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SUMMARY:

Vulnerability assessment at large scale requirésrrieg to reliable models which are able to esghbla
correlation between hazard and structural damageony the different approaches proposed in liteeattive
attention is focused on mechanical models basedhendisplacement-based approach, which describe the
inelastic response of buildings by capacity curabke to provide essential information in terms uffreess,
overall strength and ultimate displacement capatityhe paper an extensive sensitivity analysisaisied out
by considering the various expressions proposelitarature for these entities (in order to defite tmore
reliable ones) and by evaluating how each paranfetgr strength and ductility of materials, struatielement
dimensions, interstory heigth, ...), which mechahimodels may be founded on, affect the strucesonse (in
terms of main parameters which define the capaxitye). Particular attention is paid to the maoaldbpted in
Lagomarsincet al. (2010) by proposing some improvements as pointédrom the sensitivity analyses results.
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1. INTRODUCTION

Earthquake loss estimation procedures require capaure on the vulnerability of both building
classes and exposed elements, in term of numbeisizadof buildings and number of occupiers.
Losses are usually related — by proper correlddars — to structural damages classified in various
levels (damage states) as a function of the heswinad the spread. The damage assessment needs
referring to reliable vulnerability models, abledstablish a correlation between hazard and stalctu
damage. Several methods for the vulnerability assest of reinforced concrete buildings have been
developed and proposed in recent years. They aedlbean various approaches which may basically
classified according to two classes: the obsematiimacroseismic) models and the mechanical ones.
The first approach is derived and calibrated framege assessment data, collected after earthquakes
in areas that suffered from different intensitigsis therefore only based on qualitative data. The
second one allows to take expressly into accounirtfuence of a limited number of mechanical and
geometrical parameters on the seismic response.
This latter approach seems particularly effectioe R.C. structures built using an “engineering
approach” based on principles and rules of desidike other building types like masonry structures
mainly designed following empirical rules of artebhanical models are formulated following two
basic approaches: a force-based seismic assesamerat displacement-based one. This paper will
deal with the latter approach, in line with perfamoe based assessment which all research trends and
codes usually refer to.
In particular, the structure response is descriiyethean of a force — displacement curve which aims
to describe the overall inelastic response of thetire, providing essential information to idealits
actual behaviour in terms of stiffness, overaksgth and ultimate displacement capacity. The fise o
mechanical models, depending expressly on georaktitd mechanical parameters, is particularly
attractive for different types of vulnerability @ssment at territorial scale, as:

- assessment on building stocks characterized by penamus behaviour for a seismic loss

estimation. In this case, results assume a statistieaning in order to perform risk analysis,



that is to evaluate the probability by having certaonsequences on the examined area
(country, region, town ...);

- assessment on single buildings for planning préverinterventions for the seismic risk
mitigation. In this case, the main goal is to eaduthe relative seismic capacity of a building
within a group to identify the more vulnerable stures and thus to define a list of priority.
Starting from this list, then it is possible toesetlbuildings where more detailed analyses may
be focused on.

In the paper, an overview of models, based ong@atisment approach and a wide sensitivity analysis
are carried out, in order to evaluate how eachrperer (e.g. strength and ductility of materials,
structural element dimensions, interstory heigth, which mechanical models are founded on, may
affect the structural response. Results of seftgitanalyses may be also useful to select paramete
where efforts on the knowledge phase has to be mffeetively focused in order to increase the
reliability of assessment. Particular attentiopasd to the mechanical model adopted in Lagomarsino
et al. (2010), named in the following as DBd6ncrete(Displacement Based Vulnerability) method,; it
is useful to both the above-mentioned aims.

2. MECHANICAL MODELSBASED ON A DISPLACEMENT APPROACH

In the following, a general overview of procedurkieth mechanical models based on a displacement
approach is referred to, is provided.

