UNIVERSITY OFNAPLES FEDERICOII

Department of Structures
for Engineering and Architecture

PH.D. PROGRAMME IN
SEISMIC RISK
COORDINATORPROF. ALDO ZOLLO
XXV I CyCLE

MARCO MASTROVITO

PH.D. THESIS

SEIsMIC BEHAVIOR OF RC PRECAST BUILDINGS :
THE CASE OF EMILIA EARTHQUAKE

TuToR: PROF. DR. GENNARO MAGLIULO
Co-TUTOR: DR. CRESCENZOPETRONE

2016






Tomy Family and my Love






AKNOWLEDGMENTS

The PhDconclusionrepresentsfor me, the achievement of a prestigious and ambitious
goal. It has beera hard course full of difficulties and sacrifices A course madef
study, nights, travel Today | can say thail the spentefforts arerepad by theinfinite
sense ogratification | feel right now. It is precisely for this reason that | feel obliged t
thank those who made this work possithleiould express my gratitude the head of
theltalian Air Forcelnfrastructure ServicgsereralDe Rubeisand to my commanders
at the 2° R.G.A.M. of Rom€iampino, Colonels Faggiano, Sciandrand Frontonj
who gaveme the opportunity to atterile PhD in Seismic Risk.

I would like to deeply hank my tutor, ProfGennaro Magliulowho have been an
importantguide even among many mutwabrk commitments He blindly believed in
me, as well as inthe opportunity tarust me with thedevelopnent of this research
project | would like to sincerely acknowledgmy cotutor, Dr. Crescenzo Petrone,
who has followed step by stepe researchprogram improvement with extreme
patienceand availability providing a profoundgupport to the ideas and thestudies
carried on my thanks will never be enough to express my sincere grafindmving
carefully revievedthis thesis,even kilometers awayvith wisdom anccomprehensian

I would to thank my fellowtraveles FilomenaDe Silva and Piero Brondi, for their
support during these years of study. Special thanks todMeaia Cimmino, with
whom | shared the toudimes of the study courswithout ever hiding the smigo
overcome them. Mgpecial appreciatiogoesto Marianra Ercoling becausehenever
sparedherselfin sharingher preciousknowledge and suppoaboutthe theme of the
seismic response dRC precast buildingsl would to thank Orsola Coppola forthe
valuableadvices and her infinite availability. Many thanksto Marcello Donvito, my
lifetime friend, for thesupport thahe never failed to givene.| would to express my
gratitude tothosefriends and colleagues with whom | started tosirse that sawits
origin, buttook different ways

I would like to thank lte peoplenvho for years accept my choices in silence, showing
infinite understanding for my too many absencesmy family goes my infinite
gratitude and mysincere apologies.l would to hank Nana and Bisky, for the
company andhe momentdull of joy spenttogether.

My deepest gratitude goes, finally, to the person with whoaml shaing this
wonderful piece of life. ToMarting that had to accephy silences, my concerns, my
absenceoo many timeswith deeppatience returning with unconditional lovand
never making me miss the support anddétrminatiorto carry on

Rome, March 2016






Abstract

ABSTRACT

The thesis is focused on the seismic behavior of existing RC precast buildings. This
structural typology habeen characterized layvery quick developmersince the time

of the First World War, due to the reduction of construction time and to the possibility
of a better check on each structural element produced in the factories through industrial
processes. The main activities carried out in RC precadiitiésciare certainly
associated to the industrial sector, thankslaige spans and high usable height.
Therefore, the concept of loss for these buildings is not only related to human lives or
to the repair costs, but also to the costs due to the intemugftthe activities carried

out in them. Emilia earthquake, occurred in May 2012, has sadly demonstrated the
inadequacy of industrial facilities in absorbing horizontal seismic forces, causing
deaths and injuries, as well as a huge economic loss.

The eathquake consequences on industrial buildings are presented in the first part of
the thesis,hrough the description of the reported damage of some facilities inspected
after theearthquake For each industrial building, the main geometrical issues are
analzed, along with the description of the principal structural elements.

Among the investigated buildings, two industrial facilities located in Mirandola (MO),

a few kilometers away each other, are considered asstahe buildings. The first
structure reprted the partial collapse due to the breaking of two central columns, with
the fall of beams and tiles. The second facility reported only minor damages, such as
the fall of a corner cladding element.

A tridimensional numerical model has been implementedrder to first verify the
seismic performance of the first building, according to the Italian code. Thus, nonlinear
static and dynamic analyses have been perforirtaeiN2 method by Fajfawasused,

taking into account the flexibility of the roof. Theoed, two different methods for the
definition of the displacement control point are followed: one is based on geometrical
considerations (proposed method); the other is based on the procedure proposed by
Casarotti in its Adaptive Capacity Spectrum Method.

At the end of each analysis, both fragile and ductile mechaniswve been checked

The most suitable capacity models have b#wm selected. In particular, columns
shear capacity evaluation have been conducted through the study of the models
available inthe technical literature. Then, rotations at the columns base have been
investigated, as well as the frictional behavior of the -titeseams and beants-
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columns connectiondonlinear dynamic analysis gave less conservative results than
the nonlinear tatic analysis. In both casethe obtained results show the frictional
connections to be inadequate to adsorb the seismic forces. Comparison between the
nonlinear static analysis resultbtained followingboth formulations for the control

point definition demonstrated thealidity of the proposed methoth orderto validae

the model nonlinear dynamic analyses have beemi@z on using as input signatse
acceleration components recorded by one of the Italian RAN stations. The comparison
between exp@&mental and theoretical resultsvyeebeen conducted in order to verify the
numerical model capability to predict the real damages suffered by the bulding.

this reason, the model has been completed taking into account the crane, positioned as
evidencedby the photos taken shortly after the earthquake. The numerical model has
proven to be capable to predict the real damages reported by the building, showing the
shear failure of the most stressed columns. In particular, the crane presence has proved
to be fundamental in order to justify the columns shear faillerthermore, the
theoreticalexperimental comparison has corroborated the validity of athepted
models.The same modeling issues have been adopted implementing a tridimensional
model of the seaw casestudy building.Correspondingcolumns belonging to both
structures have been considered in order to study the different behavior of the facilities.
From the comparison is shown that the firstbuilding is subjectd to highershear
forcesdue to &rger masses. Furthermore, the vertical component of the earthgsake ha
significantly affecéd the columnsshearcapacity, reducing it in correspondence with

the minimum axial load value&inally, a tridimensional modeif the second facility

taking intoaccount the horizontal cladding panels have been implemented, in order to
study their influence on the vibration peripdemparing the seismic response with the
bare model oneResults show that thehoice, in the numerical model, of tpanels
constrainttypology affect decisivelythe vibration periods valuedn particular, the

choice of rigidconstraintsreduces significanthall the vibration periods; the use of

semi rigid constraistresults in a reduction tfe higher modes vibration periods.

Keywords: industrial facilities, seismic behavior, nonlinear analyses, shear capacity,
displacement control point, flexible diaphragm
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Introduction

Chapter1 INTRODUCTION

The roots of thedevelopment ofconcrete precadbuildings in Itdy lie in the first
postwar yearswhen the need tquickly rebuild thedestroyedhousing stock led the
pioneering spirit of the engineers oathime.

The necessity tbuild structures in less time, saving on production cassyled in

the growth of mnufacturing processes capable of ensurindtlileling of long spans
structurespvercoming the unique of steel structures

The spread otoncrete precadiuildingsin our Country has grown more and more,
coming to cover, in théNineties, the 85% of the whole industrial buildingsstock
(Toniolo, 200).

The rapidity of construction was made possible by a very simple basic construction
system. Generally, this type tdcilities is characterized by a simple structural layout,
made of cantilevered monolithic columnsged into socket foundations; prestressed
concrete beams are placed on columns corbels or directly at the top of the columns,
serving as support beams for roof tiles.

Thedescribedstatic scheme, because of tdumnsheight, greater than ordinacgast
in-placebuildings implies high flexibility and thuseedgreater attention in théesign

of the connections between structural elemeimtsorder to withstand horizontal
actions.

1.1 MOTIVATIONS

The seismic performance evaluation of existing concrete préc#dings has been
emphasized once again after the earthquake that hit Emilia Romagna in May 2012,
causing considerable damagmainly intheindustrialhubs near the epicenter

The fiemiliano seismic s eslooke: the fest dhdecp59e n e d
moment magnitude earthquakeccurred on May 20, with epicenter located at Finale
Emilia (Modena, Northern ltaly); the second mahock, characterized by 5Mw,
occurred on May 29 near Medolla (Modena, Northern Itahigurel).
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Figure 1 - Map in terms of recorded horizontal PGA 1 RAN (May 29, 2012).

The hit areas were characterized by a high concentration of industrial facilities (about
48,000, for a total of 190,000 employees); dfere, besides the losses in terms of
human lives (27 casualties and more than 350 injured), the earthquake caused huge
damages in economic terms.

Economic losses, both direct and indirect ones, due to the earthquake amounted overall
to more than 13 billio euros in the stricken northern Italy regions. In EriR@magna

region the estimated loss is about 12 billion euros: 3 billion euros to the residential
buildings; more than 5 billion euros to the industrial facilities; 3 billion euros to
historic-culturd and religious buildingéPCM, 2012).

Theearthquakeeveakd the structural deficiencies pfecasbuildings, whose seismic
vulnerability wasmainly associatedo the inadequacy of the codes and standards used

in the design phasés a matter of fact, the seismic hazard maps @fsthicken areas

has been updated only in 2003, settling in the class of mddiurseismicity region.
Furthermore,as allowed by the Law. n. 168 17/08/2005, art.1ld:undevicies
application of the latest seismic technical code requirements (Ministegatee
14/09/2005) become compulsory only in 2006.



Introduction

@ (b)
Figure 2 - Industrial facilities damaged by the earthquake: infill cladding panels collapse (a); jpbtic
hinge farmation (b).

Therefore, lhe majority of the damagedprecast buildingswas not designed to
withstand seismitiorizontal load. The main cause of the recorded collapses is linked
to the widespread use of frictional connections between elem&hes lack of
mechanical devices in columitsbeam and roefo-bean connections caused loss of
support and subsequent falling of horizontal elem@ggliulo et al., 2011

What happened in Efia not only emphasizedthe vulnerabilities ofindustrial
buildings Figure 2), but has alsaevived the themeof existing precast structures
seismic assessmenthi¥ issue is not adequately supported by current co@déisering

to the professionalshe burden to choose the most suitabteucturalmodels to be
adoptedand the most appropriate analysiethodto be usedTherefore, there ian
absoluteneed to identify the major deficiencies of sdabilities, in order to provide
professiona practical tools talealtheissues okeismic vulnerability.

1.2 OBJECTIVES

This thesis is focused on the seismic assessment of existing concrete precast buildings.
One of he main objective of theresearchstudy is to discussavailable modeling
techniquesto predict the seismic response of industrial buildifgss essenal to
conduct experimental tesits order toobtain a humericaéxperimental comparisco
calibrate a numerical modeln the present caséhe experimentalevidences oftte
earthquake of Emilihave been considered as reference to compare numerical models
Therefore, starting from the seismic effects of the earthquake on the industrial
facilities, the attempt to justify the damages is pursUéds objectiveis followed
through the conception of numerical modelsgaracterized by aimcreasinglevel of
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accuracy improvedin a process that resulted in the definitiontted accurate models
herein presented

A critical review of he seismic assessmentedfisting precasbuildings according to

the current technical standards is another objective of the stmtyprding to the
Italian code (NTC2008), both linear or nonlinear static or dynamic analysis may be
adopted to evaluate the seismic vulnerability of existing buildings.

