
fy tubeflat >> fy.w My.w My.f

u || )

Fig. 10. Stress distribution assumed for computing thé@eelastic bending moment.

The results of the tests are summarised in Tahidere the ultimate load (Pu), the
ultimate bending moment (Mu), the vertical displaeait at maximum loads¢) and
the mass per unit length (g) of the specimens basedneasured geometries are
provided. The outcomes show that use of such profiin be appealing in terms of the
ratio flexural performance/weight in lieu of smalbt rolled steel sections. In this
respect, an estimate of weight savings is provigedetermining through calculation
the section modulus of IPE sections that would guige the average ultimate moment
reached in tests by RHFBs considering the actiw fiat yield strengths: an IPE160A
with mass per unit length equal to 12.7 kg/m,alout +20% with respect to gRHFB-
240, would be equivalent to the tested RHEB-section; and an IPE220 with g =26.2
kg/m, i.e. about +25% with respect to gRHFB-30&dmparable to the tested RHFB-
300 section.

Table 4. Flexural performance of RHFBs.

Pu (KN) Mu (KNm) du (mm) g (kg/m)
TO1 RHFB-240 43.0 32.3 37.6 10.0
TO2 RHFB-240 43.6 32.7 37.7 104
TO3 RHFB-240 445 334 37.8 104
TO4 RHFB-300 128.0 96.0 34.2 21.2
TO5 RHFB-300 129.7 97.3 37.9 21.0
T06 RHFB-300 125.6 94.2 32.7 21.6

Now, if we look at the strain gauge recordings asation of the vertical displacement
depicted in Fig. 11, it is possible to note that foth beam types the strain order of
magnitude is the same. Moreover, since the stiailges were glued at the midspan of
the two outermost tube flanges - see Fig. 5 -pas sis local elastic buckling initiated
in the compression top flange the correspondingirstreading did not increase
monotonically anymore and its evolution dependsiew buckling developed locally.
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This phenomenon occurred at essentially the sammpEssive strain level for both
sections because one of the key parameters thatmgplate elastic buckling, i.e. the
local slenderness ratio of the tube flange - b=/30 -, is the same. Moreover, it is
interesting to note that the theoretical elastittoad buckling strairecr.thr of the tube
outermost flange considering k 4 is about equal to 1.45%. [24]. A lower expeniad
value of strain at which plate buckling occurrect,exp, is consistent considering the
presence of imperfections and residual stresses.
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Fig. 11. a) TO3 RHFB-240 straidisplacement curve; b) T04 RHFB-300 strain-displacement
curve.
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5NUMERICAL MODELLING

The numerical model was developed to perform nealimnalyses of the tests and was
used to expand the available findings over a wstlmrderness range through parametric
studies. The multipurpose finite element softwaNSAX'S [25] was employed. Model
geometry, application of loads, boundary conditi@m&l material properties were
implemented to seek consistency with the real seagpual dimensions of the
specimens and mechanical properties of steelh8lassumptions and schematizations
will be discussed in detail in Subsection 5.1-5.3.

5.1 Geometric model

All beams tested in the experimental campaign — T@R, TO3, T04, TO5 & T06 -
were modelled through FE analysis. Shell elememiewsed in order to fully grasp
all the main phenomena that govern the behaviothheobeam under bending, such as
local buckling and plasticity diffusion [13]. Theh&l 181 element of the ANSYS
library [25] was used to model all the parts of prefile, i.e. the rectangular hollow
flanges, the central web, the web stiffeners latatesupports and at load points as well
as the plates at supports, as shown in Fig. 12.Sfted 181 element is a four-node
element with six degrees of freedom at each nadewell suited for moderately thick
elements and for large rotation and/or large strainlinear applications. It is shear
flexible and uses a uniform reduced integrationhoe{25].

AN

AREAS

TYPE NUM

Fig. 12. FE model of the RHFB-240.

A uniform mesh discretization was implemented fibttee components of the model
using roughly square shape elements (aspect fate to one), the side dimension of
which is about 5 mm wide. Mesh refinement was lgcapplied to zones of high
concentration stresses, i.e. zone of supports aimd loads, as highlighted in Fig. 13.
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Fig. 13. Mesh refinement and restraint conditions locaietthe base of the plate that
redistributes reaction forces at supports.

