SAHC2014—- 9" International Conference on
Structural Analysis of Historical Constructions
F. Pefia & M. Chavez (eds.)

Mexico City, Mexico, 14-17 October 2014

MECHANICAL MODEL FOR THE VULNERABILITY ASSESSMENT O F
SWISS CONSTRUCTIVE TYPES

Stefano Podestd Chiara Luchini!, Alessandra Barberi¢ and Christian Bozzand

! Polytechnic School of Genova
via Montallegro 1, Genova, ITALY
stefano.podesta@unige.it
chiara.luchini@edu.unige.it
alessandra_barberis@hotmail.it
christianbozzano@gmail.com

Keywords: Seismic vulnerability, Swiss built environment,p@aity curves, Damage scenario

Abstract. Simplified models for seismic vulnerability assemsnof buildings are fundamental in
order to carry out large scale seismic risk anadysihich are important for both the develop-
ment of prevention strategies and post-earthquakergency management.

In this paper a simplified mechanical model is praed for Swiss masonry existing built envi-
ronment, with particular reference to Sion (cantdr\/alais) buildings.

The choice to analyze a specific area requiresiptesly the knowledge of the building stock dis-
tribution and the identification of constructiveogs on which calibrate the vulnerability model.
Swiss built environment is characterized by patécstructural types, such as mixed structures
(reinforced concrete—masonry walls) and concreteks buildings with rigid floors.

For this reason a representative sample of buildimgas selected in Sion in order to carry out
on-site surveys to determine all the necessary mpatars to the application of a mechanical
model. Furthermore it was possible to collect aagramount of useful material, such as archi-
tectonic plans, sections and building permits atriunicipal archive of Sion.

The possibility to have detailed material allowedr¢alize non-linear structural analyses, using
specific software, of the most representative lngis in order to calibrate the mechanical model.
The mechanical model chosen as reference is th@ademment based vulnerability method
(Lagomarsino et al., 2010) which was developedhéftame of Project S 2.

The application of a mechanical model allow to gaout seismic risk analysis at a territorial
scale and to obtain an assessment of damage sosnapresentative of a possible estimation of
damage on the investigated area, as a result oéladefined seismic event.

The research presented in this work is part of greament between the University of Genoa,
Italy, and the Centre de Recherche sur 'Environeetlpin, Sion, Swiss.
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1 INTRODUCTION

Seismic risk analyses at a territorial level arpantant for both the development of prevention
strategies and post-earthquake emergency managemeeed these analyses, on the basis of
exposure and vulnerability data of the built enmirent, allow to obtain an assessment of dam-
age scenarios on a territorial level representaife possible estimation of damage on the inves-
tigated area, as a result of a well-defined seigwént.

In specific reference to vulnerability assessmérthe built environment, models, in order to be
applicable on a territorial scale, have to necdgdae based on a few easily available data.

In a territorial scale vulnerability analysis, thbject is not generally represented by a single
building, but by classes of buildings characteribgch homogeneous behavior.

The methods that are available for seismic vulnbralassessment of buildings are various and
based on different approaches, depending on thét tesbe achieved and they can be substan-
tially attributed to two categories:

* typological-observational methods, which provilZenage probability matrices or vulnerability
curves, which are defined starting from the staasipost- earthquake observed damage data for
different classes of buildings.

* mechanical methods, which allow to use the resaflisophisticated hazard analysis and to take
into account the various parameters that definsttuetural dynamic response .

The mechanical model known as Displacement Basdaevability method has been used for the
seismic vulnerability assessment of the Swiss lealtironment. This mechanical model has been
originally developed within the S 2 project [1] aihdhas been validated through the simulation of
the damage scenario of L'Aquila [2]; the comparigoth the observed damage after the 2009
earthquake showed good results justifying in thay s reliability.

2 DISPLACEMENT BASED VULNERABILITY METHOD

The DBV method allows to describe the structurepoase with the increase of seismic input

intensity through the definition of capacity curvést represent the response evolution in non-
linear field. Each point on the capacity curvedsariated with a given level of damage.
It is possible to obtain an assessment of the seisssponse identifying the displacement re-
quired (performance point) from a comparison betwdee capacity curve and the seismic de-
mand, described in terms of response spectrung wgpropriate non-linear static procedures.
Finally the distribution of damage levels can baleated by defining proper damage states on
the capacity curve, corresponding to predefinegldc®ment values.