Traditionally, mechanical models based on a digstent approach refers to the direct displacement -
based design method (Calvi, 1999) and does natlgtrequire for its application the outline of the
capacity curve; however, all variables necessargetiine it are implicitly introduced. Assuming a
bilinear curve without hardening, three quantitiesically need to be defined to fully describe the
capacity curve. Usually, in models proposed irrditere, the entities directly defined on mechanical
basis are the period of vibratiom §) and the displacement capacitid3 ), which may be
characterized for different limit statetS) and two global failure modes (either beam-sway or
column-sway). Starting from these parameters, tliemate strength of the capacity curva) is
obtained through the intersection of the period tireddisplacement capacity at the yielding (which
corresponds tdS;). In the following, generally four limit stateseamtroduced (from 1 to 4); for
example, according to the definition of Eurocodettgy could correspond to Damage Limitation
(LSy), Significant Damagel&;) and Near Collapsd.§;) Limit States, respectively. In general, models
consider three limit states, starting frtu®; in order to introduce a further limit stdt&, associated to
the non-structural light damage condition (struetalmost in elastic phase), the capacity curvedcoul
be modified through appropriate principles (e.gdefining the elastic perio@ s; and relating it to a
proper percentage of overall strength, as showrigr2.1 through a dashed line). In the followirttg t
attention is paid only orLS;, and LS, focusing on the DB\toncrete model as proposed in
Lagomarsincet al.(2010), which the sensitivity analyses discussegBinas been focused on.

Some specific aspects related to the evaluationbndD, i are discussed and summarized in Table
2.1 (in which for example some references are dhiced).

Concerning the evalution df,s, formula proposed in the literature may be ascritiedvo main
classes:

- a first one, basically related to the building eignd some coefficient (), defined as a
function of different structural system (if barefilied frame or dual system, depending on
systems designed or not to design capacity) ;

- a second one, aimed to also include the dependemcadditional mechanical parameters
which may influence the structural response.

The proposal of the expressionok,in DBV-concretebelongs to the second group. In this case, an
additional coefficient) is proposed in order to take into account theeddpnce of the period on
some additional geometric and mechanical paramdikes height section of column and beahy (



and hg, respectively), intestorey height(h) andthe compressive strength of concref;). This
coefficient derives fronsimple considerations on the parametric dependehtiees period with these
factors as derived from modal analy. This proposal basically refers to consider the eslabtaine:
from the application of formula of the first groap representative the mean behaviour ca whole
building stock; thus, starting from these valuégytare modified if the structural parameters \
from the mean ones defined for the correspondiagkstWhen these latter parameters coincide
the mean onesn(, h,,,hi, f.), they coefficient is equal to T he introduction o Y coefficient seems
particularly useful to vulnerability assessment addresst define a list of priorit since is more

capable to take into accountiso forT s,evaluation- the specific characteristic of building within
a group.
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Figure 2.1. a) Capacity curve assumdor the reinforced concrete building clab} Bean-sway (left) and
columnsway(right) mechanism (from Paulay and Priestley 1992)

The evaluation of displacemecapaciies at the limit state 2 and B (s,andD, s, is basically related
to the chord rotation6j of the main structural element, column or beam,edeing on the global
failure mode; to comput® at first, for Dis,, only the yielding contribution isconsidered, then,
progressing the response in non linear range,léstipone isalso added for R4 The formulations of
chord rotation are based on two main approacanalytical and empirical. These approacare
discussed in 83.1, where someressionproposed in literature have been exami

The comparison between the “capacity” and the “dethdtihe seismic input in ters of response
spectrum),aimed to evaluate the seismic performanrequires the conversion che “force-
displacement curve” representative of the actual Iti degree of freedom structu- in the “capacity
curve”, aimed to idealizthe response of an equivalent single degree ofidre

To this aim, mechacal models based on placement approach mainly reterthe introduction of
K, coefficient (like defined imable2.1). With respect to the original proposal of Priest{#997),in
DBV-concretea slight modifcatior to the expressions proposed for the definitiorky, particularly
relevarn in case of buildings characterized by few stc andwith masses previing concentrated at
floor level, has been introducdd. particular, it is proposed to multipks for a factorx (= (2N+1)/N)
aimed totake into account the mismatch noticed in the mositf the centre of seismic massthe
abovementioned caseFor examplein case of the inverted triangle load pattern,déetre of seismi
forces is located at 0.6if (that is 2/3 ofHr, as proposedn Priestley 199) only in case of a
continuum system; whereds case of a building characterized by a singlel, by concentrating ¢
the seismic force at the top, the centre of seisnaiss is located Hr. .