The aim of the performed analysis is to investigate diffettemanalysisresuls, with
particular attention to the code verification of the buildingparticular, both nonlinear
dynamic andstatic analysis have been performed in order to make a comparis
between the relative results. Thus, nonlinear static analysis needs a particular attention
in order to be correctly performed. In factntinear static analysis on a tridimensional
building model is based on thaessumption that aontrol point displacment is
representative of thelapal behavior of the structuréAccording to national and
international codes, nonlinear static analyaessupposed to be valid only when a
series of important assumptions are made: first of all the irrelevance of ther high
modes. Since the rigid diaphragm condition is not assuredcdaocrete precast
buildings, particulacarehas been paid tihe choice of the displacement control point

A method to consider the displacement control point is proposed: technical lgeratur
seems to be poor in this terms.

1.3 OUTLINE OF THE THESIS

The thesis igocused on two mainChapters Chapter 2in which the seismic behavior

of three inspected industridlildings after the first Emilia earthquake mainshock is
presentedandChapter 3that dealswith the investigation of the seismperformance

of two facilities considerd as casstudy buildings

In Section2.1the Emilia earthquake is described, with its main features. The recorded
spectra obtained from the Italian RAN stations exhibits a good match with the design
code spectra for type Cibwith a return design spectrum period of 2.475 years.

In Section2.2 a brief structural codes development is presented. The analysis of the
different code steps demonstrates that the constructions built until 2005 were not
designed to adequately adsorb seismic horizontal forces. This explains the high seismic
vulnerability of concrete industrial buildings.

Section2.3deals with the description of three industrial facilities hit by the earthquake.
The buildings have been inspected after the first Emilia earthquake mainshock. The
reported damage for each building is described: the main criticalities affected the loss
of support with subsequent fall of horizontal elements, the columns loss of vgrtical
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the development of plastic hinges at the column bases and the collapse of infill and
cladding panels.

Section3.1 and 3.2 deals with the description of the principal analyzed building and
the analysis of the earthquake consequencies. Among the presented facilities, the
principal casestudy building is the one which reported the highest damage. In fact, it
reported the partial collapse due to the break of two central columns.

In Section3.3 the numerical modeling phasedescribed. A tridimensional building
model in OpenSees has been implemented, considering a lumped plasticity model.
Because of their frictional nature, element connections as internal hinges arednodel
Geometric eccentricities have also been considered. A practical tool has been
implemented in order to define the plastic hinges behavior.

Section3.4 is focused on the seismic evaluation of existing builglimgcompliance

with the ltalian codeaccording to which both linear or nonlinear static or dynamic
analysis may be adopted in order to evaluate the seismic vulnerability of existing
buildings. Therefore nonlinear static and dynamic analysis procedwegwemented,

with particular attention in the definition of the control displacement point for the static
analysis, given that the rigid diaphragm condition is not ensured. At the end of each
analysis checks in terms of both fragile and ductile mechanisncanducted, using

the capacity models presented in Sec8dn

In Section3.6the analyses results are showed. A comparison between nonlinear static
and dynamic analyses resulssconducted. This study is motivated by the fact that the
two different analyses, characterized by a different level of accuracy, could conduct to
opposite results.

Dynamic nonlinear analysis considering the Mirandola station recordings as input
signals ispresented in SectioB.7. The main objective of this procedure is the
validation of the adopted numerical model, through a theoretigarimental
comparison.

Section3.8introduces the second eastudy building of the entire research progrém.

is an older structurethan the previous one, located a few kilometers away from it, but
suffered only minor damage because ofEndlia earthquakeA tridimensional model

of the building is implementedyn the basis of the modeling issues adopted for the
precious facility. Nonlinear dynamic analysis with the recorded acceleration signals are
carried on in order to make a comparison with the principal case study seismic
performance. Furthermore, a numericendel with the presence of the cladding panels

is implemented, with the objective to study their influence in the facility vibration
periods.
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Chapter 2 INDUSTRIAL BUILDINGS
BEHAVIOR DURING THE EMILIA
EARTHQLAKE

In this chapter the Emilia earthquake is analyzed on the basis of its consequences on a
series of considered industrial buildings. Firstly, a brief description of the seismic event
evolution is carried out. Its intrinsfeaturesmakeit certainlyoneof the most peculiar
Italian seismic eventof the last years, especially for the maximum recorded
accelerationsThen, a careful analysis of the evolution of the Italiantiseismic
regulatory framework is presentdd.a curious way, even if ltaly hagén hit from a
terrible seismic event in ear80" century with a subsequerdetailed study of the
territorial aspects linked with the earthquake occurrence and the development of
seismic building technologieghe Italian code history shows a great itiarin the
application of seismic regulationghis is one of the reasons which ledhe built, up

to less than ten years agi facilities inadequate froraseismic point of viewkinally,

the seismic response to the Emilia earthquake of a group ofeterprecast buildings

is presented.

2.1 THEEMILIA EARTHQUAKES

In May 2012 Northern ltaly has been hit by a series of seismic events that have
highlighted especially the deficiencies of industf@tilities. The seismic sequence
was characterized by two mashocks: the first, occurred ont@May, a5.9 moment
magnitude Mvearthquakewas located at Finale Emilia (Modena, Northern lItaly); the
second main shock of 5f8oment magnitude M with epicenter located at Medolla
(Modena, Northern ltaly), occurredn 29" May. Thesemain shocksbelong to a
sequence started dtay 18", as shown ifrigure3.
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Figure 3 - The Emilia earthquakes distribution (Swiss Seismological Service)

The hit areas, according toet national reference seismic hazard maakein the field

of medium level of seismic hazard. In factisicharacterized bgnexpected horizontal
peakground acceleration (PGA) with 10% probability of exceedanoe50 years that
ranges between 0.10and 0.15 gAs shown in(Magliulo et al., 20134 (Meletti et al.,

2012, the recorded spectra for the horizontal components obtained from the Mirandola
strong motion recording station (MRNXHabits a good matéhg with the design code
spectra for type C soi(CS.LL.PP., 200B with a return period of 475 years.
Therefore suchan earthquake represents a very rare event.

In the epicentrahreas along withmaximum horizontal accelerations atfout 256300

cm/s?, maximumvertical acceleratinsup to 900 cng’ werealsorecorded Therefore,

several studies have been carried out in the areas hit by the earth@istteimed to
determine the influence aleismicsite effectsIn some sites, liquefaction phenomena
evidences are also exhibite@Priolo et al., 201p through his preliminary analyses
based on HVSR definition, fodnimportant amplification peaks in the 0.81.0 Hz
frequency range. Many sites located in the Po Plain had shown frequency peaks due to
site effects for mediudong periods (Bordoni et al., 2012 The experimental
evidences confirmed the presence of cohesionless soils at the surface layers, such as
silty-sandy soils. Thereford, should be emphasized as the seismic response has often
suffered fromspectralamplification phenomena for medidiong periods, typical of
precastbuildings.
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The areastruckby the earthqualsds one of the most importattalian industrial hub,
with high concentration of productive activitiékherefore extensivedamage hsibeen
reported by industrial facilities.

2.2 THE CODEDEVELOPMENT

As mentioned in the previous paragraph, the Emilia earthquakes, in terms of peaks
values, represents a really rare evéievertheless, most of th#gamagedbuildings

have beenealized withstructural codes deficient from the seismic point of viéw.

well understand the regulatory framework from which these structures derive, a brief
description of the Italian seismic code development is reported.

The birth of the first shapef Italian seismic code is generally associated to the 1908
Messina earthquake: the Royal Decree n. 193 18/04/1909 (in IRdigio Decreto 18

aprile 1909 n. 19Bis in fact the first Italian seismic regulation. Therefore, since 1909
(and until 1974) muricipalities were classified as seismic only after being heavily
damaged by an earthquake. In some cases, in order to encourage the construction of
new buildings for economic growth, municipalities were even declassifibd.
regulatory framework essentialtioes not change until the enactment oflthe n. 64

(Legge n. 6402/02974 which states that the seismic classification should be made
on the basis of proven scientific and technical reasonsméans ofMinisternal
Decrees. Moreover, Law n. 64 prded the opportunityto update the seismic
standards whenever it was justified by the evolution of knowledge of seismic
phenomenaWhile the seismic classificatiois operatedas in the pasty inserting the
municipalities affected by the new seismic &gen

Later, the seismological studies performed after the Friuli Venezia Giulia earthquake of
1976 and the Ilrpinia earthquake of 1980,
CNR (National Research Centre), led to a proposal for a new seismic cldissific
process. Thereforenil981 the national territory was classified in three seismic
categories. By means of apposite Ministerial Decrees, between 1981 and 1984, the
45% of the entire national territory has been classified and complied with specific
technical regulations.tlis important to emphasize that the proposglthe CNR
involvedfor the first time a probabilistiapproach to the issue thfe seismic risk

After the Puglia and Moliseearthquake of 2002the Prime Minister Ordinance.
3274/2003is enacted, which reclassifiehe whole country in four different hazard
zones, removing nehazardous areakach seismic zone was identified according to
four different design bedrock acceleration values: 0.35 g, 0.25 g, 0.15 g and 0.05 g.
From this pant on,no area of our countiig excluded from the seismic classification
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In parallel with the procedures for the seismic classificatioaupdat of the technical
provisions on constructigrtook place withthe Ministerial Decree 03/03/1975, which

laid the background for the latest Ministerial Decree 16/01/1996, later replaced by the
Ministerial Decree 14/09/2005The most recent regulation stép the Ministerial
Decree 14/01/2008NTC 2008) which approves the neWalian technical standards

for buildings, which arenowadays compulsory in Italy

I'tds i mportant to emphasize that the OP
2005, grant a transitory period of 18 months in which it was not mandatory to take into
account the new seismic classification, eptcfor some facilities, such as strategic
buildings. Similarly, even thereleaseof the DM 14/09/2005allowed a transitional
period of 188 monthe n whi ch it was possi blaording des|
the old buildings codes (Law n. 1086 05/11/7@ and Law n. 64 02/02/1974}his
explains why most of the buildings in the area affected by the earthquake were
inadequate from the point of view of seismic capacity.

Beyond the legislative inertia, another deep limit for precast buildings concerns the
slow understandingf their seismic behavior from a technical point of view. In fact,
specific indicationsfor precast structureappeared for the first timéin the DM
03/12/1987, whiclgave some indications for the design of the connections, especially
in seismic zones. Later, OPCM 3274/2003 provided more detailed design indications
for precast buildings, recognizing the important role of the connection in the whole
building static and dynamic behavior. Finally, the most recent technical Italian code
(NTC 2008), on the basis of the EC8 provisions for precast buildings, spend a large
section to the development of technical issues for these facilities. In particular,
confirmed the implication to use mechanical devices in the connections, in order to
transfer lorizontal forces between structural elements (b&aoolumn and rocfo-

beam connections}:or the support of the beams, it is provided that only one end is
sliding: in this casethe support must beapableto absorb the relativ@orizontal
displacemerst In any casegconnections must be designed to absorb seisonies
without considering the frictionalontribute

Based on the above, the Emilia territory struck by the earthquake was inserted in
seismic zone 3 only in 2003, according to the OPCM 32D&20ovisionsHowever,

as already mentioned previously, teesmiczonation becomes mandatory ooly 23
October 2005.Therefore, the high vulnerability shown by the industrial buildings
during the earthquake is related to the fact that constructiolhsibtii 2005 were not
designed to adequately adsorb seismic horizontal forces.

11
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2.3 SEISMIC BEHAVIOR OF PRECASTFACILITIES

The piece of land affected by the earthquake is one of the most important centers of
industrial production ofitalian territory In the hit areas there were about 48.000
industrial facilities: the damaged buildings reported economic losses of more than 5

billion euros.