The geometry of each numerical model was developedistently with the measured
dimensions because small deviations from nominiaiesawere detected, as described
in Section 2.1. Local imperfections were not directly measured; nonetheless, they were
introduced by means of an elastic buckling analyisisparticular, the lowest local

buckling mode shape involving the compression fawgs introduced into the model,
as depicted in Fig. 14.

Fig. 14. Lowest local buckling mode shape of the compogsiange.

Moreover, an imperfection of the web was also impated. The amplitude of the
imperfections was selected by following the apphopioposed by Schafer and Pekéz
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[22]. In this respect, the maximum amplitude wasuaged as a function of the element
width according to the Eq (1) [22]:

d = 0.006w (1)

where w is the element width and d represents @rdmum imperfection amplitude.
Analyses with different values of amplitude intradd in the web and in the top tube
were performed and the ultimate load was compaiiéid thve experimental one. The
amplitude values that better agreed with the erpenmtal ultimate load corresponded
to the maximum amplitude values as given in Ecp(id they were then retained in all
numerical simulations. For instance, the imperéactimplitude of the tube flange is
about d = 0.6 mm for RHFB-240 and d = 0.9 mm forHBBOO0, respectively. In order
to consider possible antisymmetric local buckliogds, the whole specimens were
modelled.

5.2 Application of loads and restraints

Restraints were applied to the plates that werd tmelistribute the reaction forces at
supports. In detail, a roller and a hinge were redet the supports by assigning the
relevant condition to all nodes along a line stoglow the plate support located

underneath the bottom tube flange, as illustratelig. 13. The plate and the bottom
tube flange were connected together by means iof cignstraint equations — CERIG

command [25] -. Finally, in order to prevent lata¢casional buckling and consistently

with the experimental setup, restraints againsizbatal displacement were punctually
introduced along the top tube flange.

The load was applied by imposing increasing verticgplacement to the nodes of the
web stiffeners located at half meter from the maghspn this way, the evolution of the

softening branch could be followed.

5.3 Material properties

The material mechanical properties implemented im® numerical model were
derived directly from tensile tests on beam spensrdrawn from the web and the tube
flats. The cold working enhancement was not indiidethe corner zones because the
membrane residual stresses were not modelled:cin tleey tend to counteract one
another [22,26] as described in Section 4. The madhteonstitutive law included the
flexural residual stresses, as described in Se@idirue stress — strain relationships
were employed for material properties because mepeesentative of the state of
material in large strain analyses. They read [25]:

Ot = 0g (1+ Ee) (2a)
& =In (1+ Ee) (2b)

Whereot is the true stressg is the engineering stressjs the true strain ange is the
engineering strain.

44



PAPER 1

The Poisson’s ratio was taken equal to 0.30. ThétilMear Isotropic Hardening
(MISO) material law was used for implementing theetstress — strain data. It allows
including a user-defined stress-strain relationflyipneans of several linear segments.
The MISO material is suitable for steel modellirgchuse it relies on the Von Mises
yield criterion. Moreover, an isotropic hardeninger was deemed adequate for the
purpose because of the monotonic nature of theremeetal tests.

5.4 Analysis of the results

In order to verify the accuracy of the numericaldab the ultimate moment capacity
and the failure mode obtained from the numericalyam®es were compared with the test
outcomes. From Table 5 it is possible to obsenat tibod agreement between
numerical and experimental results was achieveddoyparing the ultimate moment
capacity Mu and the displacemedu at Mu. Moreover, the mode of failure that
involved the main spatial plastic mechanism of titye compression flange was well
captured for both sections profiles, as illustrateflig. 15a-d. Fig. 15e-f show that web
buckling was also well represented by the numerimadels of RHFB-300 specimens.
However, looking in detail at the mode of failudepicted in Fig. 15g-h, the FE model
of the RHFB-240 specimens was not capable of datesbme minor plasticization
mechanisms occurred early in the tests. As stateden these profiles were more
affected by imperfections and by local effects ayin smaller thicknesses and the
production process. This phenomenon determines@ease in deformability of the
specimens that is shown by the difference in eléstnch behaviour between tests and
numerical analyses, as illustrated in Fig. 16akis s more evident in T02 RHFB-240
and T03 RHFB-240, whilst for T0O1 RHFB-240 the bewdimoment at which the
formation of a minor plastic mechanism occurs,gékaged and clearly highlighted by
sudden deviation from linear behaviour. Nevertheléise ultimate values of RHFB-
240 numerical analyses were not significantly aéfdcin RHFB-300 tests, early minor
local plasticization was not detected, and the migakelastic behaviour well agrees
with the experimental one, as illustrated in Figd-.

