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Abstract

Nonlinear analysis approach is not anymore limited only to research purposes, but becoming moragajpalathat can

be used during design, thanks to the increased efficiency of computer software and hakdvwameurately calibrated
numerical model may simulate the behaviour of buildings in a quite realistic way, which helps designers understand better
the performance of their structsrédowever, the feasibility of the nonlinear analysis approach is limited by the complexity

of the numerical model, and the aim of any researcher or engineer is to obtain the most useful information in a reasonable
amount dtime. This study focuses on the validation of a simplifireomerical modelhg approach to simulate the nonlinear
behaviour of steel bracingghe papepresents a comparison between two differeatieling approaches; a refined finite
elementmodel using volumetric elements, anfiber-basedmodel using beam elements with distributed plasticity. The
numerical models calibrated with the experimental result from existing literature, reprodimahavéourof cold formed
squareand hot rolledopen sectiorsteel elements under inelastic cyclic loading. The hysteresis loops obtained from two
models show that the accuracy obtained by simpler-8ment formulation is quite close to the more refined volumetric
model. Finally, in order to assess thecaracyof the fiberbased modéng approach to estimate the nonlinear cyclic
response of fulkcak braced frame configurations, twenal scale frameareanalysed, and the resuéteecompared with the

results of the experiments performed on the test fsfamderms of computation timand accuracydistributed plasticity

model is much more efficient, and can be a good option to perform nonlinear analysis -¢éveuhuildings, which would

be quite cumbersome with volumetnaodeling approach. This study kabeen realized thanks to the research fund
received from European commission with the contract MEAKADO RESR01300022.
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1. Introduction

Accurate and reliablstructural analysis procedures are strongly needed for a safe and economic structural design
in seismic regions, where buildings experience large earthquake forces geisuitielastic response of theitructural
elementsAdvanced mmerical modding models if well calibrated, provide reliable results to simulate complex civil
engineering problemd.he cost of numerical modetsin be very low compared to the experimental tests, however in
order to rely on their results, the former should be rigorously validated and verified with the latter.

Traditionally, numerical modelling philosophy has be@rersified for twopurposes: foresearch and for desigror
researchadvanced nonlinear technigueave been the most effective poovide useful informatioron the realistic
behaviour of materials and struots On the other handpr design, simplified linear modelling approachsHzeen

more common for their rapidity and reasonable estimations. The latter approach was indispensable for engineering
offices, especially when the computer hardware and software had limited capdaitiesen years thanksto the
extremely increasedffeciency of computer software and hardwargnlinear analysis tools have become more
common, and their utilization during design phase has become more feasible.

Continuum finite element modelling (CFEM) based on shell or solid elements is currentipshefficient numerical
modelling method, which is able to reproduce, with a minimum margin of error, even complex phenomena such as
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local buckling, distortion and changes in shape of the cross s¢t}[ai{3][4][5] . However, this is not a common
approazh to study the globabehaviourof multi-storey buildings subject to seismic actions, due to its inherent
complexity, computational expense, and difficulty in preparing and calibrating the miedetbkis reason, the CFEM
method is mostly used to studyetresponse of individual profilesr to represent details such as connection parts of
structures.

To study the global nonlinear response of rastitiry buildings,most common alternatives are concentrated
plasticity and fibetbased modelling approach&oncentrated plasticity approach limite inelastic deformations in
individual parts of the structural system (as plastic hinges) with the rest of the structure remaining elastic. This method
better captures the nonlinear response of members throligtattan using test data on momemwtaion or hysteresis
curves. Fibebased modelling on the other hand, distributes plasticity by numerical integrations through the member
cross sections and along the membean elde nagst §Bjfi7n patiexdd nwi t h
material models are used to capture the nonlinear hysteretic axiats$teegscharacteristics in the element cross
sections. Fibers are numerically integrated over the cross section to monitor the axial force and, rimamenental
momentcurvature and axial forestrain relations. The cross section parameters are numerically integrated at several
sections along the member length, using displacement or force interpolation functions. This approach allows
performing nonliear analysis considering both geometric and material nonlinearity, within a time much more limited
than a 3D continuum finite element analy{§H9]. However, using this approach local behaviour such as degradation
due to local buckling is difficult to capture without sophisticated models. Bi@®edmodelling approach with
distributed plasticity (DPE) offers a good compromise in terms of accuracy and computational time to model
hysteresisbehaviourof steel struts. Application example of this apmio has been presented in several research
articles for bracednd momentesisting frame§10] [11].