As previously cited, most of the damaged facilities were not degdigocording to
seismic criteria. As a matter of fatche principal cause of collapse is latkto the
presence of connections unable to transfer horizontal forces. Therefore, the loss of
support of the tiles or beams caused the fall of them and the consequent building
collapse. Another criticalssueis assciate with the cladding panels breaking. The
principal cause of panel collapse is the lack of adequate connection devices between
panel and structure. The main damage reported by the precast columns was the loss of
verticality: this happened because of thek of rigid constraint at the columns base.
Furthermore, the excessibeacketsspacing in the critical zone, or the small diameter

of the bars, have resulted in the formation of plastic hinges.
As part of emergency operations carried out in the imnedastearthquake, five
industrial buildings were inspecte@he buildings in question, located in Mirandola
(MO) and Finale Emilia (MO), were realized between 1990 and 2011. They are typical
onestory industrial facilities, and have been designed arizedaby the same precast
facilities construct:i
ideology, with the recurrent usé e same assemblage schentegept for the only
structure built in 2011, designedccording tothe NTC2008 indications, DM
16/01/1996 has been used in the design phase, and then the buildings appear to be
designed to support only vertical loads. Also wind effents modeled as vertical
forces. The facility names adopted in the present thesis dhe acronymsgiven
according to thdouilding clients or owners. Aerefore, in the following, the structures

will be referred to a#, D1, M, D2 andU (seeTablel) buildings

on

company.

Client/Owner Year of building Short name
adopted
ACEA - ARIES 1990 A
DI QUATTRO Sir.l. 1995 D1
IMMOBILIARE
MANTOVANI S.r.l. 2001 M
DI QUATTRO S.r.l. 2004 D2
UNIFERS.r.l. 2011 U

Table 1 - Case study buildings: clients and years of construction

Therefo
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For each building it was possibto get the final desigmepors. Thus, the starting point

of the presentstudyis represented bthe building designreportanalysis consistingn
calculationreports and graphic desigrfaurthermore, a photographic archive has been
made, with the phototaken immediately after the first main shock"{20ay 2012).
Photos were taken during thmiildingsinspectionphasemade as part of emergency
relief operationguided by DPC (Civil Protection Department)

In the present chapter th2l and D2 buildings are not described. In fact, they are
assumed as benchmark facilities and will be deeply analyzed in a separate chapter of
this thesisHere itis merely statd that D2 building is, among the aboveentioned
buildings the onethat suffered theheavierdamage In fact it reported the partial
collapse due to the breakdown of twentral columnsin contrast,for D1 building,
even ifolder tharD2 and locatedn its vicinity, only light damagevasreported.

2.3.1 ABUILDING (ACEAARIES)

A building is a single storgrecast facility constructed in 1990 in Mirandola (MO). It is
the oldest among the inspected facilities. It is characterized by 50 x 120 meters
rectangular planThe structural building scheme is composedsikyencolumnrows in

the transverse directiorB0 m spaced and six column rowsspaced10 min the
orthogonal directionColumns have 50x50 square cross sections, or 40x50 rectangular
cross sections. The columns total height is 7.3 m. Warping in the major direction is
realized by double slope beantdgure 4). In the transversal direction, the building
scheme is completed Isecondary girderand Greekpi tiles. The structure is closed
with vertical precast panel8.9 m height. Asshownin Figure 5, the building is
internally divided by means of masonry infill walls. The foundation system is
constituted by discrete socket foundations.
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Figure 4 - A building: two baysschemein the longitudinal direction.

Roofto-beams and beants-columns connections are made of neoprene pads.
Therefore no mechanical devices are presgiti, the exception of small boltesteel
angles, used fahe secondary beamsnnection.
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@)

Figure 51 A building: main area view (a); vertical cladding panels (b); masonry infill wall (c).

The damage suffered by tiebuilding concerns the loss of support of tiles and beams
and their falling, the loss of verticality of the columns, the development of plastic
hinges atthe column bases, the break of some portions of the masonry infill walls
(Figure 6). As reported in(Magliulo et al., 2014 Belleri et al., 201} the damage
correlated to the structural elements loss of support is taiatsavith the lack of
mechanical devices between the elements. In the casbuwlding, the loss of support
caused the tiles falling, emphasizing the extreme inadequacy of pure frictional
connectiongFigure 6 (a)). The loss ofverticality (Figure 6(b)) has to be associated
with an inappropriate foundation element design. Genertily,columafoundation
connection real behavior is not really cld@anha et al., 2009 In this case the
foundation elementdesignhas beerprobablyconducted considering design practices
rather than accurate modelhe development of plastic hinges at the column bases
(Figure 6(c))is certainly due to the elevate stirrups spacing in the embedded column
portions andn the relative critical zone3he collapse of masonry infill wallgigure
6(d))and the falling of nosstructural elements such as metal storage shelves caused
several injures, as well as the facilities condemn. In the preasetas is possible to

see inFigure 6(a), the shelves suffered the overturning because of the lack of
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connections between the metal vertical elements and the building. The collapse of the
upper portion of the masonry infill walis certainly due to the high drift value reached
because of the earthquake. As demonstrate(Pbyrore et al., 2014 brick internal
partitions can show the spalling of pieces of bricks for an interstorey drift close to 1%.
In the case of industrial buildings, this value of interstorey drift is equal to a top
displacement of about 7 cm, which is gengravercome.

(b)

©) (d)
Figure 6 - Damage reported by the A building tiles loss of support (a); columns loss of verticality
(b); plastic hinges formation at the column bases (c); collapse of brick infill walls(d).

2.3.2 M BUILDING (IMMOBILIAREMANTOVANISR.L.)

M building, located in Mirandola (MO), is a 2001 singtery construction, with a
46x32 meters rectangular plaRigure 7). The structure total height is 9.50 m and the
maximum span is390 m.The main warping isealizedby threeT beams 100x120
rows positioned in the transversal direction; also the central longitudinal line is
constituted by T 100x100 cross section beams. Two spangdaithle slope beams
complete the structure at thveestern side, while at the opposite building end the
construction is completed by rectangular 50x60 cross section béhmseiling deck

15
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is composed by concrete shed roof. The external structural envelope is granted by
horizontal cladding panels, linked the main structure by means of metal anchors

The beams are supported by 50x70 or 50x50 cm cross section columns, arranged in
three rows and filled in discrete socket foundations. Bembeam and beaito-

column connections are realized by means of ree@ppads and steel rods. As could

be seen in the design graphic documents, steel rods have a purely constructive function
rather than structural. In fact, they are designed considering the load condition that
occurs during the assembly phase. Fiebeans connections are purely frictional and

the resistance to horizontal forces is delivetedthe friction betweertoncrete and
neoprenesurfaces

Columns longitudinal reinforcement is constituted W80 bars andJ6 stirrups with

spacing equal to 20 cm. The amount of longitudinal reinforcement is not uniform along
the entire vertical element: it decreases in the upper element segment. The stirrups

spacing appears to be constant.
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Figure 7 - M building plan: excerpt from the original design documents.

Concrete precast elements were designed and verified according to the DM
14/02/1992, while the loads analysis was carried on according to the DM 16/01/1996.
Thus, as stated in thealculation report, the admissible tensions method is applied in
order to verify each single concrete element. Horizontal elenmavis been verified
statically, considered as simply supported bedrtsxural rupture check Babeen

made comparing the ultee bending beam resistance with the maximum stresses
under operating conditions, obtaining safety factors on average equal to 2. Concrete
cracking check was also conducted. Shear check is conducted in order to verify the
principal stresses admissibility.



Industrial buildings behavior during the Emilia earthquake

Columns design has been conducted in a more refined way considering a global
building model by means of WinStrand software. In particular, 13 load conditions have
been considered, for a total of 31 load combinations. Wind action is considered
horizontally acting. However, columns check has been conduatedrding tothe
admissible tensions method.

An important consideratiotieals withthe presenceén thefinite elements modebf the

crane supporting beamdhe craneis taken in accountexclusively through its
reactions.The concrete corbels have also been verified throughastdtie model.It

is not reported any information about the design ofstitket foundation

The principal damage suffered by the building because of the earthquake is the
formation of plastic hinges at the column bases for the central {Bigare 8(a)(b)).

The latter are the most stressed because they have to support the greater roof portion.
Also in this case, the development of plastic hinges is dtigetbigh stirrups spacing

in the columns critical zone&rom the technical reports is possible to assess that the
columns stirrups spacing show a reduction in the top extremities or in correspondence
with the concrete corbel&nother damage suffered iye building is the breaking of

the masonry infill walls Figure 8). Generally, the drift values reached during the
earthquakes in this type of building overcome the infill wall resistance, causing in
plane and oubf-plane wallsmechanisms. In the present case, breaking of masonry
infill walls happenedecause of the pounding of the crane support steel beams, as is
possible to observe irgure8 (b).

(b)

17
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(d)
Figure 8 - M building damages: plastic hinge development (a)b); collapse of internal infill
wall(c)(d).

Among the reported damages is important to emphasize the collapse-sifuataral
elements, as cable ducts or ceiling ligitsfact, as reported i(Magliulo et al., 2011
nonstructural elements damage caused by an earthquake highly influencethe
repairing costs estinmian.

2.3.3 U BUILDING (UNIFERSR.L.)

The U industrial facility construction began in 2011 in Finale Emilia (MO) and it has
been realized for the society Unifer. It is the most recent among the considered
constructions. In fact, it wasearing completion at thearthquakeime. It is a single

story precast building, with a 90x51 m rectangular pRigure 9). The building is
characterized by a 30x8 meters intermediate roof located in the South East building
area. The maximum span is ab@7.80 meters and the total height is 9.7 m. Columns
are arranged in three rows. They are characterized by several cross section dimensions
(ranging from 50x50 to 60x80). Columns support beams in the longitudinal direction:
perimeter beams have L 70x60darectangular 70x50 cross sections, while the central
beam line is composed by T 150x100 cross section elements. In the orthogonal
direction, beams support shed roof tiles. The intermediate roof part is composed of
Greekpi tiles. The foundation system isade of discrete shallow foundations.
Structure is completed by horizontal cladding panels.



The design has been conductgttording tothe Italian NTC code, even if ithe
calculation report still appear théi s ei gomd andfial | owabl e

Industrial buildings behavior during the Emilia earthquake

1ond

—_——l2

«0

[LEERS

OLNIWNYONNIOYd O¥NLNS )
2034

w0d
®i0d

TS
===
e
i

i T

«.
LT S

CARROPONTE § T

Figure 9 - U building plan (design document)

LT
£0Nd, |

———| 2

ik
VHHIL ONVId WINVId

g

103dy

| (U 8

stres

concepts A global structure model has been realized with WinStrand software

(Enexsys, 2013in order to make a static resolution of the entire building.ilfAthe

loads computation the seismic action is mentioned, it is assumed that Hwsere

adopted the linear elastic analysisthodfor the resolution of the structurdorizontal
and vertical elements resistance checks are reported, as well as the foleidateris

ones.

Columns longitudinal reinforcement is composed Wy24 bars, while transversal

reinforcement is made &¥8 bars with 10 cm spacing in the critic zones and 20 cm

along the remaining segments.

Foundation elementsre cast in situwith metal tube§0 cm long,nside of whichare
insertedsteel bars anchoreat the column base (Figure 10). Element slidarity is
achievedwith completion mortacast

Principal beams are characterized by slotted holes at the ends. As shéugeatai 1,

this beam geometric &ure make possible the beséodbeam connection: in the slotted

holes between two consecutive beams a steel rod is positlookeldat the ottom by

a threaded bush arat the head by @olted plate. Beamto-column connection is
completed by rubber pads, order to offer a frictional constraint capable to withstand
horizontal forces. Tiles are leaned by the beams with rubber plates at the interface. The

link is completed by 10 cid 22 steel pins.
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Figure 107 Column-to-foundation plinth connection.

Figure 11 - Beamto-column connection

Cladding panels are anchored to the principal structure by means of steel corner braces,
with bolt and nut system.nl order to facilitate theassemblyphases, thepanels
connection is madiaroughcablesprofilesembedded in the concrete, within which can

slide adjusting boltgFigure12).
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Figure 12 - Panelto-column connection

Because of the earthquake the buildindfesed the breaking of some horizontal
cladding panel. This happened because of the rupture of the metal pins, as showed in
Figurel3(b).