2.1 DBV-Masonry

The application of DBV method to Swiss masonry din)s will be reported in this paper, so the
attention will be concentrated to describe the DB&thod defined for buildings having a bearing
structure composed of masonry walls.

This model allows to define, through few geometrigad mechanical parameters, a capacity
curve, which is representative of the structur@eese in non-linear field and to obtain a simpli-
fied assessment of the structure overall strengtisidering only a walls in-plane behavior and
taking into account two different collapse modeswn as uniform and soft storey.

The capacity curve, which represents the base slgalacement chart of an equivalent single
degree of freedom system, is schematized by aehilibehavior. In particular a curve with elastic
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perfectly-plastic behavior is assumed so it is detety defined by three parameters: the yield
acceleration 4 the fundamental period T and the ultimate disgpiaent capacity P
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Figure 1: Capacity curves definition for masonrjldings
The equivalence between the multi degree of free@@@DOF) and the single substitute one
(SDOF) is established using the procedure propbgdehjfar.

Based on this assumption, the yielding accelerafigg in the direction dir (equal to X,Y) con-
sidered is given hy

Fdir
m

A = (1)
where R is the base shear capacity; m* is the equivalagswf the SDOF andis the coeffi-
cient which represents the modal participationdact

For masonry buildings the base shear capacityis-basically related to the shear strength of-
fered by the resistant walls area at the firstifll@vel; in particular it may be computed by the
following expression

I:dir = Al,dir Tu ézres (2)

Being Ay gir the resistant walls area at the first floor levgli; the ultimate shear strength of the
masonry; a coefficient which takes into account the différprevailing failure modes which
may occur in masonry piers, it is assumed to balagul in the case of prevalence of shear fail-
ure mechanisms and 0.8 in the case of compressiodiiy failure mechanismsgsis a correc-
tive factor that allows to take into account thieetis which affect the strength related to the non
homogeneous size of masonry piers, the geometdshape irregularities in the plan configura-
tion and the spandrels stiffness [1].
The ultimate shear strengthgir is computed according to the criterion proposedrbynsek e

a ovi and the resistant wall area can be defined uginggeometrical parameterg;and ; gir:

a _ AN,dir . ﬁ _ A,dir
dir ) idir —
A AN,dir
In these expressionsyAi is the resistant wall area at the top floor le¥egli; the resistant wall

area at level i and A is total floor area [1].
The vibration period for the equivalent SDOF systerthe direction considered is defined by:
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T, =2m | (4)
kdir

Wherem* andk q; are respectively the generalized modal mass tifidess of the SDOF sys-
tem; m *is computed considering a triangular €hapdk 4, is evaluated as shown in the fol-
lowing equation:

G N

Being G the shear modulus of masonrythe inter-storey height of the i levelig a corrective
factor that allows to take into account the effegksch affect the stiffness related to the bending
component and the spandrels stiffness. Both oktledfects can significantly decrease the stiff-
ness compared to that computed considering onlgtibar stiffness [1].

The introduction of the corrective factorgs and iy gives to the model the possibility to take
into account, although in a simplified way, someiaf effects that more properly characterize the
real behavior of existing masonry buildings. Thetda that affects the strengthss is derived
from the product of three different contributiom$ated to the non homogeneous size of masonry
piers (1), the geometric and shape irregularities in tleplonfiguration () and the spandrels
stiffness that directly affects the global collapsechanism ¢). Also the factor that affects the
stiffness summarizes the effect associated withdifferent contributions, the first related to the
flexural deformation component)f and the second connected to the spandrels siffg.

On the basis of the same geometrical and mechagmicameters introduced above, the ultimate
displacement Dof the capacity curve can finally be calculatedeTultimate displacement is in
particular related to the failure mode hypothesiaed it can be assessed according to the expres-
sions given below referring respectively to a umifand soft storey collapse modes:

kg =¢ A ah )

D, = Ju% uniform
(6)

D,=9,h +D, 1—%h1 softstorey

Where , is the ultimate drifof masonry panels;listhe inter-storey height of the first level.