Simulation of the cyclic bel#our of bracing members with fibdrased approach has been the subject of
investigation by several researchfr$][12][13], who developed advanceghensourcenumerical models capable of
simulating the flexural rigidity of bracing connections, toycle fatigue and local buckling phenomergdthough it
has been proved that these models can estimate the hysteretic behaviour of bracings to a high degree of speed and
accuracy, their application in engineering offices for design purpgoagsnot bepractical,due totheir high level of
complexity.

This papershowsthe degree of accuracy affiberbasedmodelling approach, using commercial softw§k8].
The paper is organized into three parts. First, a three dimensional finite element model has been calibrated with the
results of experimental dathat comes fronthe cyclic testspreviouslyperformed orcold-formed square elements.
During thecalibration, the main changing parameter was the slendeofi¢ise steel struts, which permitteddentify
the accuracy of the model estimating the hysteresis behaviour of the struts with and without the effect of local
buckling phenomena. Then, a simpfiberbased model has been developed on the selected caseasilittyeresults
of inelastic cyclic analysis haveeen compared with the results of the complex finite element model. Besides the
square element, the cyclic behaviour of an open sect®alba been simulatednd comparisons have begmvided
Finally, the validation study has beemctuded vith the numerical simulation of two reatale test frame# order
to assess the accuracy of theposedmodelling approach to estimate the rine&r cyclic response of futicale
braced frame configuration¥he results of nhumerical model and experimental tests have been compared presenting
the advantages and drawbacks of the fltmssed numerical modelling approach.

2. Modelling of cyclic behaviourof bracing elements

Inelastic deformation of bracing elements is the main parameter affecting the seismic performance of braced
frames during a seismic everih orderto explore accurate and time efficient modelling wéysthe numerical
simulationof inelastic behaviour of steel bracings under cyclic logdmatidation studiefiave been performduased
on experimental data and refined finite element modkdBdation has been done in two steps

i)  Numerical model of various steel struts made of cold érrequare hollow sections have been developed and
calibrated with the inelastic cyclic load testsliterature[15]. Continuum finite element modelling approach is
used (CFEM)

i) Fiber based distributed plasticity modelling approach has been validated against calibrated continuum finite
element model dboth square and open section steel elem@®RE).

Experimental datacomes fromseveral cyclic testpreviously performed oncold-formed square and rectangular
hollow steel section bracing elements, according to the provisions of the ECCS [([lH86)fteen specimenbave
been testedvhich wae fabricated from 20x20x2.85HS, 40x40x2.55HS and 50x25x2.5 RHS sections with two
different lengths: intermediate (1100mm) and long (3300miraple 1 shows he physical properties of Model 1
(intermediate Iegth) and Malel 2 (ong length steel struts of 40x40x2.5 SHS cresectionsthat are used in this
study The selected models have the same esestional properties, and mainly differ in their slendermasss _ .
Change of this parameter resultsdifferent yield and ultimate loads(F, and F..) and deformationg Jia n dhsy U
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during the cyclic test# general layout of the test specimens is shown in Figure 1.
Table 1. Testprogram and material properties Error! Reference source not found.

Test ID Section Size 7 d't F, 3, Frax 04
KN mm kN mm Cross section: 40x40%x2.5 mm

“Seriesl|
CylSI  40x40x25 04 13.1 1004 24 1129 207 E= 210000 MPa

CyIS2  40x40x2.5 04 13.1 1015 24 1124 178

CyIS3  20x20x2.0 09 67 260 12 454 353 Poissonos rati 03

CyIS4 20x20x2.0 09 67 298 11 460 226 fy - 343 MPa
CyIS5  50x25x2.5 0.6 17.1 781 16 1115 23.0

CylS6  50x25x2.5 06 17.1 831 18 1115 218 fu = 393 MPa
Series2| N

CyLSI 40x40x2.5 13 129 1231 43 1439 - = 0.15
CyLS2 40x40x2.5 13 129 1241 44 1438 —

CyLS3 40x40x25 13 129 1265 57 1425 — Element |engtmm0de| 1) 1100 mm
CyLS4 20x20x2.0 32 65 631 70 702 160 Element |ength (mOde| 2) 3300 mm