In conclusion, thearget displacemerDpp, Or performance point, is evaluated by comparimg
seismic demand, represented by elastic spectraepyopeduced (by either ordamped or inelastic
approach), tdhe capacity curve of the equivaleSDOF. Once evaluated the pormance poinDpp
and defined proper damage states on the capacitg Dg it is possible proceed to tivulnerability
assessment.



Table 2.1. The procedure of mechanical models based onpadament approach (note: for the meaning of
coefficients and parameters introduced see TaBle 2.

Linear or exponential functions like:
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Through an effective height coefficient;( defined as the ratio between the height to thdreemass
of the SDOF substitute structure and the totallitedfj the original structureHy):

k1 =f (failure mode, N, D$

Moreover for L34 K, also depends on the steel strain or the ductifiyr. example, in case of the
column sway mode, as proposed in Priestley 1965itlts:
0.67 LS =12

K=

Conversion in SDOF

0.67-0171 1S ¥34
Hisi

Additional references: Glaister and Pinho 2003;dragrsinoet al. 2010

Table 2.2 summarizes all the parameters that nedxk tdefined in order to apply the mechanical
model proposed in DB\Woncrete.It is worth noting that, in addition, an a priothaice has to be
made on the collapse mode hypothesized (i.e. elbe@m-sway or column sway type) and the
structural type. The different colours (red andyy@ssigned to the entities in Table 2.2, highlitet
parameters necessary for the evaluation of chdadioa, as well as grey and red, respectively fare



the empirical and analytical approaches.

Table 2.2. Building parameters for the mechanical modelrdidin

0.089 and 1 as proposed in Crowley and Pinho 20@6)is equal to 1.5 for primar
structural elements).

Seg?g:glcalof N (storey number)H+ (total height)h; (inter-storey height)h; (inter-story height at groung
floor); L; (beam length)
the member
hs (height section of the main structural elemetinguthe global response, that is the I.c.
Geometrical beam or the r.c. column);,d(longitudinal bar diameter)As (column longitudinal
features  of | reinforcement), A (beam tension longitudinal reinforcement), (A(beam compression
the section longitudinal reinforcement), 4 (transversal reinforcement), p (stirrup spacing)and d
(width and depth of the confined core of the sentio
M echanical &u (ultimate concrete strain;, (yielding steel strain )&, (ultimate steel strain; (yielding
parameters steel strength)f. (concrete resistance) L, (shear span)fy, (yielding transverse stegl
and loads strengthy (axial load ratio).
S (equal to 0.25 in case of column sway mechanistnOah in case of the beam sway one);
C . C’ and B'(are defined as function of the structural typer €xample in case of moment
orrective . . . A - .
factors resistant frames designed only for vertical loathwaut significant seismic details stands for

Note: For the evaluation of coefficiegt the reference mean valuesiof, h_; H f_should be specified.

3. SENSITIVITY ANALYSES

Among the different mechanical models proposedténdture, the DB\Woncretemethod adopted in
Lagomarsincet al. (2010) has been assumed as reference for thaigénsinalyses discussed in the
following. This model basically starts from the omginally proposed by Crowlegt al. (2004 and
2008), with some modifications mainly related tee ttefinition of the yielding period (by the
introduction ofy coefficient) and the SDOF (by the introductiorstifoefficient).

The validation of the changes proposed in D&Wcretehas been carried out by the numerical

simulation of the damage scenario occurred in Likg(with particular reference to the data relating

the Pettino village and its surrounding area). $ineulation has been conducted for different classes
(as a function of the age, storey number, struttype) characterized by homogeneous behaviour to
which associate a proper mechanical model. Figuresi3ows the comparison between the simulated
and real damage scenario as a function of the aggstoreys number of examined classes. Despite
the need of some improvements of mechanical maatispted, the proposed methodology seems to
provide a quite good and realistic assessment efddmage scenario occurred. In fact, from the
application a percentage of not safe buildings etpu27% against surveyed scenario equal to 35%
have been obtained (for further detail see Lagomaegt al. 2010).
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Figure 3.1. Comparison between trends of simulated and sudvegenario varying both ages and N

In the following, the results of sensitivity anadgsperformed are discussed. In particular, firsalbf



the sensitivity to the different expressions praubs literature for the chord rotation is examined
Then, a more extensive sensitivity analysis tdtal parameters which concur to the definitiomApf
and displacement capacities for the different ligtéttes is presented.