After having characterized the capacity curve, ttiresholds displacements values, correspond-
ing to different damage states, have to be defined

In particular, the mean values of the first displaent thresholds DDSi (i=1,2) are proposed as a
function of the yield displacement,Cas shown in the following relationships:

Dos = 07D,

(7)
Dps2 = Pos2 Dy

Wherepps:is a coefficient that depend on the prevailingajgde mode and it assumes a value of
2 for a uniform collapse mode and 1.5 for a saftest collapse mode.

Regarding the definition of £33, it is adopted a formulation which is similar teat used for the
evaluation of the ultimate displacement DDps,4 by defining different values of masonry panels
drift representative of the evaluated limit stdtp [
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3 SAMPLE OF SWISS BUILDINGS ANALYZED

The district of Sion, the capital of the cantonMafiais, covers approximately 30 square kilome-
ters inside the Rhone valley.

Regarding the seismic hazard, Sion, like most ef\falais territory, is included in the 3b zone
(1.6 m/$), to which corresponds the highest estimated seisarard for the whole Switzerland.

A detailed microzonation, that allows to attribtweeach building the corresponding soil classifi-
cation, is available for this city [3]. In partieu| two different microzonations were used because
the new one covers only a part of the built up area

LB o ezl 5. XTI
Figure 2: Microzonation map of Sion-2011(www.creely)

The sample of buildings analyzed is composed of @@ictures, 191 of which are grouped in
eight different areas of the city, and 10 seleci&sk by case.

Each zone, identified by a color, is characterizgdhe presence of a prevailing building type or
by a common construction period. The exceptiortlaeel0 buildings individually selected in or-

der to have also buildings built between the |&@0k and 1930 in the sample.

Figure 3: The 8 selected zones in Sion

After having selected the zones, a research hasdagded out, for each building, at the munici-
pal archive of Sion. It was possible to collecbtadf useful material for the 70% of the selected
buildings, such as data about the construction ma#tethe year in which the building permit
was submitted; preliminary drawings of the projgdans, facade and sections).

An expeditious form was filled for each building dollect all the data that are necessary to the
application of the mechanical based vulnerabilityde.
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The amount of data resulting from the archive weseastial in order to speed up and optimize the
forms compilation activity in situ. The informatiaollected in paper format were subsequently
systematized and computerized in a database.

4 TYPOLOGICAL CLASSIFICATION OF SWISS BUILDINGS

A fundamental aspect for the application of a mada model on a territorial scale is the
classification of buildings into groups, characted by a homogeneous behavior, to which asso-
ciate a suitable analysis model.

It is therefore important to define a typologicéssification of Swiss buildings on the basis of
the sample analyzed. It is highlighted that moeeghmple test is limited, the greater will be the
precision used to define these buildings stocksIf#this case a detailed typological classifica-
tion has been carried out, taking into accountpéeuliarities of the analyzed area, because the
reference is a city characterized by about 330Qlimgjs.

Through the survey activity it was possible to stigate 201 buildings, chosen in order to be
able to consider different construction types ia tity of Sion. Later a typological classification
has been completed on the basis of the buildingmadd and the bearing structural system.

The identification of five main classes (A, B, C, b) is reported in the following table; subse-
guently the subclasses associated with these slasde described only in the case of masonry
buildings because they are the subject matterifptper.

Table 1: Main Swiss typological classes

Main typological classes

A) Bearing structure composed of masonry walls randwvalls

B) Bearing structure composed of masonry wallsramdcolumns
C) Bearing structure composed of r.c. walls

D) Bearing structure composed of masonry walls

E) Bearing structure composed of r.c. frame

In the table below is reported the identificatidritee typological subclasses (Al, D1, D2) .
Table 2: Typological subclass A1

A) Bearing structure composed of masonry walls randwvalls

Al) R.c walls at the ground floor and concrete ktowalls at the higher levels

4

Construction period: 9!-197(
Floor system: reinforced concrete slabs (thickd€-20 cm’

6



Mechanical model for the vulnerability assessmé@wiss constructive types

Table 3: Typological subclasses D1, D2

D) Bearing structure composed of masonry walls
D1) Stone masonry walls D2) Concrete blocks walls

Construction period: 18-192¢ Construction period: 19-197(
Floor system: steel beams and hollow Floor system: reinforced concrete slabs
tiles/ timbel (thickness 1-20 cm

The type Al is very common as many masonry buikleng characterized by the presence of the
abri, a fallout shelter in reinforced concrete, gadages at the ground floor.