CyLS5 20x20x2.0 30 60 644 79 693 152
CyLS6 20x20x2.0 30 60 636 60 723 16.7
CyLS7 50x25x2.5 1.9 173 994 46 1177 -
CyLS8 50x25x2.5 22 169 1626 73 1877 —
CyLS9 50x25x2.5 22 169 1654 7.0 190.1 -
a. Cyclic test program b. Material properties
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Figure 1. Test specimer{15]

Finite element models of thirticle have been developed with software package (ABAQUWS) ABAQUS is a
generalpurposefinite element modelling package developed for the numerical analysivarfety of mechanical
problems, including nonlinear static and dynamic structural analysis. Its features lets user simulate several
nonlinearities such as plasticity, large deformations, hardening, and second order effects can in the numerical solution
of complex structural engineering problems.

The models are made of thrdenensional brick elements withr&des(fully integrated) Each node has three
translational and three rotational degrees of freedom, simulating the large deflection, largplastdity features.
Numerical model takes into account both geometrical (large deformation and strain) and material nonlinearity (elasto
plastic behaviour with Von Mises Criteria). Kinematic type hardening is considered. The formulation of the elements
accounts for finite strains and rotations, and allows for changethidkness with deformationand capable of
simulating the shift of the yield surface to account for the Bauschaftgat[19]. Each step of the analysis involves
automatically defined increments. Within each increment, iterations are used to find the equilibrium solution. At the
end of each increment, the solutiath&eves equilibrium with a specified tolerance.

Calculation procedure is composed of two steps:

i) Buckling modes obtained from linear buckling analysis,
i) Then inelastic cyclic analysis has been performed considering an initial imperfection based on 6irstesaaiyd
buckling mode shape.

One end of the steel strut is fully fixed, while the other end is fully fixed except for the axial degree of freedom, to
which the cyclic ésplacement loads are applieddgifire 2).This configuration simulates the real boundeonditions
that are applied during the tests.
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Figure 2. Setup and loading direction of the numerical model

For element with 1100 mm length (model 1) and 3300 mm length (model 2), cyclic displacaneeplied with
same amplitudes but with different number of cyclesb{e2).

Table 2. Loading procedure

Model 1 (1100 mm) Model 2 (3300 mm)
one cycle +/- 0.625 mm one cycle +/- 0.625 mm
one cycle +/- 1.25 mm one cycle +/-1.25 mm
one cycle +/-2.5 mm one cycle +/-2.5 mm
Three cycles | +/-5 mm Three cycles | +/-5 mm
Three cycles | +/- 10 mm Three cycles | +/- 10 mm
Three cycles | +/-15 mm Three cycles | +/- 15 mm
Three cycles | +/-20 mm Three cycles | +/- 20 mm
Three cycles | +/-25 mm Three cycles | +/- 25 mm
Three cycles | +/- 30 mm
Three cycles | +/- 40 mm

Mesh properties are shownkigure 3. In areas where local buckling is expected, refined meshes were used (at the
ends and at theenter of the member). The size ahé tength of refined mesh areas dexided after sensitivity
analysisTo be abl e to trigger the inaastie dydicremalysis) imitialbimapertedtions lgaved u r i
been incorporated in the numerigabdel of bracing elements. For this purpose, a linear buckling analysis has been
performed, and inelastic cyclic analysis has started on the base of the deformed shapes obtained from the first and/or
second linear buckling modes.

a. Tube 1100 mm: 2376inear hexahedral, 444 line¢ ' b.
wedge elements (At the mitkight and at end of th
tube, for a lagth of 160 mm, mesh is denser)

(At the midheight and at end of the tube, for
length of 480mm and 225mmesh iglenser)

Figure 3. Mesh model 1 and model 2

In Figure 4 and Figure 5, first two linear buckling mode shapes are shigording to the results of the
experimental studies, only first mode deformed shape has been used in madelkigth first and second mode
shapes have been used for the model 2. Initial imperfection value is considered as L/150 accomlit@P&ilE

4
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1[20]; however for the longer element convergence could be obtained by a larger value (L/120).

