-

View metadata, citation and similar papers at core.ac.uk brought to you byji CORE

provided by Archivio istituzionale della ricerca - Universita di Palermo

Multicriterion design of frames with constraints lomckling
Francesco Giambanco, Salvatore Benfratello, LuddjizPolo, Pietro Tabbuso

Department of Civil, Environmental an Aerospace iBagring,

University of Palermo, Italy

E-mail francesco.giambanco@unipasgalvatore.benfratello@unipa,it
luigi.palizzolo@unipa.itp.tabbuso@alice.it

Keywords:Optimal design, dynamic loading, buckling.

SUMMARY. The present paper is devoted to the opltidesign of frame structures subjected to
static and dynamic loading assuming the materidabiour as elastic perfectly plastic. The
relevant optimal design problem is formulated asn@mimum volume search problem. The
minimum volume structure is determined under sigtabnstraints on the design variables as well
as accounting for different resistance limits: #lastic shakedown limit and the instantaneous
collapse limit, considering for each limit condiiguitably chosen amplified load combinations.
The effects of the dynamic actions are studied len grounds of the dynamic features of the
structure taking into account the structural pesioeferring to the actual Italian Codes related to
the structural analysis and design. The minimunuwa design is developed at first as the search
for the optimal structure with simultaneous coriatsaon the elastic shakedown behaviour and on
the instantaneous collapse. Moreover, in ordervimidaundesired further collapse modes, the
structure will be constrained to prevent elemertkbng. The numerical applications are related
to steel frames.

1 INTRODUCTION

On the grounds of an ever increasing knowledge aferal and structure behaviour, in
addition to the better capability of effecting asenable prediction of the actions that a structure
must suffer during its lifetime, and on the groumdghe continuous technological development,
structural optimization has been object of sevstadlies devoted to the proposing of new search
problem formulations as well as appropriate confputal methods. Such a technical and
scientific effort had several positive effects; particular, the consciousness of the structural
engineers and of the institutions in controlling tfelated activities has strongly grown. The
present paper is devoted to the formulation of dioniterion optimal design problem of elastic
perfectly plastic structures subjected to differemmbinations of fixed, quasi-statical (wind) and
dynamic (seismic) loads. Wind and seismic effedtshe both considered as perfectly cyclic. The
structure must be designed in such a way to betabdamultaneously elastically shakedown and
prevent the instantaneous collapse consideringgdtir each different limit condition a suitably
chosen amplified load combination. Moreover, inesrtb avoid undesired further collapse modes,
the structure will be constrained to prevent elenhbeigkling.

The optimal (usually minimum weight) structural @es has been pursued by several
researchers. The formulation of the problem strpmigipends on the particular chosen resistance
criterion, namely it depends on the special limghaviour required for the structure. Several
formulations have been proposed for the elasticm@tdesign (see, e.g. [1]), for the elastic
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shakedown optimal design (see, e.g., [2]), andHerstandard limit design (see, e.g., [3]), always
accounting for fixed and/or quasi statical loadacltone of these formulations takes into account
just the corresponding structural limit state, tedato a special load condition, disregarding the
observance of suitable safety factors for othessides limit states, related to as many dangerous
load conditions. As a consequence, further formuiat the so-called multicriterion optimal
design formulations, have been proposed (see, [é]).,Furthermore, for load conditions above
the elastic shakedown limit, an alternating platstibehaviour is certainly preferable with respect
to a ratchetting one, so several different formatet of the so-called plastic shakedown optimal
design have been proposed (see, e.g., [5]). Fimalbye recently, some further formulations have
been proposed in which the dynamic behaviour okthgcture is taken into account and where the
results obtained by a rigorous application of tteidn Code [6] are critically examined and
several contributions are provided aimed at theravipg of the design (see, e.g., [7]). Anyway,
whatever the special formulation is utilized, sabsilly depending on the special limiting
criterion imposed on the structure behaviour, iésy useful to know if the optimal structure, at
the prescribed limit state, fulfils special limib# its functionality. Among such bounds, and in
particular making reference to frame structuresefé@ctive limit is related to the buckling of the
elements. Some contributions on this topic haven pFeposed just for elastic shakedown design
and for standard limit design (see, e.g., [8]).

