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1. Abstract

The minimum volume design of plane frames congtituby elastic perfectly plastic material and sulg@écto appropriate
combinations of fixed, cyclic and dynamic loadstigdied. The influence on the design, in termsast ¢volume) and behavioural
features, of seismic protecting devices is pardidyl focused. The considered protecting device igaa rubber bearing base
isolation system. Two optimal design problem foratiains are proposed for the structure with or withtbe protecting device, both
based on the so-called statical approach. The mimiwolume frame is reached accounting for threieiint resistance limits: the
purely elastic limit, the (elastic) shakedown linghd the instantaneous collapse limit. The adopted combinations are
alternatively characterized by the presence of ¢irlyd loads, of amplified fixed loads and quasitist perfect cyclic loads due to
the wind action, of suitably reduced fixed loadd @gnamic actions due to the earthquake. The liaksstic effects of the dynamic
actions are studied by utilizing a modal technidrieference is made to the most recent Italian celd¢ed to the structural analysis
and design. The solution of the optimization prabie reached by using a suitable subroutine availalo the optimization toolbox
of MATLAB © appropriate to the proposed formulations. A flekdirame is studied with and without the relevagissiic protecting
device in order to study the influence on the desifjsuch a base isolation system. The relatednmimi volume structures are
obtained assuming the stiffness and the dampirigrizaf the base isolation system as variablesinvihsigned suitable ranges. The
Bree diagrams of the obtained optimal designs ke determined in order to characterize and comfyaie structural and safety
behaviour.
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3. Introduction

As known, except for wind and snow loads, the astipotentially acting upon a civil or an industigainstruction are substantially
related to the structural masses by a proportiaval The latter depend on the structure geometdycamthe chosen material weight,
while the former just depend on the geometry ofdtwestruction; furthermore, both depend on theipder geographical site where
the building must be realized. It is worth noticith@t the actions related to the gravitational foark usually much more influent on
the design of the relevant structure with respeavind and/or snow actions. Therefore, it woulddoisable to realize structures
with small dimension elements (characterized bgvaweight) but able to guarantee the structuretgafeterms of resistance, with
suitably chosen safety factors, and provided witfigent stiffness so that the relevant construettould be used in an optimal way
and without any awkward breaks. The above descrifietl substantially represents the natural objectifethe structural
optimization which is usually devoted to the seartthe minimum weight structure, i.e. among tHinite feasible structures which
satisfy the assigned requirements, usually impaseerms of resistance and/or stiffness, find thracsure characterized by the
minimum volume. Furthermore, it must be remarkeat,ths known, the presence of too heavy massesdadts more dangerous
effects during the earthquake, so the suitable madsction and/or the utilization of appropriatevides able to reduce these
undesired seismic effects on the structure reptesdénndamental task in order to guarantee thectstre safety and the complete
usability of the construction. Focusing the at@mtio the utilization of special devices in ordereduce the earthquake effects, two
are the main ways available for the designer. Tisé dne is that of stiffening the structure byrauucing suitably disposed cross
bracing elements; following this approach the stres floor drifts reduce and consequently the seeson the beams and pillars
reduce, so that, often, the cross braced structaede designed in such a way that beams andspiflaain elastic while just the
cross bracing elements can plasticize and dissthat@rescribed amount of plastic energy (see,[£]g.The second one is that of
reducing the amount of seismic energy coming auhfthe ground to the overhanging structure; thigragch is very effective and
mainly consists in inserting suitable devices (askation systems) between the soil foundatiortsthe structure. The main feature
of the base isolation systems is that to increlasditst natural period of the whole structure-basdation system in such a way to
make the structure less sensitive to seismic axtidhis effect can be obtained by means of diffeegproaches, alternatively
adopting a passive control, an active control semi-active control. These devices must possetsbseiimechanical characteristics
such that to increase the first natural periochefisolated structure through a decoupling of thecaure motion from the one of the
soil. The differences among the above referencpdoaphes lie in the fact whether the mechanicaufea of the device can change,
depending on the load history, or not. Clearly spascontrol devices are such that their charasttesi do not change depending on
those of the seismic action, while the active aarntnes are able to do that. In this framework gy Varge amount of studies are
available in literature (see, e.g., [2-4]). To thehor’'s knowledge, the base isolation system basegubssive devices is, at present,
one of the most efficient and economic techniqibée # dissipate most of the input energy evengmérg damage to the structure.
Generally speaking, the isolator should dissipatrgy at frequencies dynamically interacting whie structure and transmit only
energy acting in a frequency range that poorlytesdhe structures. Recent approaches devotee tetign of passive devices take
into account for the randomness of the seismioast{see, e.g., [5]). These approaches have b&apwledged by the greater part
of the actual structural codes related to the @magnd design of civil and industrial constructi@md in particular by the Italian one



[6], which is referred to in the paper.