(b)
Figure 13- U building reported damage: falling of panels(a); breaking of metal support (b).

Another reported damage is the localized breaking of the beams at the tiles support, as
showed inFigure 14. The breakingcoincideswith the positioning of the metal
connecting rods.
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(@ (b)

Figure 14 - U building reported damage: localized supporting beams breaking

2.3.4 CONCLUSIONS

The principal damage suffered by five inspected industrial buildings after the first
mainshock is described in this chapter. The imned facilitiesdiffer in year of
construction, bubhave beetut built according to the same criteriherefore, they are
linked by the same construction philosophy, with recurrence of mechanical and
geometric features of precast elements. Happenedor the majority of industrial
structures damaged by tBenilia earthquakéBelleri et al., 2011 even thecasestudy
structures reported the most damdmgeause othe lack of mechanical connecting
devices between the elemeniBhe idea of entrusting theorizontal forcegesistance,
significantly underestimatl, by usingonly frictional connectionsled to the fall of the
horizontal elementsecause athe loss osupport.

The updating of thedesigncodes has definitely helped improving the seismic
response othis type of building: is an example the seisinehavior of the most recent

U building before analyzed. In that case, the presence of mechanical connections
between elements, even if minimal, avoided the critical displacements and falling of
tiles or beams. lifable2 some gynificant building features are reported.
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DISTANCE GEOMETRICAL
BUILDING FROM DlME";@‘ONS HEIGHT REINFORCEMENT TRiﬁléL\J/'\lgggAL
ACRONYM  EPICENTRE isgogt ™ RATIO REMEORGETENT
[Km] [maximum value]

A 15 50x120 7.3 0.008 U6/20

D1 15 50x20 7 0.008 U6/20

M 15 46x32 95 0.008 U6/20

D2 15 90x45 8 0.008 U6/20

U 8 93x51 9.7 0.011 us/10

Table 2 - Inspected structures features

Although theU building is the closest to the epicenter,éported the sligestdamage
among the analyzed structureBhis is certainly to be attributed tahe improved
structural design of the building, from a seismic point of view. Fitsmust be
emphasizedhe presence of mechaniadtvices between the eleents. This avoided
damage due to excessivalisplacementsas happesd for the otherconsidered

structures. In addition, the presemtéransverse reinforcemewith adequate diameter

and spacingimplemented the column shear strengthalling of horizonal cladding

panels one of the main problems encountered in the industrial structures in Binilia

by the earthquakelemonstrates howduring the building design phade t

an adequate model to check the panels anchorage system seismiorbehavi
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Chapter 3 ANALYSIS OF THE SEISMIC
PERFORMANCE OF TWO INDUSTRIAL
BUILDINGS

This chapter focuses on the main objectioé the thesisFollowing whatdescribedn

the previous chapteit is enriched with the Hiepth description of two structures
considered as case stubyildings From the group of industrial facilities previously
described, the remaining buildings dinerefore considered, with the objective to find
out the principal reasons for theictualseismic behavior. Section 3.1 deals with the
careful description of the first case study, from the territaaadtextto the detailed
description of the main strtural elementsThe considered building is the principal
casestudy example, because it reported the heaviest damage among the whole
considered structureB Section 3.2 the description of the real damages suffered by the
building is reported with the spprt of photographs taken shortly after the first
mainshock. Photos show the partial collapse of the facility, due to the braking of two
central columns. In Section 3.3 thstructure numerical modelimplementation is
described. The building is modeled ipé&hSees, with two important goals:

a. Apply the most refined methods of analysidicatedby the Italian technical
standards, in order to verify the seismic behavior of the building from a
regulatoy point of view;

b. Testa numerical modeh terms of theredction of the real building behavior.

Therefore, a tridimensional building model is realized, characterized by
unidimensionalbeam elements. Also the geometrical eccentricities are taken into
account. For the definition of the plastic hinge behavior, glsiioolis presented in
Section 3.3.1. Section 3.4 deals with the nonlinear analysis methods allowed by the
Italian code, useful to evaluate the seismic performance of existing buildimgdirst
analysis method presented in Section 3.4.1 is the nanlstatic oneBecause of the
hypothesis of rigid diaphragm cannot be assumed, particular attention has been given
in the displacement control point selectionSection 3.4.2 nonlinear dynamic analysis

is presentedThe goal to pursuit is the check, afeach analysis, of both fragile and
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ductile mechanism. Thus, in Section 3.5 capacity modelpm@sented: in Section

3.5.1 the shear capacity formulas adopted in the present study are described. In
particular, Sezen and Mohele formulas and Biskinis ste=astance relationships are
presented. Finally, a further shear strength value is obtained by means of the software
Response2000, based on the Vecchio and
Theoryo. I n Sections 3. 5. dnsaapatitytodélsaBe t he
described. Section 3.6 concerns the great results presentation phase. All the obtained
results are described and compared between the different analysis miti®etgion

3.7 the model validation has been carried out: the congpahistween theoretical and
experimental building performance is made in order to get an assessment on the
modeling performed. In fact, in Section 3.8 the damage prediction is described: with
the try to compare the model behavior with the real buildingop®dnce exhibited

during the Emilia earthquake. Section 3.9 deals with the description of the second
important casetudy facility. This industrial building, even if have been built out ten
years earlier than the abemeentionedong has suffered minor dagebecause othe
earthquakeNonlinear dynamic analgs have been performed in order to verify one
more time the accuracy of the adopted numerical modeling issues.

3.1 STATE OF KNOWLEDGE AND STRUCTURE DESCRIPIDN

The principal casestudy structure(D2 building in the following) wa located inan
industrial hub inMirandola (MO) (Figure 15). The building design and construction
dates back to 2002004. Since Mirandola was not included in any seismic zone in
2001, the structure was ndesigned to withstand seismic forc@dagliulo et al.,
2014.

).

Hence, the building was designed exclusively for gravity and vertical loads. Also wind
and snow actions, inserted among the accidental loads, are considered as vertical
forces. Geometric and mateali details areavailable inthe original projectAll the
building features are taken from the technical report of the construction, containing
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also information about the materials characteristics; the drawings are also analyzed.
Sincethe building was derolished shortly after the earthquakghotos taken in the
immediate posearthquakéecome essential in order to well understand and justify the
damages suffered by the structure.

The investigated facilitys a singlestory industrial building with an anred L-shaped
two-story secondarRC structurelocated in the norteast side of the main building
(Figure 16). The principal building has a rectangular plan of approximately 3500
square meters. The longitudinal axis of the buddis aligned in the East/est
direction (AX directiond in the -Sowh | owi
Directiono or AY Directiono in the fol
are 6.70 and 6.90 m high, according to the superior beamss section height; the
main building usable height is 7.30 m.

| | i i
i 1 = i i
4oy e ﬁ P e = e
s oy e - E q... F— om e 4 e
] !

Figure 16 - Building plan: main building (blue); secondary annex structure (red).

The structual layout is characterized by cantilever precast coluptased ino socket
foundationsThe columns are arrang@dthreerows in the X direction spaced about 8

m; span length in the Y direction is about 11 m. Twenght different column
typologies are used, as shown Table 3. Columns diffe in both geometric and
mechanical details. Essentially they are characterized by different amount of
longitudinal reinforcement and differ in the location of the concrete corbels.
Longitudinal reinforcement consists of 20 mm diameter bars; longitudinal
reinforcement is typically reduced with the height: its amount decreases from bottom to
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top. Transverse reinforcement is made of 8 mm diameter stirrups spaced each 200 mm
in the central part of the column and 50 mm at the top. All the stirrups are clobed wit
90-degree end hookdn Table 3 for each column type some important geometric
features are reported: is the longitudinal tension reinforcement, wHiland| are
respectively the geometrical and mechanical reinforcement r&mumns are
connected at the top by prestressed rectanghlped beams. These principal beams
act as the support fordtroof. Secondary beams, the ones which connect thattwo

annex building, are characterized byshaped and inverted-§haped cross sections.
Beamto-column connection is assured through slotted holes at the end of the beams
where steel rods are allded (Figure17). The steel rods are important also to realize
beamto-beam connections: in the slotted holes between two consecutive beams a steel
rod is positionedlockedat the ottomby a threaded bush aadithe head by &olted
plate.An integrative concrete casting should assure the monolithic nature of the joint.
However the integrative mortar is not visible from the pictures and the joint behavior is
supposed to be absolutely frictional.

FIXING PLATE
mm 200x120x20
+ M24 bar nut and washer

|

i i ol [y ;'ﬂ )
' ['] oo
! ‘

L

|

d
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L i
o LA L= q |
e s _ L.
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NEOPRENE PAD
cm 17x46x1 = 1

Figure 17 - Beamto-beam connection
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Figure 18 - Longitudinal section and plan view of a beam

The roof 6 composed oprestressel -shapedbeamsandshed elementsupported on
neoprene paddg-igure 19). The ilding is completed byhorizontal precast cladding
panelsconnected to columnéccordingtot he Ai ndustrial 6 natur e
one or more industrial cranes are provided inside the main structure with their
supporting rectangular shaped staehms.

TO LAY BEFORE TILE INSTALLATION
NEOPRENE PADS (CNR 10018/85)

CM 25X8X0.6
1 7 - N a \\\
E //f—‘"{ o | \\ o // = FA4 A
L 72 106 72 |
LATER LATER
NEOPRENE PADS (CNR 10018/85) NEOPRENE PADS (CNR 10018/85)
CM 10X8X0.6 CM 10X8X0.6
(AFTERTILE INSTALLATION) (AFTERTILE INSTALLATION)

Figure 19 - Roof beam section: neoprene pads position
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A5 ABAT ABAD MOoD ID|coL TyPRvoD ib[coL TYPEvoD Ip|coL TypfvoD iD|coL TYP

i daa 11 PF03 21 PF02 31 PFO1 | A 1 PF17

31 312 3j3 3l4 3l5 3i6 3.7 3_“8 A - 12 PG06 | 22 PG04 | 32 PGO3 | A2 PG11
. . . | | | A_lOL T A3 13 PG01 23 PG02 | 33 PGO4 | A3 PF13

L ! - 14| pcor| 24| Ppco2| 34 | PGos | A 4| PFi16
,,,,,,,,,,,,,,,,,,,,,,,,,,, Al 15 PG01 25 PG02 | 35 PG06 | A5 PF15
2122 23 2425 262728 16 | Pcor| 26 | Pco2| 36 | PHOL | A6 | PF12
17| Pcor| 27 | pco2| 37 | pcos| A 7| PFi3

oo 18| PGO7| 28 | PGO5| 38 | PGO9 | A8 | PF13

11 1:2 1:3 17* 2 1:5 116 1:7 1:8 o 19| PFo4| 29| Pros| 39 | PGI0O| A 9| PFi5

Figure 207 Building schematicplan and columns identification.

b(m) h(m) TOTAL As r w
COLTYPE HEIGHT (mmq)
(m)
PFO01-PFO3 05 05 8.20 1884.96 0.0075 0.121
PFO4
PF02 05 05 8.00 2513.27 0.011 0.162
PFO5PF06 05 05 9.10 1884.96  0.008 0.121
PFO7 05 05 8.60 188496 0.08 0.121
PFO08 05 05 8.00 2513.27 0.011 0.162
PFO9 05 05 4.20 2513.27 0.011 0.162
PF10 05 05 7.88 2513.27 0.011 0.162
PF12PF13 05 05 7.90 188496 0.08 0.121
PF14PF15
PF16PF17
PG01-PGO3 05 0.6 8.20 188496 0.08 0.100
PG06-PGO7
PG02PG04 05 0.6 8.00 1884.96  0.008 0.100
PGO05
PG08-PG09% 05 0.6 7.90 188496 0.08 0.100
PG10
PG11 05 0.6 7.90 2513.27  0.008 0.133
PHO1 05 0.7 7.90 2513.27  0.007 0.113
Table 3 - Columns main characteristics
The secondary structure is charactpdroi zed

panels supported by-thaped prestressed beams. The maminspan is 7.50 m
whereas the interstorey height is 3.00 m. The-todfeams connections are made of
neoprene pads.