Aim of the present paper is to propose a formumatid a special multicriterion optimal
(minimum volume) design problem devoted to elagtcfectly plastic frame structures subjected
to a combination of fixed, cyclic and dynamic loaasposing simultaneously constraints on the
elastic shakedown behaviour (related to servicgghibnditions), on the instantaneous collapse
(under the combination of fixed and cyclic loade do the wind effect), on the instantaneous
collapse (under the combination of fixed and seisioiads) and preventing the undesired
phenomenon of buckling. Several applications, peréal by utilizing a suitable iterative
technique, based on an appropriate linearizatioth@fminimum volume problem formulated on
the grounds of the statical approach, conclud@d#per.

2 THE MODEL

Let us consider now a shear plane frame just stdgelo an horizontal ground acceleration
ay (t) and modeled as a Multi-Degree-Of-Freedom (MDOR)cstire starting from zero initial
conditions, such that the total number of degrédseedom is equal to, .

The dynamic equilibrium equations can be writtethia following form:

M i(t)+Au(t)+Ku(t) = f (t) (6N
being f (t)=-ma,(t). In equation (1M , A andK are the mass, damping and stiffness matrices
(with dimensionsn; x n; ), respectively, which are assumed to be positivespm = M 7, being
t the (ng x1) influence vector;f (t) is the (nf x1) excitation vector, whileu(t), u(t) and
U’(t) are the displacement, the velocity and the acagéder (n; x1) vectors of the system,

respectively, and the over dot means time derieativthe relevant quantity.
According to the actual Italian Standard on StrradtuDesign, for the structure under
examination it is possible to define the structutakign making use of the so-called response

spectrum$y (T) In order to do this it is necessary to calculdtte fundamental periods (or



alternatively the frequencies) of the structurechihias it is well known, can be determined once
the mass and stiffness matrices of the structueekaown. Further it is also assumed that the
structure is a classically-damped one, that is

PAD=E 2)
In equation (2)® is a diagonal matrix whoscjsth component is equal t8{; wj , being w; and

¢; the jth natural frequency and théh damping coefficient, respectively. In equation iRjhe

modal matrix whose columns are the eigenvectotheftiffness matrix normalized with respect
to the mass matrix. According to the Italian Codstady is performed taking into account all
structural modes and assuming a constant dampiefiigent equal to 5%. The displacement

vector due to thejth mode can be determined as follows:
T
D MT§ | Ti
Uj:¢j—1 a)z ( J) (3)
J
According to the above referred guidelines the ldisgmentsu and the generalized stres$ts

are combined in a full quadratic way following tguation:

E, =\/Zk2jp]’k i, B (4)

being E, the AL

component of the combined effect of the relevamnty, E;, ,E, the
component of the effect due tq')th and k™ modes, respectively, ang; the correlation
coefficients betweer]'th and k™ modes expressed by the equation:
8&2 ,B’ﬁ’(/ 2
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in which By =T /T; andT; T are the periods of th¢" and k™ modes.

According with the guidelines of the great partimternational codes, in particular with the
Italian one, the design of the relevant structungsinbe performed taking into account a fixed
action mainly related with the gravitational loadsquasi statical load related to the wind effect,
and a dynamic perfect cyclic load related to seisattions, suitably combined. In the present
context even the wind load is modelled as a perdgclic load; actually, in any case a generic
cyclic load can be described through the superipositf a fixed and a perfect cyclic load.