Principal aim of the present paper is the propmsibf appropriate multicriterion optimal designrfarations for elastic perfectly
plastic steel frames accounting for the presen@wofe seismic protection devices. In this studyesomgent researches of the same
authors (see, e.g., [7-9]) are extended, proposawy formulations of the minimum volume design cdstic plastic frames by
including in the relevant formulations the dynameésponse of the structure obtained by a modal teaanby considering more
complete load combinations, by considering the raeal features of the base isolation system antbegiesign variables and
effecting several suitably chosen numerical appboa useful to better understand the sensitivitythee structural response.
Therefore, the minimum volume design of steel framdth and without suitably defined protecting d®d and subjected to the
action of static as well as dynamic loadings islitd.

The frame model is thought as constituted by liredastic beam elements, rigid nodes and rigid p#yfglastic hinges. The base
isolation system is modeled as a passive cont®(lead rubber bearing base isolation system) winesghanical features have to be
optimized. The relevant optimal design problemoigrfulated as a minimum volume problem and the #eetatatical approach is
utilized.

The minimum volume structure is determined undétable constraints on the design variables inclgdine features of the
protecting device as well as accounting for thréemnt resistance limits: it is required that tbptimal structure behaves in a
purely elastic manner, satisfies the elastic shakedimit and prevents the instantaneous collajpsi, Iconsidering acting for each
different limit condition a suitably chosen loadndoination and imposing for each different conditisaitably chosen load
amplifiers. The adopted load combinations are charaed by the presence of fixed loads, of quesieal perfect cyclic (wind)
actions and dynamic (seismic) loads. The lineastiel@ffects of the dynamic actions are studiedtidizing a modal technique.

The proposed treatment is explicitly referred te thost recent Italian code related to the struttamalysis and design, but the
concepts exploited in the paper may be easily eet@no the other codes of other countries; theeefine minimum volume design
is developed at first for the flexural frame as slke@rch for the optimal structure with simultaneoosstraints on the purely elastic
behaviour (related to basic gravitational load dtoias), on the elastic shakedown behaviour (relateserviceability conditions),
on the instantaneous collapse (under the combmati@amplified fixed loads and cyclic actions doettie wind effect), and on the
instantaneous collapse (under the combination @ficed fixed loads and seismic actions). Subseqyeti minimum volume
design is developed for the base isolated framthesearch for the optimal structure with simultareconstraints on the purely
elastic behaviour (related to basic gravitatiowald conditions), on the elastic shakedown beha\i@ated to the combination of
reduced fixed loads and seismic actions), on te&iraneous collapse (under the combination of ifiegpfixed loads and cyclic
actions due to the wind effect).

The solution of the previously described problemsaomputationally reached by using a suitable subwe available into the
optimization toolbox of MATLAE® appropriate to the proposed formulations. The Bliagrams of the optimal structures are also
determined in order to characterize the structheddaviour. The comparison among all the obtainedlt® allows us to deduce
several useful information regarding the cost dedresponse sensitivity of the different optimalictures.

4. Fundamentals and structural model

As described in the foregoing section, principah af the present paper is the formulation of twgrapriate multicriterion
minimum volume design problems for elastic perfegliastic frame structures subjected to fixed, gatic (cyclic) and seismic
loadings properly combined together and each dyitainplified by appropriate selected parameters flitst formulation is mainly
devoted to flexural frames without any protectimyide and the relevant optimal design is reacheteaminimum volume structure
which behaves elastically under the assigned fieads, does not violate the elastic shakedown limiserviceability (seismic)
conditions and prevents instantaneous collapseruritimate load conditions related to high seisfo&ds or to wind actions, both
combined with appropriate fixed loads of given nsi¢y. Whereas, the second formulation is devatdubise isolated flexural frames
and the relevant optimal design is reached as tinemum volume structure which behaves elasticaligler the assigned fixed
loads, is safe against plastic shakedown and/ohetting under ultimate load conditions relatedligh seismic loads combined with
suitably reduced fixed loads and prevents instaw@as collapse under ultimate load conditions rdlabewind actions combined
with suitably amplified fixed loads. The above mened reduced and/or amplified fixed load inteesitivhich define the described
load combinations utilized for the searching of tiptimal design are provided by the already refeedrtalian code.