U, Magnitude

+1.000e+00
+9.168e-01
+8.335e-01
+7.501e-01
+6.668e-01
+5.834e-01
+5.001e-01
+4.167e-01
+3.334e-01
+2.500e-01
+1.667e-01
+8.335e-02
+0.000e+00

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.8353e-01

+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

a. First global buckling mode shape b. Second global buckling mode shape

Figure 4. First and buckling mode shape$ model 1

UT, Megnibucs UT, Magnitude

+L.000%+00

+3.167¢-01 +1.000e+00

+3.333-01 +a.1e7e-01

+7.500¢-01 +5.3338-01

+5.667e-01 +7.500e-01

+3.833¢-01 +6.667e-01

+3.000e-01 +5.833e-01

+4.167e-U1 +5.0008-01

+3.333e-01 +d4,167e-01

iiggggg% ¥ +3.333e-01

+3.333e-02 I 1%:22?:,8% Y
+1.0002+00 . X LE 3%3s-02 I

+0.000e+00 7 x

a. First global buckling mode shape b. Second global buckling mode shape

Figure 5. First and second buckling mode shapeis model 2

Both numericaimodels satisfactorily estimate the critical buckling loadictwttan be seen ihable 3, showing a
comparison between theluasobtained from linear buckling analysiadEuler bucklingcalculationsBased on these
positive indicationssimulation of the inelastic behaviour of the models leesn performedandits results have been
compared with the results of the experimental tests.

Table 3. Comparison of critical buckling loads obtained nunerically and analytically

Tube 1100mm Tube 3300mm
Numerical model 573.75 KN 66.03 KN
Euler critical load 563.20 KN 62.58 KN

Figure 6 shows the plastic deformations concentrated at the beam ends and at the centre of tbibhasesthe
caseduring the experimental tests.

S, Mises

(Avg: 75%)
+4.825e+02
+4 442e+02
+4.059e+02
+3.677e+02
+3.294e+02
+2.911e+02
+2.5286+02
+2.146e+02
+1.763e+02
+1.380e+02
+9.971e+01
+6.143e+01
+2.315¢+01

14—I

Deformed shape of tube1100 at ultimate load Deformed shape of tube3300 at ultimate load

Figure 6. Deformed shape of tube elements under ultimate load
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A good agreement between numerical model and experimental results has been obtained, except for the last three
cycles of the displacement loading due to impossibility to reproduce local buckling fraexmexenced by test
specimens (igure 7). In the nmerical simulation of both models, after the first buckling in compression takes place,
compressive strength decreases because of plastic hinges formedeattteef the brace and next to the end plates.

Then the compressive strength continues to degiaé to Baushinger effect.

150 150

Tension

[KN]

Force
pS)
&

3
X
Load (KN)

Compression

-150
Displacement [mm]

150
Displacement (mm)

a. Numerical model (Abaqus) b. Experimental result

Figure 7. Load-displacement curve- Model 1

In the case of model 2, the convergence between the experimental and numerical curve is much better, since
local buckling frature occurred during the testigdre 8). The decrease in the global tensile and compression
resistance is well visible in the numerical curve, with the exception of the last cycle. The maximum compression force
recorded by the numieal model is 57.49 KN, while the experimental value is 52.30 KN. Maximum tensile force
recorded by the numerical model is 127.20 KN, while the experimental value is 143.80 KN. Furthermore, in
agreement with the experimental results, the numerical moodes global biaxial instabilit{Figure 9).

150 -

_ Force [KN]
Laoad (kN)

&
<]

Compression

_-100 -
Displacement[mm]

00
Displacement (mm})

a. Numerical model (Abaqus) b. Experimental result

Figure 8. Load-displacement curve- Model 2

:HIHJIH!

[T

Figure 9. Biaxial instability model 2

In Table4, comparisons are shown in terms of inelastic buckling and ultimate tensile loads according to numerical

model, Eurocode 3, and experimental results. In general, it is seen that numerical simulation of more slender element
gives letter results.
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Table 4. Comparison of major loading limits between numerical analysis, experiments ardurocode

Tube 1100mm Tube 3300mm

Numerical model 121.66 KN 57.49 KN

Inelastic Buckling Load Eurocode 109.85 KN 43.51 KN
Experiment 105.50 KN 52.30 KN
Numerical model 128.46 KN 127.20 KN
Ultimate tensile load Eurocode 147.38 KN 147.38 KN
Experiment 112.40 KN 143.80 KN