3.1. Sensivity to different expressions proposed in literaturefor the chord rotation

The evolution of deformation capacity of RC mensbieicreased interest in recent years, due to the
widespread of displacement-based concepts for Eeislasign of new structure and seismic
assessment of old ones. In the abovementioned mieahanodels, this deformation capacity affect
Disi (i=2,3,4) andA (since it is computed from the intersection@fs, andT,sy).

The deformation capacity of beams, columns andswaldefined in terms of chord rotatiof 4, in
case oD s, andd s4in case oD, s, respectively). The formulations of chord rotatéme based on two
main approaches: analytical and empirical. The yaical approach presents the following main
advantages: a) it represents a mechanical andgathysiodel, and b) curvatureg(and @) can be
guantified in terms of section parameters and nateroperties on the basis of the plane-section
hypothesis. On the contrary, the empirical appraachased on statistical analysis conducted on a
specific sample of experimental data (which magedifor samples number, structural type, detail of
elements — plain or deformed bars -, mechanicarpeters etc...); as a consequence, the reliability
of these expressions depends strongly on the saoppe@ which were calibrated (50 or 1000 beams);
S0 in some cases the generalization of these estpnasscould appear conventional. In any case, the
empirical approach presents the advantage to tatheaiccount the functional dependence of some
parameters, not present in the analytical approdetmy different formulations of the chord rotation
are proposed in literature; Table 3.1 summarizedesof the most noteworthy ones.

In case off s, the empirical approach provides a simplified folenbased on: the curvature at yield
(@) as a function of the yield strain of steg)){the beam section height or column depth, forcihse
of beam and a column-sway mechanism, respectiagiy, the empirical coefficients that aim at
introducing the effects of flexure and shear flditip of joints and framing members. For the
analytical approach, the formula 8fs, considers more parameters, that may be summarizéwee
main factors: the flexural contributio® & ey, the shear deformation contributio®) 4> snes} and the
anchorage slip of bar€l; sip-

In case off s, the expressions are based on both analytical mupitieal approaches. In the analytical
approach, the value of the total chord rotatioracép (elastic plus inelastic part) is based omugely
flexural behaviour through the concepts of plabtitge and plastic hinge length, in which the entire
inelasticity of the shear span is considered tdubeped and uniformly distributed. This approach
depends on: the chord rotation at yiefls§), the ultimate curvature at the end sectign); (the yield
curvature at the end sectiog)(and the plastic hinge length,). The effects of shear, bond-slip,
tension stiffening, etc., should be dealt with tigbbL,. The empirical expressions are based on the
same parameters of the analytical approach, wihatidition of the following terms: the axial load
ratio (V); the mechanical ratio of the tension and compwasdongitudinal reinforcements
(respectivelywand d); the yield strength of transverse stdgl){ the ratio of transverse steel parallel
to the direction of loadingdy); the steel ratio of diagonal reinforcemepj){ factors aimed to taken
into account the effectiveness of confinement antstructive details (like as anchorage, slip ampe ty
of bars -a;andJ respectively).

Once introduced the expressions of the chord outatt yielding and ultimate, an extensive sensytivi
analysis is carried out in order to define the mmed&ble ones to be adopted in mechanical models.
Table 3.2 shows the values which have been asstonélde parameters required to define the chord
rotation at yielding and the chord rotation capaaeit the ultimate. The geometrical and mechanical
data have been taken from the literatures and cdidissworth pointing out that the corrective faist
have been applied only for the sensitivity analydesxussed in the 83.2. Figure 3.2 shows the
comparison between some expressions proposeetatlite (as summarized in Table 3.1).



Table 3.1. Classification of some expressions proposedendiure for chord rotation

Damage State 2

Empirical

MORE SIMPLIFIED APPROACHES
HLSZ =agy F
Where a, H and h are function of the collapse mode (if heavay or column-sway). A

proposed in Glaister e Pinho (2003): in case ofrbeway: a=0.5; H=L;; h=hy; in case of
column-swayn =0.43; H=R; h=h..

oy

Analitycal

APPROACHES ACCOUNT FOR FLEXURAL, SHEAR AND SLIP CORIBUTIONS

GLSZ = GLSZ,FLEXURAL + 6L82,SHEAR + GLSZ,SLIP

Where:

As proposed in NTC 2008 and E (2005) As pioposed in Panagiotakos e Fai(2001)