In order to appropriately describe the cited fomiohs, some fundamentals must be introduced magggrding the definition of
some appropriate model both for the frame struanckfor the acting loads.

As known, the classical formulation of the statiehr elastic analysis problem for frames congituty n, beam type elements,

described by the Navier kinematical model, amg standard nodes (each characterized by three degfegecedom) is given as
follows:

d=Cu (1a)
Q=Dd+Q (1b)
CQ=F (1c)

whered is the element nodal displacement vector of dineen§[h, , C is the compatibility matrix with order @, x [By, u is
the frame nodal displacement vector of dimensiim, , Q is the generalized stress vector evaluated at theregs of the

elements with order @&,, D is the frame internal (square block diagonal) std§fenatrix with order &, x B, Q is the

perfectly clamped element generalized stress vectbrttve same dimension & , and F is the frame nodal force vector with the
same dimension ofi . The solution to problem (1) is given by:



u=K?F’ (2a)
Q=DCu+Q =DCKF" +g@ (2b)

in terms of displacements and generalized stressspectively, withK =CDC frame external square stiffness matrix of order
3[hy x 30y, and F'=F -CQ s the equivalent (in terms of structure node ldispments) nodal force vector, where the over

tilde means the transpose of the relevant quantity.

According with the guidelines of the greater pdrinternational codes, in particular with the lgadione, the design of the relevant
structure must be performed taking into accourikedfaction, mainly related with the gravitatiohadds, a quasi statical (cyclic)

load related to the wind effect, and a dynamic gartyclic load related to seismic actions; the tio@ed loads must be suitably

combined adopting for each single action a suitaldfined amplifier. In the present context even Ithed related to the wind is

modeled as a perfect cyclic load; actually, in eage a generic cyclic load can be described thrthekuperposition of a fixed and
a perfect cyclic load.

Making reference to the seismic actions, let ussictar the relevant frame as a shear plane frantesiigected to an horizontal

ground acceleratiorag(t), modeled as a Multi-Degree-Of-Freedom (MDOF) dtiees such that the total number of degrees of
freedom is equal to the number of floars.
As usual, the dynamic equilibrium equations camhigten in the following form:

M §(t) + As(t) + K, s(t) = (t) ®)

being f (t) =-Mza, (t) , where z is the influence vector with dimensiam ; s represents the displacement vector related to the
structure dynamic degrees of freedom and equa{i@néas to be solved according to the initial ctinds that hereinafter are
assumed to be(0) =0, $(0)=0.

In equation (3)M and A are the mass and damping matrices (with dimensignsn, ), K. =EKE is the dynamic stiffness
matrix of order n;xn; related just to the horizontal floor displacemenising E an appropriate condensation compatibility
operator which applied te provides the frame nodal displacement(u = Es) . All the matrices in equation (3) are assumedeto b

positive ones. Furthermores(t) and s(t) are the velocity and the acceleration vectorshef $system with dimensiom; ,

respectively, and the over dot means time derieativthe relevant quantity.
As it is known, the dynamic characteristics of 8teuctural behaviour are identified in terms ofumat frequencies as well as
damping coefficients. In this framework, as ustta, following coordinate transformation is adopted:

s(t) =@ z(t) (4)
being z(t) the modal displacement vector with dimension and @ the so-called modal matrix of ordeg x n; , normalized with

respect to the mass matrix and whose columns areigienvectors of the undamped structure, givethdégolution to the following
eigenproblem:

KMo =0 Q? (5a)
oMb =1, (5b)
DK D =0Q° (5¢)

In equations (5a,c), besides the already known sisnl,, represents tha, x n; identity matrix while 2 is a diagonal matrix of
order n; x n; listing the square of the natural frequenciesefdtructure.

Once the modal matrix@ has been determined, the structure can be dedimedclassically-damped onedAd == is a diagonal
matrix of ordern;x n; whose typical non zero elemeft; is equalto 7; «; , beingw; and{; the i natural frequency and the

i damping coefficient, respectively.

According to the referenced ltalian code, the strelgted to the frame structure without any bas@ai®n system is performed
taking into account all structural modes and asegraiconstant damping coefficient equal to 0.05.

Making reference to the elastic response specth(nT) defined in the relevant code and once the nafueguencies and the

h

modal matrix are known, the displacement vectortdibe j™ mode can be determined as follows:

T

I

(6)

According to the above referred guidelines theldsgmentss and the generalized stress@scan be combined in a full quadratic

way following the equation:
E =\1Zk2,-pjk E B (7



being E, the /™ component of the combined effect of the relevartnijty, E, . K, the /™ component of the effect due tg"
and k™ modes, respectively, ang; the correlation coefficients betwegf' and k™ modes expressed by the equation:
8{2ﬂ]3k/ 2
2
(1"',8]1()[(1_,8]1() + 444 ﬁjk:|

Pk = (8)

in which B, =T, /T; , beingT, T, the periods of thg™ and k™ mode.