For the aim of the present paper, we now assume ttiea actions are represented by
appropriate combinations of the above referred doadch of which related to different limit
conditions; combination C1: fixed lodg, and (reduced) seismic action related to the respon

spectrudeS, function of the up-crossing probability in théetime selected for the structure;
combination C2: amplified fixed loa#,, and perfect cyclic load related to the wind actkgg, ;

combination C3: fixed loadF, and seismic action related to the response specBy, function

of a different (lower) up-crossing probability imetlifetime selected for the structure.
Obviously, the structure must be capable of sufifer above described load combinations
according to different limit conditions; in partlam, it must respond in an elastic manner (elastic



shakedown) when subjected to load combination Ciuist prevent the instantaneous collapse
when subjected, alternatively, to combinations €Z8.
In the above defined combinations, and F,, are special combinations of gravitational

loads as prescribed by the referenced cc@,and S('j are the response spectra related to
serviceability and instantaneous collapse conditioaspectively, while the reference mechanical
cyclic loads related to the wind action are definsdwo opposite and independent load conditions
Few . (i =1,2), such thatF,,, = F,, and F,, =-F; therefore,F, is a perfect cyclic load.

In order to perform the structural design and,h® @im of the present paper, to perform the
structural optimization, a FEM-like approach hasrbadopted discretizing the relevant structure
into n finite elements constituted by elastic perfectlgstic material. The typical™ element
geometry is fully described by the components of the vectod,(v=12..n) so that

d =[&1 .dy,....d ,...fg] represents thexs supervector collecting all the design variables.

3 OPTIMAL DESIGN FORMULATION

Let us make reference to the elastic plastic afrectdescribed in the previous section.
According to the Italian code and to the assumed Imodel, it is subjected to fixed mechanical
loads, quasi statical perfect cyclic loads (winteet) and perfect cyclic dynamic seismic loads.
The minimum volume design problem formulation, wheuitable constraints are imposed on the
elastic shakedown behaviour, on the instantaneollspse and on the element buckling, can be
written as follows:

minV (6a)
(d »Ug sUow Yew Yu?ce u IjcerYOS Y (I)iva L!)g
d-d =0 (6b)
Td-t=0 (6¢c)
Py=Buy, Kuy-Fy=0 (6d)
Pew =BUgy, Kug, —Fg,=0 (6f)
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]
9 3= NP, +(-1) NPS-SY,5-R<0, Y20 (6i)
@ ile NPOW +(_1)i NPCW_ SY(I)iw_ R<0, YOliw 20 (6))
9= NP, +(-1)' NPL-SY}e~R<0, Yge=0 (6Kk)
where equations (6a,i,j,k) hold for=1,2, j=1,2....... N, beingng,, the number of structural

modes and/ =1,2,....... .y, beingn, the total number of plastic nodes.



In equations (64 is the design variable vector white represents the vector collecting the
imposed limit values fod, T is the technological constraint matrix witha suitably chosen

technological vectory, and Ry, Up,, andRy,, Uy, and Py, uf, and P, uj, and Py, are

w cw jce
the purely elastic response to the assigned firadd, the mechanical cyclic load, the reduced

dynamic load related to thja‘h structural mode, the full dynamic load relatedhe jth structural
mode, respectively, in terms of displacements ategalized stresse§’§E and PC'e the combined

generalized stress vectors related to reduced whdeismic actionsg 3, ¢, ande |, are the
plastic potential vectors related to the elastigksldown limit (apexXS) and to the instantaneous
collapse limit (apeX), respectively,y,’, YO'iW and YO'ie are fictitious plastic activation intensity
vectors related to the elastic shakedown limit @amdthe impending instantaneous collapse,
respectively. Finally-S is a time independent symmetric structural matrich transforms the
plastic activation intensities into the plasticgrtals.