C35/45 oncrete and sted®450Cfor the prestressed elememai®e adoptedNeoprene
pads arexccording tahe code CNR 10018/§&NR, 198§. The séd rods are made of
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M24 bars whose mechanical properties are not speciftesl building is completed by
horizontal cladding panels: in the structural report is not showed how the panel is
made, but it is reporteflist the width to be 20 cm. Panels through metal hooks are
linked to the structure.
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3.2 REAL DAMAGES

D2 building, among the considered facilitiegas the mostlamaged ding the Emilia
earthquake in 2012After the earthquake it exhibitdtie collapseof a portion of the
structure Top beams and precast roof tiles fell down due to the failure of two central
columns Figure 22). In order to invedfjate the collapse causes, photos taken shortly
after the earthquake are analyzed. The failure involved three bays and the relative roof
structure as shown irigure23. The fail ed col umniype(séeel ong
Table 3), were in the central columns row (ID 2_6 and 2_TFigure 20). They are
characterized by 50x60 cm cross section with the strong axis in the X direction. From
the photos the crane is @ahn, whose position appears to be fundamental to the
columns load condition: the crane was close to one of the two failed columns during
the seismic event. The failure pattern of the columns, as described below, lead to
believe that a brittle failure of ¢hcolumns occurred. Because of the significant
damage, the building has been demolished shortly after the earthquakélevexter,



Analysis of the seismic performance of imaustrial buildings

throughthe analysisof the photsg, it is possible teestimate the height where the failure
occurs.

,,,,,

R

2 e i e ==
@) ' (b)

Figure 23 - Case study: point of view (a); injured columns (b)

Pictures observation allows to assume two different interpretations about the collapse
causes: one linked to the longitudinal reinforcement reduction, the other is based on
a fAi mpul si v aseociated with the hasimering phenomenon due to the fall
of an uppeconcreteelementBoth are hence analyzed.

The first hypothesis, based on a decreasaesistance due to the reduction of
reinforcement, is supported by the construction details reported in the technical report

33



34

Seismic Behavior of RC Precast Buildings: The Case Of Emilia Earthquake

of the building. From the pictures metric evaluation, it can be stated that both columns
collapsed at the same height; failurefaces were located at about 2.75 m from the
ground. Columns drawings showhat i P G 0 @lamrs have a longitudinal bar
reinforcement reduction at abo4t0o0 m from the lower endTherefore, since the
column portion in the footing is about one meter (1.3f)am the ground), the failure
occurred corresponding to the longitudinal bar reductiégufe 24). Moreover, while
deformed bars have been used as longitudinal reinforcements, the pictures of the failed
columns show the presenokopen stirrups with smooth bars.

crack

275

0,00

1,30

Figure 24 - Reduction in longitudinal bars and failure surface height for the injured column

The failure is characterized by 4f&gree shear cracks, with the same inclination of the
failure plan. Since cracks are visilileboth directions, is not entirely clear which is the
crisis predominant directiofheanalyzed factosuggest that the sheailure is dueo

both thelack of adequate transverse reinforcememtd to the reduction of the
longitudinal reinforcement whicbertainlyaffects thecolumnshearcapacity. Because

of the central position, collapsed columns are those most stressed, given the flexible
roof, moreover, the seismic demand of the collapsed columns was aggravated by the
crane, weighing about 82 kN.

According to the secondipturehypothesisthe crisis lasbeencausedecause of an
impulsive mechanism. The rupture could have been caused by the hammering of a
superior longitudinabeamwhich, losing the supportiue to the scillations bumped

one of the twocolumns. Maybe it has been a tile which lost the support before the
beam. This idea is certainly consistent because of the frictional conception of the
beamcolumn and tildbeam joints. In fact, as it will be showed laterthe results
section of this paper, the frictional bedohc 0l umn constr ai nt di
safety margin in terms of horizontal displacements. The same applies to the-roof
beam connections.

di
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(a)
Figure 25 - Case study: presence of the crane near the collapsed colura$; partial collapse of the
facility - photo taken during the demolition operations (b)

It 6s i mportant to say that alFgore 26he co
Therefore, the cranes support beams had a significant role in the collapse mechanism:
beam link is made of steel plates with clamps. For this reason, it is possible to assume,
for the involved columns, an increase in shear demand because of a redudiiear in s

span.

Figure 26 - State of one column during the structure demolition phases: damages in the upper
portion.
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ey

5

Figure 27 - Case study: view of the injured structure (a); photo othe collapsed columns after the
demolition operations (b); one of the two columns break details (c)

Furthermore, it should be considered that also the vertical component had a significant
role in the collapse: axial force can modify both shear anddniaticapacity of the
columns.

From the photos is possible to asses that a plastic mechanism at the columns base has
not been reached. Nevertheless, loss of verticality has been recorded. The majority of
the columns, except for those collapsed which apddarbe damaged, had not shown
plastic hinge formation at the base. Some column showed detachment of concrete
cover in the corbels zone or some dents due to the panels hits.

Another damage typology has affected the horizontal cladding panels. The #eel lin
appears to be safe, although the panels fall. The external windows appear to be
undamagedHigure28).
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B2 e\
(a) (b)

Figure 28 - Case study: damagef the horizontal panels (a); &ilure of a panel (b)

3.3 NUMERICAL MODELLING

A tridimensional building model in OpenSe@EERC, 200y¥is created in order to

both evaluate the structure seismic performamrding tahe Italian and European
codes, and to eventually justify the real damages suffered after Emilia earthquakes. The
tridimensional building model isomposed byeam elemes (Figure 29). A lumped
plasticity model with a zero length plastic hinge at twumns base is chosen.
Structural elements are modelasirigid mono dimensional elements, whose mechanic
and geometric features are obtained fribra original technical reporEvery beam

cross section is deducted from the drawings, as well as their inertial characteristics and
the material properties: these parameters are required to define each
ElasticBeamElemenised in the model. Asxplainedin the 8.1, when the material
adopted have been describedncrete C35/45 and steel B450C features are imsed
order to obtain the constructive materials models
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Deformed Shape ZY-Plane a1 E ——Ak - . s T
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Figure 29 - 3D building model implemented in OpenSees

A backbone curve for the moment rotatiatationis definedfor the plastic hinge
IbarraKrawinkler deterioration mode(lbarra L.F., 200b with bilinear hysteretic
response is assumed in order to consider the cyclic beludtiog systemThe relation
between the moment and rotation of the spring acogrttin Haseltonis adopted
(Haselton, 2006 considering the yielding rotation according to Fardiardis MN,
2003. In fact, as evidenced by Fischinger et(Rlschinger et al., 2008the expression
given by Fardisprovides a better estimation dfe yielding rotation in the case of
cantilever RC columnssubjected tocyclic loading. The cracking point is also
consideredFigure31a).

Therefore, the considered momeatation behavior is represented by a miittear
envebpe, characterized by the following principal four points (the cracking, yielding,
capping and postapping points):

0 0
~ 000 )
- g 0 0Q
— f Ujo M8 g——3 — 2
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where:
0 5 JO— "Q isthe cracking moment

“Ois the gross wment of inertia;

"Qis the cross section height;

0 is the axial force;

0 is the gross cross section area;
"Q is the concrete tensile strength;
0 is the column shear span;

f is the yield curvature;

- is the yield strain oftte tension reinforcement;

‘Q 'Cuis the distance between the tension and compression reinforcement;

‘Q is the bar diameter;

"Qand"Qare respectively the tension reinforcement yield stress and the concrete
compressive strength;

 is a variable representative of the bar slip from their anchorage (1 indicates slip; 0
indicates no slip);

' is the axial load ratio;

" and” are the transverse and longitudinal reinforcement ratios.

Because of the different geometric issues ofdhe | u mn s four dAmater
are obtained in order to define different columns material (mono¢ation relations):

one for each belonging row; for the appendix another material group is defined. Then,
momentrotation relationships in both X and dfrection and for both rectangular and

square cross sectioasee val uat ed: t wel v eEdiaratifemad tad roi a |
been evaluated with the help of a useful tool specifically realiZ28.@&
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Figure 30 - Concrete stressstrain model proposed by Mander et al.

Yielding moment is estimated from the bilinear envelope of the moment curvature
diagram. In particular, a fiber approach is used considering concrete and steel fibers
with their different constitutive laws to estimate the moramvature behavior. Steel
fibers reflect the real steel reinforcement bars position. Concrete core confinement
effect is neglected because of the lack of shear reinforcement. Henceststiess
approach prposed by Mander et al. for unconfined concrete is adoftieaire 30)
(Mander JB, 1988 Concrete tensile strength is also considefedblg4).

A bilinear with hardening relationship for the steel is used, considering the B450C
mechanical properties.

Concrete C35/45
"Q [MPa] 45.35
"Q [MPa] 3.35

- 0.23%

- 0.35%

Steel B450C
"Q [MPaq] 506
"Q [MPa] 517.5

Table 4 - Material s main mechanical properties

In Figure 31a momerwotation relation is reported. The monianirvature curve is
idealized into a blinear reldionship where the initial slope was defined by either the
first yield in the reinforcement bars or the reaching of-then the concrete; the slope

of the second branch was defined by the equal energyHigleré 31b). The failure of

the crosssection occurs as the ultimate resisting value is reached in concrete core or
steel reinforcement.
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Figure 317 PG02 Column: MomentRotation relationship (a); Moment-curvature curve and
bilinearization (b).

Beamto-column connections geometrical eccentricities are taken into acdéignte
32): vertical eccentricity is equal to half of the beam height; horizontal eccentricity
depends on # connection position. Given the real betmtolumn connection type,
as internal hinges nodes are modeled. Permanent gravity loads and masses are
distributed to every element. Even if a bare frame structure model is implemented, the
mass of the panels &pplied on the supporting beams. The same idea has been applied
to the intermediate roof horizontal panels. It should be noted that a specific model
considering the crane in its actual position after the earthquake occurred has been
defined. The model obiteed as described above is correlated to the real roof situation:
for the studied facility is not possible to ensure the rigid diaphragm condition.

vertical

beam L.
/ eccentricity

! P horizontal
| | ~eccentricity
L ] L ® L
internal
7, * - - - - - — — — - = e N 4 hinge *
crane ~ column
“corbels

v

Figure 32 - Model of building bays in Y direction: particular of the horizontal and vertical
eccentricities(not in scale)
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3.3.1 PLASTICHINGESMATERIALTOOL

The entire amount of results obtained from the analyses are post processed in Matlab
(MathWorks, 2003 However, the softwarenas also been used to define the
parametersuseful to obtain the momentrotation relation seen in the previau
paragraphFor this purpose, a simple tool has been developed as a Graphical User
Interface in Matlab: ifFigure33the GUI main screen is showed.

MCJ)!D(EdUrE - ' . L —_—— - = | ——"—

VALUTAZIONE M-C

— Dati di input:

MATERIALI DIREZIONE [x"0 'y = give dir
Rck [MPa] = 45
epsiloncu = 0.0035
Tyk [MPa]= 441 B [cm] = 0
Es [MPa]= 210000 Hcm] =

epsilonsu = 0.075

SEZIONE

cover [cm] = 3 l
As long [mm] =
STRUTTURA g [mm] 20
h pilastro [m] = 7.3 Ag trasversale [mm] = &
M [kN] = 681 passo [cm] = 20

n. registri armatura = 2
— numero barre singolo vertice = >
EREER = interferre [m] = 0.05

Figure 33 - Matlab GUI created in order to define the plastic hinges momentcurvature and

moment-rotation behavior.