3. Validation of fiber based distributed plasticity approach

At this section, comparisons are shown between the results obtained from a CFEM model developed using Abaqus,
and a fibethased model developed usiffstrand’) [15] (Figure 10).In fiber-based distributed plasticity approach,
each element is divided into several cross sections along the member length, which are further subdivided into fibers
(monodimersional elements with nonlinear elastic constitutive law). Assuming that plane section remains plane
(sections need to be normal to the axis of the element), the strain in each fiber is calculated from centroidal section
strain and curvature, then the strassed modulus of fibers are calculated from the previous strain values. By
integrating the response of the fibers, the constitutive relation of the cross section is obtained, which are then
integrated along the member length, using appropriate interpofatictions Figure 10.b.

m A Mulii-element model (two minimum)
B Muttiple integration poitns per element
; ‘ Rl
v z
@ H _ \-Fr C Variable cross ssction
3 H 7

D' Unixial stress-strain relationship for fibe

Strain

© = Gusss Lobato Inegrason Pom:
a. CFEM approach b. Fiber baseddistributed plasticity approach [15]
Figure 10. CFEM vs Fiber based approach
Linear buckling analysis results are very simi{eigure 11). After the linear validation of fibebased model,

hysteresis response of the model 2 has been compared, and then the same comparison has been made for an oper
section.

U, Magnitude
+1.000e+00

+4.167e-01
+3.333e-01
+2.5002-01
+1.667e-01
+§.333e-02
+0.000e+00

z

L.

Abaqus 1° buckling mode: 66 kN Straus7 1° buckling mode: 67 kN

Figure 11. Comparison in terms of ' linear buckling mode
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From the comparison of two hysteresis curves obtained from an inelastic cyclic analysis, it is evident how DPE
model is able to reproduce the nonlinear response of the profile under cyclic loading (Figireti 2nodels show a
gradual reduction in the maximum compression resistance at later cycles, which is in line with tHeeaetialirof
the specimens observed thg the experiments performed

150

—Abaqus
—Straus7

, Force [KN]

-100
Displacement [mm]

Figure 12. Comparison of hyseretic response of two modelling approaches

Maximum and minimum values achieved by the two curves are also coincident. However, in terms of dissipated
energy, represented by the area enclosed by the hysteresis curves, there is a slight differencéndatveemotiels.
DPE model dissipates slightly more, since DR&dellingcannot capture local instabilities that can be captured by a
refined FE model with shell elements. Yet, considered the time required for the analysis and the satisfactory accuracy
of DPE model, it can be concluded that thedellingwith distributed plasticity (DPE) represents a good compromise
between the validity of the results and analysis time.

Another comparison has been made with an open section. A DUPE100 section with 4310mm length has been
analysed Boundary conditions are fixed on both ends for all degrees of freedom, except the axial translational degree
of freedom in one end to impose tirdal displacement. Material properties are showhahleb.

Table 5. Material properties

Cross section DUPE100

E: Youngés mod 210000 MPa

g: Poi sson coe€0,30
f,: yield strength 343 MPa
fu: ultimate strength 393 MPa
(; ultimate strain 0.15

Linear buckling analysigive similar results (igure 13).

U, Magnitude
+1.000e+00

a. Abaqus 1° buckling mode: 720 kN b. Straus7 1° buckling mode: 740 kN

Figure 13. Comparison of two approaches in terms of critical buckling load
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Also in this case, results of DPE model and CFEM model are very similar. The observations made in the calibrated
tube model are valid also for this case (Figure 14).

900

——Abaqus

Force [KN]

——Straus

40

-500
Displacement [mm]

Figure 14. Comparison of hysteretic response of two modelling approaches

Small differences between the behaviour of the two models is due to the faoctliahstabilities that cannot be
captured by fibebasedapproach, the examples of which arewhan in Figure 15.