Problem (6) can be improved in order to take irtooant the buckling effect on the pillars and
on the cross bracing elements, if present, by ngiiquations (6i-k) as follows:

p 3= NP +(-1) NRPIS - sy -R<0, v§20 (7i)
~ b 1 ~ .

o= NP +(-1) NP - svJ,,~R<0, Y4, 20 (7))

0= NP +(<1) KRB —SY/.-R<0, Y/ 20 (7K)

where the apexbj indicates that the generalized stress vectord, iarparticular the bending
moment values, are amplified. The amplifies bendim@ment acting on the typical pillar will be

evaluated as follows:
v ) —L' [with N, :M] 8)

B 2
1-pN ¢

_ 0
N
being M and N the standard values deduced fromhjgd-a suitable safety factor arld. the

(3
relevant critical load (Euler’s formula). Furthermmapin order to take into account the buckling
effect on the cross bracing elements the follovdogstraints are introduced:

all,-Ag, 20 9)

where, besides the already defined symbelsz> E , being E the material Young's modulu:f,
is a diagonal square matrix collecting termsl/aﬁ] ,mQd I(ncp) ,being 7, the length of them™

compressed element amg, the total number of compressed basand fmin are the cross-
section area and the related minimum moments ofiéneectors of potentially compressed bars.

4 NUMERICAL RESULTS

The optimal designs of steel frames have been rmddaireferring to the formulations
previously proposed. At first, the multicriterioesign problem (6) has been solved for the two six
floor frames plotted in Fig. la,b constituted byaeg box section elementg £ 300 mm for

flexural frame,¢ =250 mm for cross bracing one antd=100 mm for cross bracing elements).



The constant thickness is assumed as design variable and cross bracingeels are weakened
by holes. Furthermorel;, =700cm , L, =400cm and H =400cm , Young modulus

E =21MN/cn? , yield stresso, = 23.5kN/ cnf .
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Fig. 1 Steel frames: a) flexural frame geometry doad condition; b) cross-braced frame
geometry and load condition; c) typical box crosstien; d) structural scheme; e) rigid
plastic domain of the typical plastic hinge.

Two rigid perfectly plastic hinges are locatedra extremes of all elements, considered to be



purely elastic (Fig. 1d), and an additional hingdacated in the middle point of the beams. The
interaction between bending momatand axial forceN has been taken into account. In Fig. 1e
the dimensionless rigid plastic domain of the tgpiplastic hinge is plotted in the plane
(N/ N,y , M/My ), being N, and M the yield generalized stress correspondindNt@nd M ,

respectively. The structure is subjected to a fixeiflormly distributed vertical load on the beams,
0o =30 kN/m, to perfect cyclic concentrated horizontal loaki¥)(applied on the nodes (wind

effect) F, =[24 262 284 305 327 34, and to seismic actions. We assume that the

seismic masses are equal for each floor 33.64 kNCseé /n, and located in the intermediate

node at each floor, (Fig. 1a,b). The selected mspspectra for serviceability conditions (up-
crossing probability in the lifetime 81%) and ing@neous collapse (up-crossing probability in the
lifetime 5%) are those corresponding to Palermah w&isoil type B, life time 100 years and class
IV. The optimal multicriterion design has been caomeg solving problem (6), assuming

Fowj/Foj =1.25, with Fy,,; and Fy; the j'™ components of the relevant vectors. The obtained

designs have been investigated. The relevant Baggaims have been determined for seismic and
wind load conditions and plotted in Fig. 2a,e alcgg2respectively. As it is easy to observe, as
known, a dangerous condition of ratchetting is lhedceven for load multipliers lower than the
prescribed ones. Furthermore, in order to analyeestructural response with regard to instability,
the same structure has been studied taking intmuatthe P-Delta effects and the buckling effects
performing an elasto-plastic analysis with a sel@¢dbad history. It has been verified that the
structure shows incremental collapse for load mligtis lower and lower. In Table 1 such results
are synthesized for suitably chosen couples of loattipliers where F and C indicate Flexural
and Cross braced frame. It is worth noticing ttnat éffect of buckling in the case of the cross
braced frame is so influent that for load amplifieven very low (and, as a consequence,
meaningless for technical aims) the structure shmwsry fast collapse (these last values are not
reported in the cited Table).