The type D1 is representative of the old town eemt Sion while residential buildings built
starting from the 50s are included in the class D2

4.1 Typological case studies analyzed in detail: nonrdear static analyses

After having done the division into typological st&s the consecutive fundamental step was the
development of a specific vulnerability model fach building type, in particular it is stressed
that in the Displacement Based Vulnerability methbe corrective factors have been calibrated
considering the most widespread structures in.lt@Kactly for this reason it was necessary to
carry out more detailed analysis of Swiss buildibgse in order to recalibrate some parameters
of the model in order to obtain results more cqrossling to the real behavior of the buildings
analyzed.

Five buildings built in Sion between 1955 and 198&e chosen as sample, all buildings have
four levels above the ground and four of thesedugs have also a ground floor in reinforced
concrete. The vertical structure consists in caredoéocks walls, the horizontal system is charac-
terized by reinforced concrete slabs and woodefsroo

The seismic behavior of these prototype buildingsed on real cases however, has been ana-
lyzed, fist of all neglecting the presence of temforced concrete level, in order to attributenthe

to the type D2, and subsequently the level in ceodd concrete has been considered to analyze
the typological class Al. Nine models were credtetie analyzed in two directions X,Y. The
equivalent frame modeling and the non-linear statialysis were performed with the commer-
cial software 3Muri ® release 5.0.2 distributed$y.A DATA s.r.l.

Two examples of 3Muri modeling, considering ondding in class Al and one in class D2, are
reported in the following figures, in particularig possible to see a picture of the real Swiss
building, a three-dimensional view of the structurendel and a three-dimensional view of the
model mesh .
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Figure 4:

Figure 5: Constructive type D2 - 3Muri modeling

It was then possible to determine for each building direction of analysis the collapse mecha-
nism activated and the bilinear capacity curve.

The comparison between the capacity curve obtdmoed the mechanical model application and
that obtained from 3Muri, considering two direcgoof analysis and the collapse mechanisms
activated, are presented in the figures below.

Capacity curve of the constructive type Al-dir x-Uriform Capacity curve of the constructive type Al-dir y-Stt storey
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Figure 6: Comparison between the capacity curvéisariwo directions of analysis for type Al
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Capacity curve of the constructive type D2-dir x-Uiform Capacity curve of the constructive type D-dir y-Soft storey
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Figure 7: Comparison between the capacity curvéiseérwo directions of analysis for type D2

It can be noticed that there is a good match betwee capacity curves, this is due to the fact
that the calibrated coefficients and formulas ef tmodel allow to have results that are more cor-
responding to the real behavior of these constradyipes.

5 VULNERABILITY MODELS APPLIED TO THE BUILDINGS SELE CTED IN SION

The non-linear static analyses of the case stwdies necessary in order to calibrate some co-
efficients and formulas to apply the simplified rhanical model to masonry buildings.
The assumptions made for the constructive typesidered are reported in the following para-
graphs, pointing out that the comparison with gmutts of 3Muri showed a better match as a re-
sult of the changes introduced to analyze thes&pkar typological classes.

5.1 The DBV method for the type Al

Al is the Swiss constructive type characterizedr.bywalls at the ground floor and concrete
blocks walls at the higher levels.

It was possible to take into account, in the DBVthod, that the building ground floor has a
bearing structure composed of r.c. walls modifytimg values of strength, stiffness and density of
the material. In particular a higher value of sh&dfness and material density has been assigned
only at the ground floor, for example values assted to a reinforced concrete used in the 60s.
While the shear strength, which is not differenteleby level, was assigned by performing a
weighted average on the levels considering a stesngth greater at the ground floor.

The corrective factors for the strength and stg&)ethat will be applied to this buildings class,
were calculated, thanks to the analyses carriedotle prototype buildings, making the values
average on the basis of the collapse mechanisivatact.

Table 4: Corrective factors for the type Al

Corrective factoi Uniform Soft store

1 0,8¢ 0,8¢
2 0,8¢ 0,9¢
3 0,7 0,92
4 0,54 0,61
5 0,7¢ 0,¢
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Finally it must be highlighted that a small modiiion of the formula used to calculate the ulti-
mate displacement has been introduced on the bh#ig results obtained from the 3Muri anal-

yses considering this constructive type. In paldicit has been observed that the ground floor,
having a r.c. thick walls bearing structure, hal#tie deformation compared to the remaining

levels in masonry and that the soft storey collapsehanism involves the first floor, that is im-

mediately above the level inr.c.