In the present framework related to the optimalgfesf earthquake resistant elastic plastic fratngctures, the utilization of a base
isolation system can be a very important tool whigs been deeply investigated in the recent pakerMa passive isolation
technique is adopted the relevant equations of mymaquilibrium are the same as reported in (3ugphe appropriate initial

conditions) but the mass and the stiffness matassame the following new form:

M. . i Pk -k 1
m -k k+k, -k,
M = m, , K= -k, : (9a,b)
-k,
L T | | Ky, Koy

being m,, the mass andki‘s"; the total stiffness coefficients of the base italdevel andmj , kj , (j :],2,...,nf) the mass and the

stiffness coefficients of thg™ storey of the main structure. For the aim of thespnt papem, represents a known value of the
problem, whilek,,, must be considered as a variable vector with ai¢mgpertaining to a suitably assigned range. érstime way,

in the case of presence of base isolation deviea éve damping coefficient of the relevant mode tnbesconsidered as variable
within a suitably assigned range and, consequesdiyation (8) must be written as follows:

SZjZkﬁj?l'!z
(1+5ik)[(1‘ﬁjk)2 + 444k ﬁik}

for all the combinations which involve the modeatet to the base isolation system.

Always according with the guidelines of the referea Italian code, the seismic loads have to beuatalfor two different
conditions: the serviceability conditions relatedatlimit condition of full usability of the buildg and the exceptional ones in which
the structure finds itself in a condition of impérgi collapse. Clearly, the intensity of seismici@ts is very different between the
above referenced conditions and it strictly depesrishe up-crossing probability of selected intgnkvels during the lifetime of
the structure.

Therefore, for the aim of the present paper anohgakito account the Italian code, we now assurag ttie actions are represented
by four appropriate combinations of the above refétoads each of which related to different suytaihosen limit conditions. The

first combination is characterized by the only pre=e of the full fixed IoadsFOD; the second combination is defined as the

Pk = ®)

superimposition of appropriate reduced fixed Io&'q,%_ (actually, it is widely accepted the hypothesiattthe probability of the
presence of the full fixed loads during the seisewent is definitely low) and appropriately low smic actions related to the
response spectrunsf (serviceability conditions), function of a suitabdelected up-crossing probability in the lifetirog the

structure; the third combination is characterizgdhe superimposition of suitably amplified fixezhts FODW and perfect cyclic load
related to the wind actionk, (in this case the amplifiers of the fixed loadpresents suitably chosen safety factors against the
impending collapse); the last combination is chirmed by the superimposition of the above descriteduced fixed IoadEOE

and seismic actions related to the response smcﬁéu (ultimate conditions), function of a different &bly selected up-crossing

probability in the lifetime of the structure.
In the above defined combinations,, and F, are special combinations of gravitational loadgpmscribed by the referenced

code, SeS and Sé are the response spectra related to serviceabhititly instantaneous collapse conditions, respegtivéiile the
reference mechanical cyclic loads related to thedwaction are defined as two opposite and indepgridad conditionsF, ,
(i =12), such thatF,,, = F, and F,, =-F,; therefore,F, is modeled as a perfect cyclic load.

Clearly, since the design problem under investigais a minimum volume search one, the structugahtetry is not known a priori
and, therefore, let the typicaf” element geometry be fully described by tinecomponents of the vectdy (v :1,2,...,rg,) so that

t= [fl,fz, ol ,...fnJ represents the, x m supervector collecting all the design variables.



5. Optimal design problem formulation

Let us consider now an elastic perfectly plastarfe structure, as above described, without anegiiog device and, according to
the Iltalian code and to the above described loadindel, let it be subjected to fixed mechanicad®aguasi static perfect cyclic
loads (wind effect) and perfect cyclic dynamic ¢seic) loads. Furthermore, let us impose that fer fibst load combination as

above described (full fixed IoadEOD) it behaves in a purely elastic manner; for theosd one, i.e. in serviceability conditions
(appropriately reduced fixed IoadIEODe and low seismic actions related to the responsetspm Ses), it respects the elastic
shakedown limit; while for the remaining two loashabinations (alternatively, suitably amplified ftckéads FODW and perfect cyclic

load related to the wind actiorfs,,, , and reduced fixed loadE,, and seismic actions related to the response spec®, ) it is

able to prevent the instantaneous collapse.
As a consequence, the multicriterion (minimum vad)irdesign problem formulation, where suitable a@sts are imposed on the
purely elastic behaviour, on the elastic shakedbeimaviour and on the instantaneous collapse, canitien as follows:

minV (10a)