— \
HLS 2,FLEXURAL — ® y 0 - (D LV
3 LS2,FLEXURAL y 3

h
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. 025¢ d, f
b

— y“b 'y

ssar = 0130, 2 Ousasur =8 (000 T

Damage State 4

Analitycal

O = (00 +6, +6)

el

Where

NTC 2008, EC 8 (2005), . . .
Fib Bulletin N° 25 (2003) Fardis (2007) Glaister e Pinho (2003

v

Hslip = 0 Hslip = (Hu,slip - gy,slip)

05L 0.5Lp|
le :((DU _¢V)Lpl[ - L . \J epl :(% _W/)Lpl(l_ L\, ]

6, =0

slip

{le =(a-4),

Where the plastic hinge length, the ultimate amdiding curvature at the end section for the beam
sway mechanism and column sway mechanism standatasgly for:

d,f Eo —E £ £
L, = 01L, + 017h+ 024 —= | ¢ ="2" | ¢ =17-L | ® =24"

VAL "~ hy " hy

Empirical

6, s, = f (empir.coefficient;v;w,w'; f_;L,;h;a; p.; fyw;pd)

_1 max(003w) (L™ doe ) NTC 2008
eLSA_yc’Oldog{x(OOlw) } (*) 25{ 125100” EC8 (2005)

el

O =a,(1- os&rcy{h = J(l(mm

wall

02 0425 fyw . . °
max(001 w) ij aﬂsxfj] o0, Fib Bulletin N
)(0'3{ma>(ooxw) fC} [h 4 (145™) 25 (2003)

. 0275 oas [y fw Panagiotakos
65 = sﬂcy{ 5)[1-MJ(02" max00tw) ¢ [ﬂ 4™ fcj(l.sw%) and  Fardis
23 3 max{( 00 w) h (2001)

0225 035
O = ay(1- 04?acyc(1+ %J[l—%J(OS {% } [7J 25[ 12750‘de Fardis (2007)

It is worth noting that more expressions have h@eposed in literature, like that present in OPCAM 8 and
Fib Bulletin N° 24. These formula have been alsopaed in the sensitivity analysis.

From Figure 3.2, it may be stated as follows. Thaations for the computation @&s4 show in
general a greater scatter than the equationd fgrin the case ol 54 the relationships of analytical
approach are more susceptible to variations botffi @nd hs, than the empirical approach.The



empirical approach takes into account more parambke v, Ayy, Asw... than the analytical, but
exceptv and A", the variation of these features do not affect ficamtly the chord rotation at
ultimate; for example, the figure shows the chamr,ovhere there are not analytical expressions since
values are constant. By normalizing the valuesaiobtl by the different equations, at the value of
ECS8, both analytical and empirical approaches bowigthe fact that, on average, scatters are: 70% i

the case o/, 35% forf s, 44% (for the analytical one) and 60% (for the &iogl one) fords, in
the case oF,, 42%for 45, 23% (for the analytical one) and 65% (for the &iogl one) for8s., in
the case of K 35% for 4, in the case of & In case off s, Borzi's expression provides higher
estimations than other ones.

Table 3.2. The values assigned to the parameters in théisépsanalysis

?;?S:glc?)lf N (1-15; mean value 4k (2 — 5 m, mean value is 3 ni);(2 — 5 m, mean value is 3.40 m); |L
(3 —-10 m, mean value is 4.20 m).
the member
Geometrical hs (0,15 — 1 m, mean value for the column is 0.33maan values for the beam are different
features of between the column sway and the beam sway, resplcstands for 0.6 m and 0.3 nal; (6 —
thesection | 30 MM, mean value 16 mmy (4 - 55 cr, mean value 10 cfy A’y (3 — 55 cm, mean
value 10 crf), A, (0.6 — 5 cri, mean value 1 cfh p (5 — 30 cm, mean value 20 cm)
Mechanical | &, (0.005 — 0.01, mean value is 0.078); (0.02 — 0.05, mean value is 0.02§)(150 — 600
parameters | MPa, mean value is 235 MPd};(5 — 45 MPa, mean value is 11 MPg), (150 — 600 MPa
and loads mean value is 235 MPay;(0 - 1).
Corrective s (equal to 0.25 in case of column sway mechanistnOah in case of the beam sway one);|C’
f andf’(0.089 and 0.9 in case of frames designed “po%t1@nd 0.089 and 1 in case of frames
actors ! . o~
designed “before 1971") (is equal to 1.5).
\ Beam-sway mechanisi, = 033m, h,; = 0.3m,h, =3m, f, = 20MPa
ote: o _ — _
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Figure 3.2. Variation of chord rotation at yielding and ultiredbr some parameters
3.2. Sengitivity to the geometrical and mechanical parameterswhich models are based on