Table 5: Collapse mechanisms for the type Al

Uniform collapse mechanis Soft storey collapse mechani

]

These observations led to the modification of themiulas used to calculate the ultimate dis-
placement in the following way:
Nh-h,

Dosaunit = Opsaun r

r (8)

L

Dosasoftstorey = Opsashs + D, 4 @-

5.2 The DBV method for the type D1

D1 is the Swiss constructive type characterizedtbge masonry walls.

The DBV method for masonry buildings has been dsethis type of building without making
any changes to the model presented in 82 becahses ibeen calibrate on these structural types
and so there is no need to modify the correcticeofa [5].

The corrective factors for the strength and stgfehat will be applied to the buildings stocks
are those that are defined in the document [1fhenbasis of the collapse mechanism and con-
struction period.

5.3 The DBV method for the type D2

D2 is the Swiss constructive type characterizeddncrete blocks walls.

The DBV method for masonry buildings was used fos type of building introducing the cor-
rective factors for the strength and stiffnessateetinto account the concrete blocks material used
for the bearing structure.

The corrective factors, that will be applied tostbuildings class, were calculated, thanks to the
analyses carried out with 3Muri, making the valaesrage considering the collapse mechanisms
activated, these coefficients are the same to thlosady described for the type Al in table 4.
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6 DAMAGE SCENARIO

After having defined an appropriate mechanical rhéateevery constructive type, it is possi-
ble to evaluate a damage scenario on a territaval representative of a possible estimation of
damage on the investigated area. The seismic spéetiined thanks to the microzonation studies,
were used to represent the seismic hazard in thhagla assessment.

As previously introduced, the focus of the DBV nwmeths the identification of the performance
point, obtained from the intersection between tygacity curve and the reduced elastic spectrum.
The performance point represents the building deisesponse as it identifies the displacement
required to the structure. Defining proper damagées on the capacity curve it is possible to
evaluate the distribution of damage levels forlib#dings sample.

The necessity to have only one scenario, leadléztsir every building the collapse mechanism
with the higher probability of realization and tm@st punitive analysis direction.

The damage scenario obtained for the 101 masoridirms is represented in the figure below.

It can be noticed that the most part of the buddirhave been affected by a damage state
3(significant structural damage) and a damage dgtéstate next to the collapse) as a result of the
risk analysis.

DDS2

DDS3

46% mDDS4
m> DDS4

Figure 8: Masonry buildings damage distribution

It is more interesting relate the damage distrdouto each constructive type analyzed in order to
understand if one of these is more vulnerable tharothers. In particular there are 56 buildings
in the class Al, 10 in the class D1 and 35 in taescD2.

Al Swiss type D1 Swiss type D2 Swiss type

09 0% 3% 0%
9
I_2 %
DDS2
DDS3

' DDS2 ‘ 37% DDS2
mDDS4

DDS3 DDS3
m>DDS4

2%

mDDS4 EDDS4

60% m> DDS4 m> DDS4

Figure 9: Constructive type damage distribution

The next chart represents instead the correlatetwden the damage states distribution and the
soil classification, it can be noticed that thexy@igood correlation between these two data.
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Figure 10: Correlation between the damage statshensoil classification

7 CONCLUSIONS

The charts reported in the previous page showttieat is not a homogeneous distribution of
damage levels if the constructive type are consilseparately.

Since the 50% of the buildings analyzed is charaete by a soil type D and it is uniformly dis-
tributed in the three classes it can be inferred thasonry stone building (class D1) are the most
vulnerable structures of the analyzed sample aadthidings characterized by r.c walls at the
ground floor and concrete blocks walls at the hidgeeels (class Al) are the less vulnerable.

The different level of vulnerability is due to tfect that these constructive types are relatefto di
ferent mechanical parameters that depend on thetroative material of the bearing structure.

In these analyses the seismic action, represeatafithe hazard, is expressed in spectral shape
on the basis of the microzonation studies. In iheaf Sion the foundation soil type varies from
A to E, so there is a significant amplificationexft of the seismic demand.

In fact it can be noticed in the final chart thare is a good correlation between the foundation
soil classification and the level of damage.
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