S o S 1 vSyl vl
(t,uo Uoe Uow UcwSceS jcel jeel jce!0 Y0 i 0 i;

subjected to:

tin=t21., (10b)
Ht-h=0 (10c)
Q, =DCuy+Qy, Ku,—F,'=0 (10d)
Que = DCUGe + QG Kuge —Foe=0 (10e)
Qo = DCUy, + Qb Kugy, —Fow =0 (10f)
Q., = DCu,,, Kuy, —F4,=0 (10g)
x S
Sie = j%w © QRe=DCuR., Q% =X, %, 0y Q% Qe (10h)
]
(T (i)iMTS?I(TJ) (- | [ I ;
Sice = ¢jT + Qjee = DCUee, Qoo _\/ZjZk P Qce D e (10i)
9" =NG,Q, -R<0, (10j)
0S = NG Qo+ (-1) NG Q5-SY,5-R<0, Y20 (10k)
ohy = NG Qo+ (-1) NG Qo= SYgu— RS0, Yg, 20 (100)
0. = NG Qoo+ (1) NG Q- SY§ o~ RSO, Ygo 20 (10m)

where equations (10km) hold fori =1,2 and ¢ =1,2,......60 .

In equations (10b,c} is the design variable vector, whit,, and t,

max €presenting the vectors collecting the suitably amose

imposed limit values of the admissible range forand H is the technological constraint matrix, with representing a suitably
chosen technological vector.

In equations (10d-i, and Qy, Uy, and Qu, U, and Qq,, Uy, and Q. uj, =K 'EK S5, and Qf,, uj, = K™EK s\, and
Q}Ce are the purely elastic response to the assigned %eltl fioads, to the appropriately reduced fixed laadmin with seismic
actions, to the appropriately amplified fixed loadsjain with wind actions, to the mechanical cyclaadls (wind), to the low
dynamic load related to th¢" structural mode, to the full dynamic load relatedte j™ structural mode, respectively, evaluated
in terms of structure node displacements and elemeaia generalized stresses.

Finally, in equations (10j,k,m) ¢%, goiﬁ, (0ilw and (pi'e are the plastic potential vectors related to thelgwlastic limit (apex), to
the elastic shakedown limit (ap&k and to the instantaneous collapse limit (apjexespectively, and(os, Yo'iW and YO'ie are the
fictitious plastic activation intensity vectors relatad the elastic shakedown limit (ap& and to the impending instantaneous
collapse(apeX), respectively. In additionN is the matrix of the external normals to the disceddstic domain boundarﬁp is an
appropriate equilibrium matrix which, applied temlent nodal generalized stresses, provides the gaeeralresses acting upon the
plastic nodes of the element§:, and Q. the combined generalized stress vectors related toaloav full seismic actions,

-S= I\](DCépK'IGp(flj—D)N is a time independent symmetric structural matrixicwhtransforms the plastic activation

intensities into the plastic potentials aRd is the relevant plastic resistance vector.
Problem (10) can be easily specialized to the casplasfe frames protected by a suitably disposed baseisolsystem, as
previously described. In such a case, yet accorditiget@lready referenced Italian code, the load coatliins to be considered as



well as the limit criteria to be imposed are diffiet. Actually, the code prescribes that the optirsalated structure maintains an
elastic shakedown behaviour even when subjectdugto seismic loads. As a consequence, we now asthaméhe actions are
represented just by three appropriate combinatidrite loads defined at the previous section edclwhich related to different

suitably chosen limit conditions. The first comktioa is characterized by the only presence of thfiked loads FOD; the second
combination is defined as the superimposition gfrapriate reduced fixed IoadEOE, and seismic actions related to the response

spectrumSG'} ; the third combination is characterized by theesumpposition of suitably amplified fixed IoadéODW and perfect cyclic
load related to the wind actiortg;, . Furthermore, let us impose that for the firsdl@ambination the structure behaves in a purely

elastic manner; for the second one, it respectelgmic shakedown limit; while for the third comaétion it is able to prevent the
instantaneous collapse.