Frame Analysis  Vol.  &: &, u wooow, W, ow, W
earth. 1;0.95 11.2 281 329 347 342 344
F . standard 1.007
wind 1.25;1 9.88 111 137 123 836 3.1
earth. 1;0.85 26.0 158 23,4 249 230 18.6
F : P-Delta 1.007
wind 1.25;1 9.62 125 158 143 9.95 4.12
earth. 1;0.70 355 277 363 379 409 352
F - buckling 1.007
wind 1.25;1 37.6 310 346 322 266 173
earth. 1;0.85 7.73 858 16.1 20.0 173 327
C . standard 0.907
wind 1.25:1 0.004 166 246 313 360 387
earth. 1;0.60 6.57 8.39 158 20.0 8.17 216
. P-Delta 0.907
wind 1.25;0.5 0.129 655 528 202 255 267

Table 1. Results of the analyses performed fornmgdtiflexural and cross braced frames
deduced by solving problem (6)u’( = horizontal residual displacement of the
upper floor,w , i =12,..,5, are the vertical residual displacements of thediei
point of the longer beams at floor 1 to 5).



In order to improve the obtained design, problejrh@s been modified substituting constraints
(6i-k) with equations (7i-k) and introducing corasitt (9).
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Fig. 2 Flexural frame Bree diagrams: a) optimalicture problem (6), seismic loads; b) optimal
structure improved problem, seismic loads; c¢) oglistructure problem (6), wind actions;
d) optimal structure improved problem, wind actions

The Bree diagrams of the improved design have detarmined and plotted in Fig. 2b,f and Fig.
2d,h for seismic and wind load conditions, respetyi In order to verify the goodness of the
obtained design, the analysis of the relevant sirachas been performed taking into account the
P-Delta effect. The results are encouraging anavshat the structure prevents the collapse for
couples of multipliers even very close to the priesd ones. In Table 2 same results are
summarized in terms of residual displacements.
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Fig. 2 Cross braced frame Bree diagrams: a) optatnacture deduced from problem (6),
fixed and seismic loads; b) optimal structure dedurom improved problem, fixed
and seismic loads; c¢) optimal structure deducethfpyoblem (6), fixed and wind
actions; d) optimal structure deduced from impropegblem, fixed and wind actions.



Frame Analysis ~ Vol.  &;;¢&. u’ W W W, W, W

earth. 1;0.96 51.6 12.3 29.2 325 31.8 140
. P-Delta 1.187

wind 1.25;1 6.79 0.12 105 12.1 9.29 8.05

earth. 1;0.95 342 281 133 179 20.8 19.7
. P-Delta 1.131

wind 1.25;1 0.124 6.37 132 127 116 7.71

Table 2. Results of the analyses performed fornmgdtiflexural and cross braced frames
deduced by solving the improved problem.

5 CONCLUSIONS

The present paper has been devoted to the optiesigrd of elastic perfectly plastic frames
subjected to fixed, perfectly cyclic and dynamidi@ts. The optimal design problem has been
formulated as the search for the minimum volumacstre and two different resistance limits
have been simultaneously considered: the elastikestown limit and the instantaneous collapse
limit. In the proposed formulation reference hagrbenade to the Italian codes related to the
structural analysis and design; actually, the sealdility conditions have been defined as the
combination of fixed and reduced seismic loads, ultamate limit loads have been defined
alternatively as the combination of fixed and petrfeyclic loads, or as the combination of fixed
and dynamic loads. Two different formulations ok timinimum volume design have been
proposed: the first one is devoted to the optinedigh of the structure with constraints on the
elastic shakedown behaviour related to servicaghilondition loads and on the instantaneous
collapse related to suitably alternative combinagiemf fixed and perfectly cyclic or dynamic
actions, the second one is devoted to the optiresigd with the same conditions as before but
introducing new constraints related to bucklingtWthe introduced further constraints it has been
verified that the relevant structure exhibits a &abur preventing the collapse even when the
loads reach values very close to the prescribed. dngo six plane frames have been investigated.
The obtained results are encouraging and furthe¥ntbey show that the new designs are
characterized by just a very modest cost incremthtrespect to the safety improvement.
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