The toolis calibrated on thepecific columntype studied. However it can be adapted
to most ofconcrete columnsubjected to axial load.he purpose of the tool developed
is to quickly obtan in the output window a *.tcl file usable in OpenSees environment

as

a fAmateri al &eroLéngtic Elemenadoptea astplstid hinges.

Using an intuitive interface, thereatedool requires geometric and mechanisaues
as inputparametes. In particular, the software needs to know the following material
properties:

Concretecharacteristic cubic compressive strenyth;
Ultimate concrete strain ;

Steel characteristic yield strength ;

Steel modulus of elasticit® ;

Ultimate steel strain
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Moreover, column height and axial load values are required. Concerning to the cross
section properties definition, the requested values are:

- Section dimensions;

- Concrete cover value;

- Longitudinal and transversalinforcement bars diameter;

- Stirrups spacing;

- Number of steel bars layers;

- Number of steel bars placed in a single cross section quadrant;
- Bars spacing.

Finally, the direction indication is used in order to name the output file. Once inserted
the input vale s , the ACALCOLAO button all ows to
in OpenSees, for the material definition. In addition to the file, the described tool plots
momentcurvature and momembtation diagrams, along with strestgain diagrams

for preseleted concrete and stress fibers.

3.4 SEISMIC EVALUATION ACCORDING TO THE ITALIAN CODE

Seismic evaluation of the studied building is carried out to verify the structure safety
according toactual building codes. Moreover, for precast buildings with flexible
diaphragm it is not possible to find code specific assessments to be done. Question
arises as to whether nonlinear static analyses can be employed for this structural
typology.

According to the ltalian code (NTC2008}S.LL.PP., 2008 both linear or nonlinear

static or dynamic analysis (NLSA and NLDA the following) may be adopted to
evaluate the seismic vulnerability of existing buildings.

The aim of the performed analysis was to analyze the different obtained results, with
particular attention to the code verification of the building. Moreover, dea ito
perform nonlinear static analysis on a tridimensional building model is based on the
purpose to understand the role played by the control point displacement in this type of
facilities. In fact, according to national and international codes, nonlisgsic
analyses supposed to be valid only when a series of important assumptions are made:
first of all, the irrelevance of the higher mod@erefore, a further aim of the
conductedanalysis concerns the comparison between static and dypaotedures
results NLSA is oftenimplementedecause dérsagood compronse betweemnesults
accuracy and comput@onal burden. However, it could lead to unacceptable
approximations in some cases.
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3.4.1 NONLINEAR STATIC ANALSIS

Nonlinear static(pushover)analysis is geful to evaluate the seismic capacity of
existing buildings. This type of analysis can be used only when the structure is
characterized by a predominant mode of vibration with a large participating mass
(CS.LL.PP., 200p It consists in applying to the gravitational load model a spetifi
system of horizontal forces monotonically increasing till the building collapse.

As in (Fajfar et al., 2009aconfrmed, pushover analysis is a quite simple tool for
seismic assessment of existing buildings. The first method applications were limited to
the planarity of the models. In the years, a great intellectual effort has been made to
make the method applicablisa to asymmetric structures, which needs tridimensional
analysis(Chopra and Goel, 2004ajfar et al., 200 Fujii, 2011, Magliulo et al.,

2012. In fact, one of the most important assumptions made in the N2 mgthjbal,

2000 concerns the definition of the equivalent SDOF. The transformation from the
MDOF to an equivalent SDOF requires the displacement shape to banvamiant.

This hypothesis is acceptable for regular buildingsens the influence of the higher
modes and the torsional effects are negligible, and the oscillations follow
predominantly the fundamental mode shape.

In the case studythere is a further peculiarity represented by the presence of
deformableroof. However in order to assess the possibility of applying toele
procedureand eventuallyestimate its acceptabilitythe analysis on the tridimensional
model is carried out according to the N2 metilech j f ar and Grabpther gi |
X and Y direction.

As required by the code, twmrizontalforces distributions to the structure are applied:
one proportional to the massesi MAS S A0 d | tleetothar praportiomahtd the
product of masses anche principal vibration mode displacementsiit MOD O 0
distribution) In particular, forces on the columns top joints are applied. Therefore,
eight capacity curves are obtained, four in each direction (X and Y), evaluated as base
shearcontrol node displacementrelationships. IrFigure 34 capacity curves in X
direction (EW) are reported.
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Figure 34 - Capacity curves in x direction (X+ and %) for both "MASSA" and "MODQ"
distributions .

The innovative aspect iapplying this method to this kind of facility concerns the
displacement conttgpoint choice.Typically, the control point is considered as the
mass center on the upper roof of the building. In this case, since the rigid diaphragm is
not ensured, the cawl point is established in a different way for each plane direction.
One of the most interesting methods on evaluating the control displacement for flexible
diaphragms is reported in Casarotti and Pirf@asarotti and Pinho, 20p7n the
definition of the Adaptive Capacity Spectrum Method (ACSM). In fact, the mentioned
method is propsed forthe assessment of continuotencrete bridges with flexible
superstructureAs pointed out by Nakamura et @Nakamura et al., 20}4the most
significant aspds of the Adaptive Capacity Spectrum Method proposed by Casarotti
and Pinho is the fact that the control
system displacement is evaluated according to energetic considerations.

In particular, theSDOF contol point displacemenis evaluated step by stegs the
displacement which do the same amount of work of the MDOF. The system equivalent
displacement is evaluated at each load ‘9ag:

(5)

. B &
Y i Ba

K <«
0%«

h

Therefore, the equivalent displacemastthe inerse of the modal participatidactor
is calculated.
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In the present study, a different control point tispment evaluation procedure is
proposed. In particular, for each plane direction order to take into account the
tridimensional effects, an average displacement is considered obtained as the weighted
average of the top column displacemenitsboth X and Y directiors the control
displacement is evaluated as the arithmetic mean of the mean top displacements of the
columns aligned iX and Y directiors (considering the average displacement obtained

as the sum of the top displacement of the aligned caumiX and Y direction,

divided by the number of rows thatdirection.).

Of Qf Qi Qp Qf |t Ofp Qp Qp E Qjf jpm
Figure 35- Control displacement point choice in X and Y direction

In Figure 36 and Figure 37, comparison between the control displacements obtained
applying the proposed procedure and the one derived from the CasaroRin&od
method is showedn particular,on the horizontal axis the totstearvaluerecordedat
the column base is reported Bot h AMASSAO and AMODOO
considered. The diagramm show that the Casarotti method involves smaller
displacementwiith respect to theroposednethod, appearing less conservative
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Figure 36 - Control point displacement vs total shear in NS direction: comparison between the
proposed method (grey lines) and the ACSM proceduréb(ack lines).
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Figure 37 - Control point displacement vs total shear irE-W direction: comparison between the
proposed method (grey lines) and the ACSM procedure (black lines)
The pushover curves are then idealized to an efdastic equivient SDOF system as
indicated in the ltalian CodgCS.LL.PP., 2000 consi dering the A mc
f a c tlte dedined as:
6
G (6)
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where 1 is theinfluence vectarwhich represents the displacements of the masses
resulting from static application of a unit ground displacem@&ie denominator
represent s nerdlieed magssmatexnd s g e

Therefore, total sheadisplacement relation of the equivalent SDOF model is obtained
from the MDOF system as:

g @ (7)
© oK

Q
= 8
K (8)

whereQis the control displacemercalculated a® stated above. The equivalent
SDOF behavior is then idealized into a bilinear relation as showigure 38, where
"0 .is the maximum shear resistance ofégeivalenisystemevaluated as:

0
. 9
O e (9)

and"O is the maximum shear resistance of the real system.

F A
d
PO . /—T\ y
Fs 7 TR
Q60 i [*===3 :
; F o >0.85 F b
| \ \4 > d
dy -

Figure 38 - Equivalent SDOF model and Fd bilinearization scheme

Definitely, indicated the displacementharacterized by a reduction in shear
resistance equal tw®) WO , and forced the elastic graph section to pass through the
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point wer€'Ois equal ta@ J0 , the yielding point is obtained applying the equal
area method.

The SDOF demad displacement is evaluated considering the corresponding elastic
spectral displacemeiiY “Y for a period:

z

Yo o5 (10)

Q-

according tothe equal displacement assumption (vali@Yif “Y - where"Y is the
transition period between the elastic design spectrum plateau and the constant velocity
section).

Checks in terms of both ductile and fragile mechanisms are performed considering the
Life Safety limit state (i.e. 475ears return pertbearthquake).

3.4.2 NONLINEAR DYNAMIC ANRYSISI ACCELEROGRAMS SELEGIN

Nonlinear dynamic analysis for the Life Safety limit state (i.e. 475 years return period
seism) are performed on the model of the building in order to compare the results with
the ones olatined from the nonlinear static analysis. A bidirectional input is taken into
account and the analysis is conducted as prescribed byNe@®alisation, 200b

As mentiored previously, the Emilian seismic sequence occurred in May 2012 was
characterized by two main shocks of local magnitudes 5 (2@y) and 5.8 (2th

May), respectively.

The casestudy structure was very close the epicenteof the second main shock,
whose hpocenter depth was equall0.2 km (ITACA, 2009.

The accelerograms selection withe software Rexel is madg@ervolino, 2010,
considering the geograghicoordinates of Mirandola (MOjlongitude: 11,068,
latitude: 4900)and a ACO soil type. I n particula
works demonstrate that the lithology of the studied areas is mainly dominated by clays
and silts(Lombardi D., 2014 Presti et al. Lo Presti et al., 2093 7 pairs of natural
accelerograms are obtained.
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3.5 CAPACITY MODELS

3.5.1 SHEAR CAPACITY MODELS

Different approaches for the shear capacity assessment were considered through an
extensive literature surveée Luca F., 2012Hakuto, 2009 Committee, 2005Lejano

et al., 1992. Particular care should be taken also considering that this study deals with
columns characterized by large shear span ratio. A lack of experimental data of
columns with such a large shear span ratio, which exhibited a failure in shear, is
denoted. Another issue to be deepened is the influence of open stirrups on
reinforcement shear capacity contribute. In this study three shear resistance models are
evaluated in order to determine columns shear capacity. Thelfeat capacity model
seleced is the ondy SezeAMoehle (Sezen H., 20041t takes into accourttoth axial

and lateral bleavior of reinforced concrete columns with poorly detailed transverse
reinforcement This formulation was evaluated considering laboratory tests where
specimens have been subjected to both axial and lateral loads. This model has been
chosen because the aheapacity is evaluated on columns characterized by 90° bent
shear reinforcement, such as the case study condition. This approach is based on the
idea that with increasing displacement ductility, both the concrete d&he
reinforcement (hooks opening) atie interaction between concrete and reinforcement
(bondsplitting cracks) contributed to progression of strength degradation. Thus, a
strength degradation factor is appliedooth concrete and reinforcement contributions

to the shear strength. The shezpacity model is expressed by the following
equations:

O W W (11)

800

W : (12)
w Q ™ 0 0 TR0 (13)

Do ™ QO
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whereWhis the nominal shear strengi, represents the nominal concrete contribution
to shear strengthysis the nominal transverse reinforcement contribution to shear
strength andk is a ductilityrelated factor to accow for effects of inelastic
displacement cycles on shear strength degradation.
The factork is defined to be equal to 1.0 for displacement ductility less than 2, and 0.7
for displacement ductility exceeding 6. For displacement dydtiitween 2 and 6, ¢h
factork varies linearly.
According to this model, shear resistaroereases with thexial force whileit is
inversely proportional to the shear span.
The second shear resistance model considered is the Biskinis et al. shear formula
(Biskinis DE, 2004. This approach is based on a regression model calibrated on 239
specimens that failed in shear. Two different formulas are developedatempts to
give shear resistance in the caseR& members failing irshear due to diagonal
compression; the other is calibrated for RC elements failing in shear after yielding in
flexure Both formulas consider shear cyclic degradation through ttgadement
ductility factor' y equal tothe ratio of the plastic component of chawtation at
failure to the calculated yield chord rotatien
The Biskinis formulas by EC8 part 3 are adopted suggesting the choice according to
the shear sparatio: for shear span ratligher than 2, shear strength is controlled by
the stirrups
Therefore shear resistan@es given according to the formula:
o 2% epmmon o
o (14)

e Ebity T A@shbrn p T Elvhy W o

Where'Qis thecrosssection heightgis the compression zone depthj "Gis theshear
span ratiop) is the axial force? s thetotal reinforcementatio of the element end
section;w is the transverse reinforcement shear resistance contribute given as:

W " wdQ (15)

Where” is the transverse reinforcement ratibjs the cross section widttxis the
internal lever arm;Q is the reinforcement yield stress.
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The last shear capacity model adopted is evaluated through the software Response2000
(Bentz, 200} This software is based on the Modified Compression Field Thapry
Vecchio and CollingVecchio and Collins, 198¢alt makes a notinear sectional
analysis of concrete reinforced elements subjected to axial force, atabanoment,
starting from simple input value$he interestin@pproactadopted by the softwate

evaluate RC elements shear resistannake possible a comparison between the
different results derived fromhe literature most widespread models.