Therefore, the multicriterion (minimum volume) dgsiproblem formulation for the base isolated stirestwhere the features of the
protecting device are introduced as further vaeslf the problem, can be written as follows:

minV (11a)

Soo oo o ol Sl
(t:kiso isolo Uo eHowh cwS jcell jco¥0 Y0 i\)/

subjected to:

tmin 2tz max (11b)
lzmin 2 kiso 2 lzma>< (110)
_min 2 _iso 2 Z_max (11d)
Ht-h=0 (11e)
Q, =DCl, +QY, Ki,-F'=0 (11f)
QOe = DéGOe + Qge‘ I2006 - 'EODe =0 (119)
Qow = DCEIOW + ng' KaOw - I:ODW =0 (11h)
Q= DCGCW, Kﬁcw -Fw=0 (11i)
. &M . - |
S}ce :¢j ] a)g ( J) ’ Q]!Ce = Dculjce' chef :\/ijk pkj Qlkcédjcé (11])
]
Piso =MisQiso™ Riso< 0, (11K)
9" =NG,Q, ~R<0, (11¢)
98 = NG Q. +(-1) NG QL-SYS-R<0, Y20 (11m)
o = NG, Qy, +(-1) NG Q,,— SY5,y,~R<0, Yg,, 20 (11n)

where behind the already known symbdig, is the introduced variable vector containing ti&nown stiffness of then,, base
isolators, beingk,;, and k., the vectors collecting the suitably chosen impdsei values of the admissible range fkg, , and

i, is the introduced variable related to the dammingfficient of the base isolation system, beifig, and ¢,,,, the suitably
chosen imposed limit values of the admissible rdnge,,, Q,, is the vector collecting the shear force actindgrenbase isolators,
<o 21 is a suitably chosen integer (safety factor) &g is the relevant resistance vector, whilg, is the plastic potential vector

related to the resistance limit of the base isolatigstem. It is worth noticing that the chosen typolagythie base isolation system
allows us to define the base isolator resistance as lfoneation of the relevant stiffness through a coedfiti provided by the

manufacturer and depending on the maximum admissibteontal displacement, i.eR, =ak,,. Finally, the symbol(3)

characterizes all the quantities already presentadblem (10) the dimensions of which expand directlpatheling on the imposed
base isolated floor.

6. Applications

In this section the optimal designs of elastic perfepthstic steel frames have been numerically obtaineking reference to the
different structures considered and to the relatethdéations proposed into the previous sections. In paatica multicriterion
design (simultaneously according to purely elastistel&hakedown and instantaneous collapse limit crjtbaa been determined
for two steel frames constituted by four floors: a cleadiexural frame and the same frame but provioled base isolation system.
The solutions of the optimization problems (10) antl) @re reached by using a suitable subroutine avaiiabd the optimization
toolbox of MATLAB® appropriate to the proposed formulatiofmsificor).

The non isolated flexural frame under examinatiopl@ted in Fig. 1a. It is constituted by rectangldax cross section elements
(Fig. 1b) with b=300 mm and h=600 mm, and the thickness is assumed as a constant featureacfoelement. The element

thicknesses are assumed as design variables and collec¢teghviectort . Furthermore,L, =600 cm, L, =400cm, H =400cm,

Young modulusk =21 MN/cm2 and yield stressy, =23.5 kN/ cnf has been assumed. Two rigid perfectly plastic ésngre



located at the extremes of all elements, considirdm purely elastic, and an additional hingeocated in the middle point of the
longer beams (Fig.1c). The interaction between ingnohomentM and axial forceN has been taken into account. In Fig. 1d the
dimensionless rigid plastic domain of the typidgld perfectly plastic hinge is plotted in the pkahl/ Ny, M/My , being N, and

M, the yield generalized stress correspondinft@nd M , respectively.
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Figure 1: Non isolated flexural frame: a) geometng load condition; b) typical box cross section;
¢) structural scheme; d) rigid plastic domain @& typical hinge.

The structure is subjected to a fixed uniformlytritisited vertical load on the beamg, =70 kN/m, to perfect cyclic concentrated
horizontal loads applied on all the nodes (wind effdescribed by the vectd1':CW =|35.07 4106 4645 25$ (kN), where the

typical component=,,; is the resultant force at thg" floor, and to seismic actions. Vectby,, is computed referring to the Italian

code for a building in Palermo, assuming a clape §, a category type lll and an impact surfaceHertypical floor equal to 28
It is worth noticing that the typical loa#, (j=1,2,3,4) represented in Fig. 1a is deducedras chj/3. Furthermore, we assume

that the seismic masses are equal for each floer57.08 kNDse?:/ n, and located in the intermediate node at each,f(&dg. 1a).