Table 5. Comparison of the flexural behaviour between nicaéand experimentaesults.

Mure / MuTEST OuFE / OuTEST

TO1 RHFB-240 1.02 0.90
TO3 RHFB-240 1.05 0.93
TO4 RHFB-240 1.04 0.93
TO5 RHFB-300 1.03 0.98
T06 RHFB-300 0.98 0.81
TO7 RHFB-300 1.04 0.95
Average 1.03 0.92
Ccov 0.02 0.06
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Fig. 15. Comparison of the mode of failure: a) main ptastechanism RHFB40 test; b) main
plastic mechanism RHFB40 FE; ¢) main plastic mechanism RHFB-300 test; d) main plastic
mechanism RHFB00 FE; e) web buckling RHFB-300 test; f) web buckling RHFB-300 FE; g)

plastic mechanisms in RHFB#0 test; h) plastic mechanisms in the RHFB-240 FE analysis.
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Fig. 16. Comparison of bending moment-displacement cuae$01 RHFB240; b) T02
RHFB-240; ¢) T03 RHFB-240; d) T04 RHFB-300; ¢) T0O5 RHFB-300; f) T06 RHFB-300.
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6 PARAMETRIC STUDIES

In order to broaden the available findings overidewslenderness range of the tubes
composing the flanges, a series of parametric esudias conducted. Material
properties representative of material coupon téstisinclude flexural residual stresses
were used in the parametric analyses. Local ge@ametperfections were modelled by
means of the lowest buckling mode shape. The amiglibf local imperfections was
introduced according to Eq. (1). No global geonceimiperfections were included
because global buckling was prevented. A 4-pointdbey scheme was used with span
of the beams set to 4 m and a distance of 1 m leetive point loads. The effect of the
moment gradient was not investigated as it wasddorbe negligible with respect to
moment capacity of carbon steel [27] and stainitasl flexural members [28]. The
dimensions of the cross section were the oneseo@il RHFB-240 profile and the
T04 RHFB-300 profile but the thickness, that wasedbetween 1.2 mm and 4 mm
for the RHFB-240 profile and between 1.8 mm andré for the RHFB-300 cross
section, respectively. The limit of a Class 3 setticcording to the EN1993-1-1 [19]
was assessed by plotting the normalised ultimateend Mu over the elastic bending
moment My with respect to the most limitingsclenderness value that was the tube
flange in compression, where c is the flat widthhaf plate element, t its thickness and
e =\(235/fy). My = My.f, as described in Section 4, wemployed. As expected, the
parametric study showed no considerable differdyeteveen the two cross sections
owing to geometry similarity normalised with respecthe material strength. In fact,
from Fig. 17 it is possible to observe that treine bbtained through linear regression
has same slope and intercept values. From Figt is7pbssible to note that EN1993
tends to be conservative by underestimating theufd capacity of RHFB cross-
sections. The Class 3 limit is also conservatix@nfthe parametric analyses the onset
of local buckling of the tube flange in compressioa. when Mu/My < 1, is observed
for c/te equal to about 48 instead of 42. Nevertheles-ME993 prediction exhibits a
Mu/My vs. c/t evolution that follows well the trend of FE result
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Fig. 17. Parametric analysis: a) RHER0; b) RHFB-300.

Furthermore, the capability of the DSM [2] to pietdhe flexural behaviour of RHFBs
was investigated. The main idea behind this methade determination of all elastic
instabilities, i.e. locaMc, distortionalMcq, global bucklingMee and the bending
moment that causes yield, iMy. The smallest moment amoM¢, Mcrd, Mere andMy
identifies the bending resistance of the sectiancélateral-torsional buckling and
lateral-distortional buckling do not apply to thase study, only local buckling is
considered, as illustrated in the finite strip $iolu depicted in Fig. 18 [29]. It is worth
to point out that for comparison purposes inputddtfinite strip analyses in terms of
geometry of the cross section and mechanical ptiepeii.e. yield strength, elastic
modulus and Poisson’s coefficient, were chosenistamly with the FE analyses. The
stress distribution was assumed according tdvfzeNo imperfections were included
and bending resistance beyond the elastic bendorgent is not estimated. Thus, it is
interesting to observe when local buckling becogigsificant and affects the flexural
strength of the beam by preventing the attainméttieelastic bending moment. Fig.
17a and b show that the DSM provides a good piiedifbr c/te slenderness value up
to 55, then it tends to significantly underestimtie flexural strengthc(te > 60).
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Fig. 18. Finite strip analysis of a RHFB-240 profile witlickness equal to 1.4 mm.