3.5.2 CONNECTIONS CAPACITY MODIES

All the connections are modeless internal hinges. However, checks in terms of
frictional forces are carried out at the end of the analysis. In particular, for each
connection, a safety factoBF is evaluated as the ratio betweere tfrictional
connection capacitycand the maximum shear force actwig

For each connection, friction capacity is evaluated as the product between the vertical
force N acting at the moment of maximum shear and the static friction coefficient
whose value is taken from the literaty@apozzi et al., 2009
The safety factor is evaluated as follows:

W o 00

w6 | A®

YO (16)

wheret* is the time instant when shear force is maximiamctional coefficiente
ranges from 0.09 to 0.13.

3.5.3 ROTATION CAPACITY MOBLS

At the end of the analysis checin terms of ultimate rotations at the column bases are
carried out. A safety factdBF as the ratio between the rotation capacityand the
maximum analysis recorded rotatidiis considered.

Two different rotation capacity models are considered.

According to EC8(Normalisation, 200p the value of total chordotation capacity
under cyclic loadingfollowing a mechanical approach, is given by

. i A @) ,‘QS b @ _
L Ll o W7 9 &V P& v (17)
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where:

[ is equal to 1.25 for pmary sésmic elements;
"Qis the section height;

¢ 0] 0 "Q isthenominalaxial force;

] 00 G longitudinal bars in tension;

] 00 G longitudinal bars irtompression;

O j i takesinto account the transverse reinforcement;bars
" takes into account eventual diagonal bars;
| takes into account the concrete confinement

Hence, another total chord rotation capacity model of RC columns under cyclic forces
is considered. In particular, since theoretical calculations can highly overestimate the
ultimate drift in precast columns, chord rotation capacity has been dafired

reduction in bending resistance by 20% after the peak in the mootatibn backbone
curve (Fischinger et al., 20Q08According towhat stated byHaselton, 2006 ultimate

drift in cyclic load increases with shear sparaimild way. On the contrary, most of

the available formulas to estimate the cyclic ultimate drift show a significant increase
with the increase of shear span.

3.6 RESULTS COMPARISON

In this section, code analysis results are presented and compared. Ad tbeeach
analysis, checks in terms of both fragile and ductile mechanisms are conducted. In
particular, shear checks on columns are conducted comparing the maximum shear
demand and the shear capacigcording tothe model presented above. Ductile
mechaism checks are obtained comparing the chord rotation demand with the chord
rotation capacity for each column in the model. Finally, béagolumn connections

are investigated in order to verify if the frictional force generated at the neoprene pad
interfaces are sufficient to withstand the maximum horizontal seismic forces.
Comparison of nonlinear static analysis and nonlinear dynamic analysis is useful to
determine the reliability of the code procedures for precast buildings with flexible
diaphragm.
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3.6.1 NLSARESULTS

Results of nonlinear static analysis are presented in this section. The seismic demand
according to the N2 method is evaluatéajfar, 2000. Results of modal analysis in
terms of mass participation ratio show the larger stiffness of the building in EW
direction, where the participating mass is concentrated almost totally in the third mode
(translational). In NS direction the higher modes of vibration are not negligible, with a
disaete coupling between translational and torsional motizisl€5).

VIBRATION MASS PART.
G
DIRECTION MODE RATIO

79.8%
15.0%
3.4%
14.7%
1.1%
0.0%
96.8%

4 2.0%
Table 5 - Mass participation ratio and modal participation factor values in X (EW) and Y (N-S)
directions.

N-S 1.259

E-W

1.261

W NP | WIN ([P

A thorough study of literature highlighted the lack of appropriate methodologies
suggestedo apply the no#inear static analysis to struces for which it is not
possible to consider the rigilaphragm As explained in Sectiof.4.1, two methods

are herein proposed: one based on geometric considerations, the other based on the
ACSM method byCasarotti and Pinh@asarotti and Pinho, 2007
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Figure 39 - Capacity aurves in X direction derived from the proposed control displacement point
procedure (grey) vs the Gsarotti and Pinho formulas (black).
In Figure 39 the comparison between the capacity curves obtained using the two
different methdologies to determine the control point displacement is showed. From
the graph is possible to asses that @asarotti and Pinhenethod producesmaller
displacement. The same happens in tk& direction Figure40).
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Figure 40 - Capacity curves inY direction derived from the proposed control displacement point
procedure (@rey) vs theCasarotti and Pinhoformulas (black).
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Both methodsare conducted until the end of analysis. Aswill be showedn the

results analysisection(Section3.6.3, the two procedures for tligsplacement control

point selection lead to almost identicasults Therefore, in what followd& will be
showedhe resulbbtained by th@roposednethod,as a matter of originality.

Capacity curves show that the demand displacements are smaller than the building
capacity Figure4l). In Table 6 Safety Factors defined as capaaigmand ratio are
pointed ait, considering the seismic demand as the displacement which generates the
first flexional plasticization. While immable 7 the vibration periods of the first four
modes are indicated.
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Figure 41 - Capacity curves in X and Y direction circles indicates the demand displacements,
squares indicates first plasticization points.
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Life Safety State Limit
Load .| Capacity | Demand

Distribution |2 | [m] m] | SF
X- 0.24 0.10 24

MASSA X+ 0.25 0.10 24
Y- 0.33 0.12 2.8

Y+ 0.35 0.12 2.9

X- 0.30 0.11 27

MODO X+ 0.30 0.12 2.5
Y- 0.25 0.10 25

Y+ 0.24 0.10 2.4

Table 6 - Checks in terms of displacements for théife Safety Limit State considering the first
plasticization paint (NLSA i Real System)

MODE T [sec]

1 0.83
2 0.74
3 0.73
4 0.61

Table 7 - Periods of vibration for the first four modes.

For the sake of completeness, Figure 42 the building modes of vibrationare
depicted.
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Figure 42 - Modes of vibration: 1st (a); 2nd (b); 3rd (c); 4th(d).
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Figure 43 - Capacity Curves plotted in the Acceleration Displacement Response Spectrum Plane (X

direction).
8
T T T T T T T T T EC8
Elastic Demand MASSA Y-
7H 4 Elastic Demand MASSA Y+

Elastic Demand MODO Y-
Elastic Demand MODO Y+
6 b bilin MASSA Y-

s pilin MASSA Y+

e pilin MODO Y-

m—— bilin MODO Y+

O L L L L L L L L L
0 002 004 006 008 01 012 014 016 018 02
sd [m]

Figure 44 - Capacity Curves plotted in the Acceleration Displacement Response Spectrum Plarye (
direction).

In Figure43 andFigure44 a graphic check is made: Iniéar curves are reported in the
ADRS plane. It can be deduced that it is not expected that the structure fails due to
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bending for a 475 year return period seism. In fact, the structural capacity in terms of
displacements (bilinear ending points) far exeetted seismic demand (intersection of
the elastic demand with the LSLS spectrum)Table 9 the numerical results for the
equivalent system are reported, with the relative Safety Factors.

Life Safety State Limit
Load .| Capacity | Demand

Distributi on [P | [m] m] | 5"
X- 0.19 0.10 1.8

MASSA X+ 0.20 0.10 18
Y- 0.26 0.11 2.3

Y+ 0.28 0.11 25

X- 0.24 0.11 2.2

MODO X+ 0.24 0.11 2.2
Y- 0.20 0.12 1.7

Y+ 0.19 0.12 1.8

Table 8 - Checks in termsof displacements for thelife Safety Limit State (NLSA i Equivalent
System)

Hence, the same graphic check is made using the Casarotti and Pinho procedure. As is
possible to see in bothRigure 45 and Figure 46, also considering the Casarotti and
Pinho method, the graphic check is posities. previously mentioned, this method
results in smaller displacements. From the graphic chepksdsible to find out how

this method provides lower capacitgluesthanthe proposed method.
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Figure 45 - ADRS spectrum graphic check using the Casarotti and Pinho method &stablish the
control displacement point (X direction).
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Figure 46 - ADRS spectrum graphic check umg the Casarotti and Pinho method toestablish the
control displacemnent point (Y direction).

In order to investigate the shear response, fragile mechanism checks are performed. In
Figure 47 nonlinear static analysis results innes of shear are represented. For each

forces distribution the demand is evaluated as the shear acting in correspondence with
the demand displacement. Then, the maximum shear value obtained from the analyses
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is compared with the shear resistance for eatdmmn. Therefore, the graphs show the
columns on the horizontal axis and the maximum shear on the ordinate. Shear
resistance is evaluated with the Sezen and Moehle formiilas. important to
emphasize that the terminology used to identifycblemrs isthe oneshown inFigure

20, with the particularity that thedoptechumberings anticipated byhe word "Pil" or
"Pilapp" (in the case of the appendidlumng, as shown i able9.

ColumnsID  Graph ID
11 Pil1-01
2 7 Pil2-07
A 3 Pilapp03

Table 9 - Example of columns numbering adopted in the graphs

The building seems to withstand the maximum seismic forces especially in EW
direction, where columns have the high resistaremabse of their geometric section
layout. Three of the appendix columns (A_1, A_2, A _8) show shear failure.

In NS direction the number of weak columns increases significantly, even if the
demand is generally lower. Specifically, almost all the appendixnuud, because of
their lower shear span, are subjected to larger shear forces.
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Figure 47 - NLSA results in terms of shear in EW direction (a) and NS direction (h)
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This result is basically due to two factors: in Nigection columns are sheareater
because their geometrical issues; in that direction the appendix building sector appears
to be more rigid and then is subjected to higher solicitations.

Results in terms of chord rotation at the column base demonstratacthdtimate

chord rotation occurs in the EW directidfiqure48a). In the NS direction the analysis
shows that the most stressed columns are those placed at the eastern end of the
building. The diagrams show the higher stiffne$ the eastern part of the structure due

to the appendix presenciigure 48b). Moreover, diagrams show how code formulas
lead to obtain less conservatives values.

Checks in terms of yielding rotation demonstrate that plastioctgurs in both
directions, and especially in the X direction (EW), even if in that direction the
geometric configuration of the columns cross sections make the building stronger.

The frictional checks of the colurin-beam connections in both X and Y ditien
determine that the building needs strong dowel connections. Even using the maximum
frictional coefficient, no connection appears to be verified at the end of the analysis. In
both directions, most of the elements exhibits@4&as the ratio betweelemand and
capacity Figure 49). So the only neoprene pads are not sufficient to adsorb the
maximum shear forces.

Hence, the building seems to be lacking in shear resistance.
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Figure 48 - NL SA results in terms of chord rotation in EW direction (a) and NS direction (b)
maximum demand (black), Fischinger capacity (grey). EC8 capacity (white).