The selected response spectra for serviceabilibditions (up-crossing probability in the lifetimel®) and for instantaneous
collapse (up-crossing probability in the lifetim&pare those corresponding to Palermo, with atgp# B, life time 100 years and
class IV.

The optimal multicriterion design has been computel¥ing problem (10), assumingy,; /Fy; =0.8 and F),; /Fy, =1.25, with

Foej» Fow @nd Fy; the j™ components of the relevant vectors.
The results obtained for the plane frame plotte#in 1a have been determined by solving proble® &hd they are reported in
terms of thicknesses in Table 1. The optimal redaiéume has beed =1.71 n? .



Table 1. Optimal thicknesses (mm) of the optimakdiral frame.

El. 1 2 3 4 5 6 7 8 9 10
S 4.64 2.62 8.11 12.46 3.72 28.56 2.76 3.83 4.65 4.48

El 11 12 13 14 15 16 17 18 19 20
S 2.60 4.90 7.38 13.23 20.33 27.11 2.75 9.61 18.12 .4922

In order to investigate the features of the obthidesign the relevant Bree diagrams reported inZigh have been determined. In
particular, in Fig. 2a the Bree diagram descrihiing response of the structure to the combinatiofixetl and seismic loads is

plotted, indicating with&,, and &, the multipliers of the fixed and seismic actiorespectively, while in Fig. 2b the Bree diagram
describing the response of the structure to thebauaion of fixed and wind loads is plotted, inding with & and & the
multipliers of the fixed and wind actions, respeely.
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Figure 2: Bree diagrams of the non isolated fleifieane: a) fixed and seismic loads, b) fixed anddractions.

The second frame under examination is plotted dn &j where a suitably disposed base isolatioresy$s considered. The isolated
structure is constituted by the same rectangulasscbox section elements adopted for the non eblishme (Fig. 1b) and yet the
thicknesses, constant for each element, are assaseatksign variables and collected in the vedtorThe geometrical and

mechanical features as well as the loading modtiebase isolated frame in Fig 3 are the sambeasrtes defined for the flexural

frame plotted in Fig. 1.

It is worth noticing that the further degree ofdfdem introduced at the base isolated level imptmsesnsider three additional wind
actions F,, =5.84 kN on the three ground level nodes. Among the diffepassive device systems available on sale, mitehas
been focused on the lead rubber bearings whiclerdifbm the elastomeric isolators by the preserfca central lead core. The
reason of such a selection is mainly due to thé Higsipated energy characterizing such a devamgsther with the property of a
simple bi-linear force-displacements constitutiael The mechanical characteristics of the basetisol system are defined in

terms of mass, assuming even for the base isolkieh m,, = m=57 .08 kNIZbeé/ n, while the stiffnessk;, , and damping ratio,
{iso» Of the base isolation system are assumed asblesiaThe assigned valudgnimj =1.55 kN mm, Emax,j:4'55 kN mm

(j =12 3), and i, = 20% , {pax=30% for the base isolation behaviour ranges have deelnced as typical ones for isolation
system on sale for the relevant case. Furtherntioeemaximum horizontal displacement of the baski®m level u,;;, =150 mm

and the safety factor for the base isolating devigg =1.30 have been assumed.

The results obtained for the plane frame plotte&im 2 have been determined by solving problem @kij they are reported in
terms of thicknesses in Table 2.
For the simple case studied the optimal structure has loearacterized by values of isolator stiffness subathnidentical

Kso,j =1.85 kN mm (j =12 3), while the optimal damping coefficient for the baselation system has been fougg, = 22% .
The optimal reached volume has baér 0.617 n¥.
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Figure 3: Flexural steel frame equipped with aehiaslation system.

Table 2. Optimal thicknesses (mm) of the optimalebigolated flexural frame.

El. 1 2 3 4 5 6 7 8 9 10 11

S 2.49 155 2.49 2.28 2.50 5.36 2.52 8.00 1.80 2.03.65 2
El 12 13 14 15 16 17 18 19 20 21 22
S 3.52 2.04 3.99 6.39 8.61 1.00 2.18 4.80 6.11 2.65.27 5

As usual, the features of the obtained design eaddauced by the analysis of the relevant Breeraag reported in Fig. 4a,b. In
particular, in Fig. 4a the Bree diagram descritiing response of the structure to the combinatiofixel and seismic loads is
plotted, where agaif,, and &, are the multipliers of the fixed and seismic ausiorespectively, while in Fig. 4b the Bree diagram
describing the response of the structure to thebatetion of fixed and wind loads is plotted, whexgain & and &, are the
multipliers of the fixed and wind actions, respeely.
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Figure 4: Bree diagrams of the base isolated fexuame: a) fixed and seismic loads, b) fixed amtd actions.