7 CONCLUSIONS

The article reported the results of a comprehensiyEerimental-numerical study on
cold-formed laterally-restrained steel rectangti@ifow flanges beams (RHFBs) that
was carried out in order to investigate their fi@lwcapacity. The behaviour of RHFB-
300 specimens was influenced by a significant déffiee in yield strength between the
tubes and the web that induced local buckling aadtig behaviour in the web. All
experimental tests showed well-distributed locatlling waves on the compression
top flange. Some minor plasticization was obseoutigide the zone between the point
loads owing to local imperfections associated wsiili significant bending moment
close to the constant bending moment region. Furtbee, the RHFB-240 profiles
exhibited minor plasticization, that caused anyelads of stiffness, prematurely in the
tests because more prone to be affected by logariiections and by local effects that
were emphasized by a lack of optimisation in thg afaproduction. In this respect, in
order to reduce imperfections a more systematidywrtion process with a dedicated
cut machine is recommended. Along this line, tleeiition of an intermediate stiffener
in the external plates of the hollow flanges isdd@al for increasing the local buckling
critical load of the plate. Nevertheless, the eitatmn of such profiles can be attractive
for structural applications as secondary beamsnallsiramed houses because of
favourable flexural performance/weight ratio.

Calibration of the numerical model provided goodeagnent with experimental tests
in terms of ultimate bending moment, ultimate disgiment, mode of failure. The
initial elastic stiffness was well reproduced in IRB4300 beams whereas the FE was
not capable of detecting some minor plasticizatenurred early in the RHFB-240
specimen tests owing to local imperfections andlladfects. Parametric analyses
showed that both EN1993 and DSM tend to be conBeevin predicting the section
bending capacity of RHFB profiles. Nonetheless, EM1993 prediction exhibits a
Mu/My vs c/t evolution that follows well the trend provided tne FE results whereas
DSM provides a good prediction for £&lenderness value up to 55, then it tends to
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significantly underestimate the flexural capacifyRHFB for high slenderness ratios
(clte > 60) of the tube compression flange.
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TOPIC 2:
Coupling methodologies between a CFD and an FE softwarefor the
analysis of structures at high temperatures

1 Introduction

In recent years an increased interest towardsithadiuction of more reliable tools and
methodologies concerning the evaluation of buildistructural behavior under fire
action has developed between researchers. Thisirwapart due to a regular and
advantageous progress that involved the commoredpguf scientific civil structural
knowledges. On the other hand, particular eventsh &s the collapse of the World
Trade Center Tower 7 in 2001 [1] moved the attentawards the assessment of the
effective reliability of structures involved in &r

The Eurocodes, such as other structural designs¢ddeve therefore provided new
tools, by extending for example the records of labe design fires to be used in order
to assess the temperature field into the strucalieahents. As a consequence long-data
gas-temperature curves, such as the standard 180h&%e been sustained by the
introduction of more detailed natural fire modédtélized fire, zone models or CFD).
These new tools allow to take into account withighér level of realism fundamental
phenomena such as the description of gas propartig¢gsnass and energy exchanges.
Further an increase numbers of finite element stBWABAQUS, SAFIR, ANSYS,
DIANA, etc.) have developed powerful computatiot@dls that permit to perform
nonlinear thermomechanical analyses of complexcttras. An effort remains to be
fulfilled in the deeper definition of the thermadgytemperature representative curves
developed in relation with the range of possiblural fires. Therefore the integration
of computational fluid dynamic software (CFD) ansl ¢oupling with finite element
programs represents a desirable focus that shaulohvestigated. The objective is
fundamentally based on the introduction via zonel@®or CFD of a more realistic
gas-phase development description by taking inbowaat all physical phenomena and
specific fire characteristics that may be connetterbnditions and place in which the
fire spreads. In this sense the ECSC researchagprdjas introduced a new approach,
called Natural Fire Safety Concept (NFSC) that usdamentally based on the
development of new strategies that reconsider avithore detailed order of accuracy
the structural building safety by introducing newthodologies such for instance the
CFD-FE coupling.