Figure 15. Local deformations at the cenér and end of the strut that cannot be simulated by fibebased approach

4. Full scalesimulations

In order to assess the accuracy of the flieesed modelling approaéh estimating the nonlinear cyclic response of
full-scale braced frame configurations, two real scale frg@E§22][23] have been analysed, and the results have
been compared with the results of the experiments performed on these test Titaafiest numericalmodel (Figure
16.b)aims to capture the nonlinebehaviour of the concentrically braced steel frame tested experirgentdetelli
et. al.[21] (Figure 16.a)The beam and the columns are made of S355 gtadk with a HEB 160 profile; the two
elements are connected with fixed joints while ¢tbkimn at the base leveliisstrained against horizontal and vertical
displacements with pinned joints. The bracing system consists in S235 steel grade platesosgbextion area of
20 mm x 50 mm, connected in the centre with a plate 200 mm thick and in thetdsealumn zone with bolted
joints, both modelled with rigid linksThe second numerical modg@igure 16.d)has been developed forspecimen
that includes two different typical bracing configurations commonly used in buildingsvfoh and twestorey X
bracing) tested by Lumpkin et.g]22][23] (Figure 16.c)Full strength and rigid beawcolumn joints of the test frame
have been taken into accouirt the numericalmodel In both models,igid links have been introduced at the end of
bracings in order to take into account the extra rigidity provided by the gusset Alatesams, columns and bracings
havebeenmodelledusing the fibetbased distributed plasticity approad¢hshould be uderlined thatdcal buckling
and lowcycle fatigue effects have been kept beyond the scope of this study.
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Figure 16. Full-scaletest frame and its numerical model developed with fibebased beam elements

Material and geometricharacteristics of the test framean be seen ifiable 6. Kinematic hardening model has
beenused to simulate the steel material behaviblaminal material characteristics have been taken as reference in
the first model, whilette material parameters chaterizing thesecondnumerical model have been calibrated on the
basis of the average strestgain relationship derived from tensile coupon tests performed by Lurf3irAn initial
imperfection of %0.1 has been considered to initiate the buckiimgracing elements.

Table 6. Material properties of test specimens

Cross section E [Mpa] | f,[Mpa] fmax[Mpa]
First Model Columns and beams HEB160 210000 355 510
(Metelli et. al.) Bracings Rectangular plates 268 mm | 210000 235 360
Columns W12X106 200637 401 512
Second model | Beami 1% and 2 floor W21X68 216151 432 548
(Lumpkin et. al.) Beami 3 floor W24X84 208222 416 538
Bracings W175X175x7.5x11 168922 338 469

Nonlinear cyclic analysis has been performed imposing a cyclic displacement load on the top left node of she frame
which reproducedhe loading history appliein the experimental testFigure B). In theanalysis, &rge displacements

and material inelasticity have been considered, and loads have been applied as increments, ensuring the equilibrium of
the internal member forces and global base shear at each step.

10
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a. Loading history ofSpecimen 1 b. Loading history ofSpecimen 2
Figure 17. Cyclic loading history of the specimens

Figure 18shows the comparison between the experimental and numerical results in terms of global force
displacement hysteresis curfer both models A good overlap betweemumerical and experimentalrves verifies
the capability of the numerical modetleveloped withfiber-based beam elements in simulating the hysteresis
behaviour of the full scale braced test frartecan be observed that in thiest model, where the slenderness of
bracings are very high, curves fit much better than the second model, in Whkthddferences can be observed
particularly at high displacement demands, due to the damage in conseutibocal buckling phenomerihese
results also confirm the efficiency of fibbased modelling approach in predicting the inelastic hysteresis behaviour of
the steel bracings.

a. Experimental hysteresis curve of the first specimen b. Numericalhysteresis curve of the first specime

a. Numerical and experimental hysteresis curves of the second specimen

Figure 18. Cyclic loading input and hysteresis diagrams ofull -scaletests and numerical analysis

5. Conclusions

Seismic response of a concentrically braf@gne mainly depends on the behaviour of its bracing elements. An
accurate numerical simulation of inelastic behaviour of a braced frame is a complex matter, for which specific tools
and methods are needethe focus of this study was tealidate an accurte and time efficient way modelling
approach for the simulation of steel bracings under inelastic cyclic and seismic loading, which can be used in the
modelling of multistorey structures. Therefore, a comparative numerical study has been presentedhte tredi
suitability of fiber based distributed plasticity modelling approach, to simulate inelastic cyclic response of bracing
elementsThe simulations are based on previous experimental data and refined finite element models.

The comparison of the hysesis curves of several elements, evaluated for different boundary conditions shows that
results obtained bfiber-basedapproach are almost coincident with those obtained by continuum based modelling.
This observation has been also confirmed with thestidle simulations of two different real scale test specinigres.
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