The analysis of the obtained results allows us &kemsome useful remarks. First of all, as it wasyda expect, the structural
volume of the optimal base isolated frame turnedt@ibe noticeably lower than the analogous volwfiae optimal frame without
protecting device, with a percentage decrease %f. @uch an occurrence, even if the cost relatede@ealization of the protecting
devices must be considered as well as the cott nfdintenance must be suffered, however guaraatgesat economy. Yet, it must
be consider that, due to the imposed elastic stralcbehaviour of the isolated frame even for légismic load conditions, it is not
expected the need of structural recovering wortey dfie seismic event. Furthermore, the stiffnéshebase isolation system trends
to be as low as possible always accounting fdliriti resistance. The examination of the obtainedeBdiagrams shows that both
the optimal frames are substantially insensitivéh®wind actions while they find themselves inoadition of impending collapse
for high level seismic actions. Such an occurremas expected, and imposed, for the non isolateddravhile it represents a bad
condition for the base isolated structure; actudte imposed elastic shakedown behaviour for altimseismic loads does not
produce a sufficiently safe behaviour against ttesqribed loads. In order to limit this undesirethdviour different approaches can
be utilized (see, e.g. [9]), but they lies outsifi¢he specific interest of the present paper.

7. Conclusions

The present paper has been devoted to developadblsuapproach for taking into account in the optinfesign of elastic perfectly
plastic frames subjected to different load condiidefined as suitable combinations of fixed lopésfectly cyclic (wind) loads and
seismic actions, as well as the presence of batatiig devices. This problem is very importanttte framework of structural
analysis and design since the base isolating systspecially the passive one, is widely adoptednwitds required and/or
convenient to reduce the energy amount transmftted the ground to the overhanging structure. Thance of adopting base
isolating devices has been introduced in the mexs#nt international codes related to structuralyaigaand design and in particular
in the Italian one which has been referred to llh@ the paper. In order to fulfill the requirememif the code it is necessary to
perform a multicriterion design problem able toetdhto account all the prescribed load combinatidrigerefore, in the present
paper, the optimal design problem has been formd)aitn the grounds on a statical approach, astrels for the minimum volume
structure and three different resistance limitsehbeen simultaneously considered: the purely eldistit, the elastic shakedown
limit and the instantaneous collapse limit. Theag which the structure can suffer are definedoas different combinations as
follows: a basic load combination defined takintpimccount just the vertical (gravitational) actpa serviceability combination
characterized by the simultaneous presence oftdyitaduced fixed loads and (low) seismic load$afesl to an 81% up-crossing
probability in the structure lifetime); two ultinetimit load combinations characterized alterndgiviey the presence of suitably
amplified fixed loads and perfect cyclic (wind) iacis, or by the presence of suitably reduced fioadls and (high) seismic loads
(related to a 5% up-crossing probability in theistare lifetime).

Two different formulations of the minimum volumesitn have been proposed: the first one is devaiatig optimal design of
flexural frames without any protection device imipgsconstraints on the purely elastic behaviourtfier basic load combination, on
the elastic shakedown behaviour related to theicgakility combination and on the instantaneoudapske related to suitably
alternative combinations of fixed and perfectly layor seismic actions; the second one is devateth¢ optimal design of base
isolated flexural frames with constraints on theghu elastic behaviour for the basic load combiration the elastic shakedown
behaviour for the combination of suitably reduceéd loads and high seismic actions, and on thmmaneous collapse just for the
combination of suitably amplified fixed loads aretfectly cyclic (wind) actions.

The effected numerical applications are related four plane steel frame. The obtained optimalcstines have been compared in
order to interpret the safety and behavioural stinecfeatures. Obviously, it has been deduced tthatoptimal volume of the
structure equipped with the described protectingads is definitely smaller than the one relatedht® unprotected structure. In
particular, the volume percentage saving resulte@4i% for the base isolated structure. Moreoves,dptimal structure equipped
with the considered protecting device is charaoteriby a more safe behaviour; actually it exhiditselastic shakedown behaviour
even suffering the action of high seismic loadingygen if, as already remarked, the elastic shakedaomit practically coincides
with the instantaneous collapse one. Anyway, nadstestate plastic deformations must be expectethiobase isolated frame and,
consequently, no further cost must be considertadext to the maintenance of the structure nor probl related to its loss of
functionality.
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