Once defined the effective period of vibration ah& corresponding displacement capacities at
different limit state, the ultimate strength of ttegpacity curve is obtained with the formula pragubs

in literature for the chord rotation (Table 3.1).the following, the sensitivity of seismic resperns

the parameters that describe the mechanical modsepted in 82 is discussed. Since three factors,
defining the capacity curve (the initial periodethltimate strength and the ultimate displacement
capacity), affect also the seismic verificatiorséems useful to discuss the results through asyot
parameter, that may describe the combined effectsthe seismic response, of every data which



models are based ono this eny, the sensitivity analysis has been conduate@rms of peak grour
acceleration (PGA) consisteeitherwith the limit state 2 RGAnaws) Or 4 PGAmaxs); these values
have been obtained by adoptintglastic spectra (according to the N2 methoaposed i Fajfar 2000
and adopted in Eurocode &hdby imposing the target displacemebk§) as equal tD, s, andD, s,
respectively.lt is worth noting that n elastic spectrunsonsistent with type — ground type A as
proposed in Eurocode &drner periocT. equal to 0.4) was adopteBigure 3.3shows the results
obtained relativefor example,to N e F and R. Results are represented in termsbox plot
normalized at the values BICE equation (analytical approachhe dashed linrepresents the mean
value provided bythis equatior In particular, it may be stressed as followhe PGAnas2Shows a
greater scattadtue to the variations ol, and less for Nvhile results obtained by different expressi
compared to the values &C8 appear acceptable.Regarding Limit State 4, the rrapiapproact
tends to provide conservative resulln addition, in most cases the/aduations achieved by e
analytical approach are less scatter than theirical relation. This is due tthe influence of the
different sampleon which these formula have been calibr. In the case oiN, the values of
PGAmaxss0Obtained by the empirical approach take intcount the influence (v, so it explains the
extents of the box plot.
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4. FINAL REMARKS

The sensitivity analysis performed adiscussed in 83 allowedn the one hand, tevaluate the
scatter of the resultsbtained using the different formula proposedteréture (for chrd rotation), on
the other hand, to identityhe more powerful parameters, whthe mechanical model isunded on,
may affect the structal respons. These results may orient to a moetiable and prcautionary
assessmentn particular, the analyses hi been developed with reference the DBV-concrete
model (proposed in Lagomarsiet al. 2010): indeed, it providea quite good and realistic assessn
of the damage scenario ocd in L'Aquila (in particularPettino village and its surrounding ar:

According to the results of sensitivity anal' some slight improvementsould be appliecto the
model, with regard to the followingopics: the choice of the approamalytical and empiricalto



adopt for the evaluation of chord rotation andekgmation of the period at yielding.

Concerning the first issue, the empirical approsedms to be favored, since it leads to precaugonar
results and takes into account the influence ofesparameters, that appear to be important for the
vulnerability assessment, as the axial load aabngcolumns and the quantity of longitudinal and
transverse reinforcement. At the same time, theirggap approach requires more parameters and
consequently, in principle, more diagnostic teche&jand survey, than the analytical one. However,
despite this, from the results of the sensitivibalgsis, the seismic response seems to be not much
affected by the variation of some parameters —di&dhe amount of reinforcement- so it is possible
reduce this encreasing effort on the knowledge @ah@sencerning the evaluation of period at yielding,
some additional parameters could be inserted inptheefficient. As stressed, it is particularly udefu
to take into account the dependence of the peribds@me mechanical parameters which may
influence the structural response. In particulasgems reasonable to introduce other factors ftike
shear span of the beams (that now it is includégianthe chord rotation capacity evaluation).

Finally, a general issue on mechanical models basdtle displacement-based approach concerns the
possibility to include the effect also of brittlaesr failures; this could be particularly significan
case of vulnerability assessment on existing bugdi
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