The present work analyses these issues, by intimgltitrough a practical application,
the possibility to effectively perform the couplipgocedure between a CFD and an FE
finite element software. The purpose is also fodusd¢he understanding and definition
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of the capabilities but also limitations that coldd involved in the use of such
procedures by finally comparing the obtained reswith the outcomes that are instead
derivable by using conventional and outdated desigdels.

2 CFD and FE software

The analysis of structures subjected to high teatpegs requires the knowledge of
appropriate tools and computation methods needmititdly define the characteristics
of the fire and then perform thermomechanical asedyAs previously mentioned the
Eurocode code reports for instance a list of ficaels that could be used in the design
practice. The code differentiates between the @ismminal temperature-time curves
and natural fires.

Nominal temperature-time curves are based on ISOS28ndard curve, External fire
curve or Hydrocarbon curve that represent simpglifiee models not able to take into
account for instance the effective fire load dsnsit ventilation conditions. Although
these curves are widely diffused in the practibeytshould, in the context of NFSC,
be replaced by the introduction of natural fire mled Between them, Eurocode
specifies the presence of advance fire modelstalgtectively consider gas properties,
mass and energy exchange. Natural advance firelsate available based on One-
zone Two-zone or Computational fluid dynamic (CRDddels. In particular CFD
models are able to offer the temperature evolutiche compartment in a completely
time dependent and space dependent manner andlyatpaesents the more detailed
way of analysis for describing the development tifea

Computational fluid dynamics solves the Navier-8®lequations (momentum and
mass conservation) and related diffusion transpqctivalence (energy and species
conservation) both for laminar and turbulent fluithe output data (values of
temperature, velocity, radiant intensity etc.) aloéained for each spatial grid point that
is used to discretize the compartment. CFD is fhezean advanced modelling and
sophisticated tool to represent the fire develogmidowever, due to its complexity,
specific expertise is needed to adequately moeahttolved phenomena. Moreover, it
requires high computational demand and in coupdipgroach it is just the first step
before solving the heat transfer analysis and teehanical response of the structure.
Some example of CFD-FE coupling procedures have berlied inside the Firestruct
project [2] by interconnecting CFD models as JASKIN987), VESTA (2007) and
FDS (2004) with the solid phase models SAFIR, DIAAI ANSYS.

In this work, we mainly focused on the applicatafriFire Dynamic Simulator (FDS)
coupled with the FE software SAFIR.

Before introducing the methodology and assumptitheg are at the base of the
coupling approach, a brief summary, of the featofds/o codes is reported below.
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2.1 Fire Dynamics Simulator (M c Grattan et al., NIST) [3]

FDS is a computational fluid dynamics model of fiiven fluid flow. FDS solves
numerically a form of the Navier-Stokes equatiorgprapriate for low-speed,
thermally-driven flow with an emphasis on smoke &edt transport from fires. FDS
is particularly suitable for solving practical fippoblems in fire protection engineering,
while at the same time it provides a tool to stdidgdamental fire dynamics and
combustion. The program implements a model of ferme that is treated by means
of large eddy simulation although it is possibleuse also the Direct Numerical
Simulation (DNS). The combustion model is base@ aimgle step, mixing-controlled
chemical reaction which uses three lumped speaiesfigel and productsRadiative
heat transfer is included in the model via the timtuof the radiation transport equation
for a grey gas, and in some limited cases usinigla lkand model. Boundary conditions
are taken into account in the fire scenario. Alicssurfaces are assigned thermal
boundary conditions, plus information about thening behavior of the material. Heat
and mass transfer to and from solid surfaces isllysihandled with empirical
correlations. Effects of wind or different pressiheough openings could be also
modelled.

2.2 SAFIR (J3-M. Franssen, University of Liege) [4]

SAFIR is a special purpose computer program thaspecifically designed for
structures involved in fire. However it can alsodmployed for the design at ambient
temperature. It was developed at the UniversityLiefye, Belgium, by Jean-Marc
Franssen as the second generation of the struinerabde CEFICOSS. The program
is based on the classical Finite Element Methoditaaltbws to study one, two or three-
dimensional structures. Different types of finitereents are implemented in the
program (solid, beam, shell, truss elements). Fomaly the software divides the
thermomechanical analysis into two separate andezprential steps: at the beginning
a thermal analysis is performed and the temperaturthe structural element is
obtained, subsequently based on the thermal respitres mechanical behavior is
computed. With reference to first phase the fidltemperature in the cross section is
obtained by assigning boundary condition to setbsterface through generic time-
temperature gas curve or external heat fluxes.pbissibility to introduce the effect of
localized fire, such as the Hasemi model reponeiN1991-1-2, is also allowed.

The mechanical behavior is then computed by integrathe degraded materials
mechanical properties with the appropriate strasérsrelation at high temperatures
and taking into account the effects of thermal tdtian, material nonlinearity,
geometrical nonlinearity and large displacemends itifluence the structural behavior
under the specific load configuration.
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3 Definition of different levels of coupling

The application of CFD-FE coupling methodologies fbe study of structures
subjected to fire allows to handle the analysithefmomechanical structural response
with a higher order of detail. A continuous andamsible exchange of informations and
data can be performed during the numerical simarally taking advantage of the
specific capabilities of each tool (CFD or FE safte). Three problems have to be
solved when modelling the behaviour of a structurBjected to a compartment fire,
each of them being governed by a different physpdtanomenon and, hence, by
different equations:

1) Definition of the temperature development in¢benpartment
2) Computation of the thermal response of the &irac
3) Determination of the mechanical response

The fire development analysis yields the tempeestaf gases and the radiative and
mass flows in the compartment. By means of thenthéanalysis, the temperatures in
the structural elements are obtained. The mechamisponse provides the behavior of
the structural system, i.e. stresses, deflectietts, Thus, some issues arise when an
integrated modelling methodology CFD-FE is to bedut tackle the whole problem.
It is natural to assign the task of performing #realysis of the compartment fire
development to the CFD model and the mechanicpbrese to the FE model, but it is
not so straightforward to decide where to carrytbatthermal analysis in the structural
elements. Both software may be exploited to ftiifd task.

The coupling process refers to the level of intéoas that are exchanged between the
three problems. Different levels of coupling cobilintroduced by taking into account
or alternatively omitting the mutual interactiorst are involved. Fig.1 shows the
possible levels of coupling. In detail the figuefars to the more complex level of
coupling in which all the interactions between thee problems are considered. This
methodology is called as “full coupling” approaatiwvo way coupling”.

2. Temperatures in
elements

P 3to1
1. Fire development ¥ > 3. Structural behaviour
1t03 "

Fig.1 Full coupling approach between the three stepdvedan the fire analysis

More in detail with reference to Fig.1:
From 1 to 2, the values of gas temperatures, fadidteat fluxes and convective
coefficients, computed in 1 are then used to perfiie heat transfer analysis in 2. Vice
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versa step 2-1 allows to take into account in itleedfevelopment the effects of modified
element temperature computed in 2 or the absorpfi@emergy in the compartment.
Coupling between 2-3 allows to transfer the therfieddl of temperature of elements
performed in 2 to point 3 in order to compute ttiactural behavior. Vice versa step 3-
1 could be introduced by taking into account defations (cracks or gaps induced in
the cross section) and their effects on the sediwonperature propagation at the
previous point.

Coupling step 1-3 and 3-1 means instead considein&iance the effect of the
deflections obtained at point 3 in the modificatafrthe gas flow computed at point 1.
An example of a full coupling or two way approashréferred in Kumar et al [2]
between VESTA a CFD software and DIANA an FE sofava

Nevertheless the employment of a full coupling phge could be problematic
because presumably only specific CFD software ctelcompatible with other FE
programs and vice versa. In addition the inclusaérstructural elements in the fire
model, that is necessary to take into accounttbbange phenomena between step 1-
3 and 3-1, is hazardous due to possible changésatbagenerally performed on the
structural layout during construction processeshése cases new analyses would be
rerun whenever a consistent variation is applied.

For that reasons the present work has been foaustet description of a methodology
that reduce the level of mutual interactions that@otentially included in the model.
The proposed approach is here referred as “weahliogli or “one way coupling”. It
allows to reduce the level of interactions buttet same time it optimizes time of
analysis and avoid aforementioned issues by progasimore practical method that
could be extended to the study of a wide numbeaeés.

3.1 Weak coupling approach

In the weak coupling approach all the mutual irt8oms are discarded (see Fig.2). The
analysis is reduced to a first step (1 to 2) inchhihe information regarding the fire
development, computed inside a CFD software, amsferred to a FE program that
performs a thermal analysis of the structural elgmaed subsequently the mechanical
structural response (point 3). In this methodolatiyhe analyses a