3.6.2 NLDA RESULTS

Nonlinear dynamic analyses with 5% damping have been performed usieg se
accelerograms as seismic input signdlable 10) in both horizontal directions. In
order to evaluate the building seismic performance, the demand is evaluated as the
mean of the most unfavourable effects obtained from tHgsasa
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EC8
Earthquake Date Mw PGA X PGA_Y [M/4] PGV_X PGV_Y Site
Name [m/s] [m/s] [m/s]
class
Alkion 24/02/1981 6.6  2.2566 3.0363 0.2234  0.2262
Umbria 26/09/1997 6 1.951 2.1834 0.1735  0.1399 c
Marche
Chenoua = 29/10/1989 59  2.8302 2.2604 0.1311  0.1312 c
NE fjlgama 13/08/1981 5.7  4.3397 3.9657 0.2633  0.1648 c
Komilion = 25/02/1994 54  1.7162 1.9593 0.1283  0.1441 c
lonian 04/11/1973 5.8  5.1459 2.4983 0.57 0.255 c
Dinar 01/10/1995 6.4  2.6739 3.1306 0.2937  0.4059 c
MEAN 59  2.9876 2.7191 0.2547  0.2095

Table 10- NLDA: selected seismic input records

Results of nonlinear dynamic analyses are herein reported. At the end of each analysis,
check diagrams have been made. As written above, particular attention is given to the
columns shear response. The analyses show that all the columns are verified against
shear failure Table 11 and Table 12). Shear capacity is evaluated with the Sezen
formula. Demand in the Y directioneagenerally lower than the X direction ones. As
reported inTable 11 and Table 12, shear demand values appear to be lower than the
columns capacity. In X direction, the mean value of capacity demand istdout 2;

in Y direction the same value is about 2.2.

In terms of chord rotation, the building is well within the rotation limits, with a Safety
Factor in the range between 2 and 4 in both X and Y direction.

As reported inFigure 49, connections capacity in both directions is not sufficient to
absorb seismic forces; so the friction force is not sufficient to ensure the resistance to
horizontal shear forces.

Dir X (EW)
1st Column Row 2nd Column Row 3rd Column Row Appendix
Ve [kN] Vd [kN] Ve [kN] Vd [kN] Ve [kN] Vd [kN] Ve [kN] Vd [kN]
74.79 38.85 105.85 49.14 75.93 43.52 87.87 47.11
104.77 56.11 117.64 64.03 100.55 52.84 98.69 45.24
101.23 47.93 113.25 55.07 101.17 52.11 96.57 43.56
101.20 47.94 113.36 55.10 101.17 51.73 104.18 52.38
101.20 47.98 113.34 55.33 101.36 51.50 130.47 51.35
101.16 48.02 113.34 55.72 136.57 61.39 143.24 65.66
103.32 48.89 115.34 56.54 117.31 62.00 107.84 46.93
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102.00 51.85 113.01 57.38 83.10 56.93 68.99 40.52
78.07 38.69 103.10 56.36 144.45 71.15 96.87 59.23
Table 11 - NLDA: shear capacity (Vc) and shear demand (Vd) in EW direction
Dir Y (NS)

1st Column Row 2nd Column Row 3rd Column Row Appendix
Ve [kN] Vd [kN] Ve [kN] Vd [kN] Ve [kN] Vd [kN] Ve [kN] Vd [kN]
74.79 32.63 87.28 35.26 75.93 35.16 87.87 49.75
86.39 34.02 97.00 36.83 82.91 36.35 98.69 52.41
83.47 35.29 93.38 38.18 83.42 37.43 96.57 45.19
83.44 36.34 93.47 39.31 83.42 38.57 104.18 46.76
83.44 37.01 93.46 40.14 83.58 39.30 130.47 43.11
83.42 37.07 9346 40.13 92.51 60.03 143.24 42.24
85.19 38.04 95.10 40.92 96.73 53.86 107.84 38.56
84.11 34.85 93.18 37.77 68.52 56.42 68.99 34.95
78.07 31.40 103.10 50.91 119.11 49.38 96.87 81.87

Table 127 NLDA: shear capacity (Vc) and sheardemand (Vd) in NS direction

65



66

100

Seismic Behavior of RC Precast Buildings: The Case Of Emilia Earthquake

Friction Checks NLSA Dir X

<0.2 0.2-0.4 0.4-0.8
SF

>0.8

Friction Checks NLSA Dir Y

<0.2 0.2-0.4 0.4-0.8
SF

— 89.7 — 100 93.6
S S
w80 w80
c c
9 9
B 60 B 60
(4] [J)
S S
o 40 o 40
o o
S] ]
= 20 9 ~ 20
P4 P4 6.4
0 1 0 0 0 0
<0.2 0.20.4 0.4-08 >0.8 <0.2 0.20.4 0.4-0.8 >0.8
SF SF
Friction Checks NLDA Dir X Friction Checks NLDA Dir Y
100 . . : : 100 - . . .
S, S,
80 80
c C
il o
B 60 B 60
2 45 2
& 40 375 & 40
o o 30
G G
= 20 12> - 20 13.8
=z =z

>0.8

Figure 491 Connections frictional cheeks for both static and dynamic nonlinear analysis: Safe
Factors evaluated as the ratio between Demand and Capacity

3.6.3 NONLINEAR STATIC ANDYNAMIC RESULTS COMFRISON

Comparison between nonlinear static and dynamic analysis results are presented in this
section. As written above, NLSA have been conducted in a particular condition, where
the facility roof cannot be assumed to be rigid. In this way, the compariesanped

in this section can be a useful compare tool to calibrate the accuracy in the selection of
the displacement control point as mentioned above.

In general, nonlinear static analyses appear to be quite conservative in predict buildings
seismic perforranceqTehrani and Maalek, 200#agliulo et al., 200¥. This is due to

the fact that, in principle, thmethod of analysis is much less conservative, the higher

is its accuracyin the case study, the seismic demand @elfirom the static analys is

larger than the demand obtained from dynamic argmlysrst of all, this could be
linked to the facility plan asymmetry. Moreover, seismic response of the building is
much more complex because of its torsionally deformable nature. The N2 method
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applied to tridimensional models neglects the displacement amplification due to the
torsional rotation of the struate (Fajfar et al., 20090 In EW direction, the maximum
shear demand degd from the NLSA is lower than about 50% respect to the same
demand evaluated with NLDAn Figure 50 shear check between the different results

is depicted. NLSA results (black) results in higher shear values than the NLDA ones.
Thus, the bilding appeas to be capable to avoid fragile mechanism if the dynamic
analyses results are considered.

Shear Control EW

’ V.o V2>l Vo [ Voo (Sezen&Moehlef)

180 — —

200

160 — —

140 — —

120 — —

Shear E-W [kN]

Figure 50 - Nonlinear analysis result comparison in terms of shear (EW direction).

This differencebetween NLSA and NLDAs less uniform in NS direction, especially

for the appendix columnés shown inFigure51, NLSA provides low shear demand

values in correspondence with the building extremities. This is probably due to the fact
that the planimeic facility configuration makes the building much deformable, in the

Y directi on, in the centr al part. I n f ac
determined by the product of the columns modal displacement and the relative mass.
This explains ta provision of lower shear values when the building is less deformable.

For the appendix columns, where the shear span is smaller, probably the greatest shear
demand derives from the AMASSAO distri bu:
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Figure 51 - Nonlinear analysis result comparison in terms of shear (NS direction).

The same happens in relation to the chord rotation values: static analyses provide lower
values. Therefore, the static code proceduaithoughthe building shows a high
participative mass valuat the first vibration mode, provides far more conservatives
results than that the one to be expected.

The control pointchoice is particularly important for the purpose of analysis results.
However, asabovementioned, although the twardoptedmethods rsult in a different
outcome in terms of displacement, they lead to very similar values in terms of final
result. This happens because the loading st&p that in each method thdemand
displacementsre reachedare about the same. Generally in the metlpodposed by
Casarotti the demand displacemeid reacheda couple of steps latevith respect to

the proposed method@he total number of load stefor the pushovecurvesobtained

from both methodss aboutthe sameln Figure 52and Figure 53 the maximum shear
resulting from having used the two different displacement congnaluation
methodologies are reportethe proposed method conduces to the black shear demand
histograms, while the Casarotti aRthho formulas produce the white maximum shear
demand histograms. As is possibled&termine from the values in the diagrams, the
two procedures lead to almost identical values.

For this reason it can be said that the proposed method, based on geometrical
considerations, is practically equivalent to the method based on energy considerations
as in the scheme proposed by Casarotti Bntlo. Sometimes it might be easier to
apply, sincet is less onerous from the computational point of view.
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Figure 52 - Shear check in EW direction: comparison between theesults obtained using the
proposed method and the Casarotti andPinho procedure for the control point displacement
evaluation.
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Figure 53 - Shear check h NS direction: comparison between the results obtained using the
proposed method and the Casarotti and Pinho procedure for the control point displacement
evaluation.

3.7 MODEL VALIDATION

Until now it has beerevaluatedhe structurabehavia of the D2 building according to
the Italian structural code. Thus, the most refined analysis procedures have been
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conducted to assess the building capacity to withstand the design seismic demand.
However, as explained iSection 2.1, the Emila earthquakeavas characterized by a
peculiarity which made him incredibly more intense thiéwe expected event.
Thereforejn order to prove the reliability dhe adoptednodelling, andso asto make

a model validation in terms of code analysis resultglinear dynamic time history
analysesare performed using as seismic input signal one of the Mirandola station
records.In Figure 54 the adopted signals are showedlso the verticalseismic
component is considete The implementedsignak havebeen recorded on $aviay

2012, during the first mainshock of the Emilia sequence, by one of the italian RAN
(Rete Accelerometrica Nazionale) stations. Recording featureFabie 13 are
reported. Mreover, in order to justify the reported damages because of the earthquake,
a further numerical model characterized by the presence of the crane is implemented.
In fact, as reported in382 the pictures taken in the immedigtest seism show the
crane to be located next to one of the broken columns. Hence, the crane, with its static
features, as a hinged beam is modelled, supported by the 1_7 and 2_7 ¢bigomes

20). The crane weight assumed frorh e manuf act urer é6s cat al
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Event id IT-20120008 Mw 6.1 M, 5.9 R epi.[km] | 12.300
Late  triggered| NO Instrument type  Digital

record?

Filter type BUTTERWORTH

Max PGA[cm/s] 303.29

297.304 corrected horizontal 258.797 correctedvertical -297.304 uncorrected

Max PGV [cm/s] | 46.333

Max PGD [cm] 10.376

Arias  intensity | 86.869
[cm/s]

Housnernt. [cm] | 157.654

T90 Effective | 5.985
duration [s]

Table 1371 Features of thelst Emilia seismicmainshockrecorded by the MRN station.

The primary objectivedo be pursuit concernthe assessient of model capacityto

predict thereal buildingbehavior. It was therefore carried out a detailed theoretiwl
experimental comparison with specialfocus on the columns shear strengih.the
considered shear capacity models have been considered to study the collapsed columns
numerical behavior.

3.7.1 DAMAGEPREDICTION

Nonlinear time history dynamic analyses sioiering the Mirandola station
acceleration recorded signal as seismic input are condgcfedRN anal ysi s o
following) in order to justify the real damages suffered by the building because of the
earthquakeln particular, in order to recreate theakreseismic event conditions, the
structure model is completed taking into account the crane as explained in the previous
paragraph. The crane as a further link between the first and the second column rows is
modelled: it represents not only an additiorateection element, but also a critic load

for the supporting columns. The increase in seismic mass because of the crane presence
makes higher seismic forces. But, on the other hand, an increase in axial force leads the
column to express a larger shearstsice.

In order to make an accurate shear evaluation, BiskBiskinis DE, 2003 shear
resistance model is also evaluated and coetparith the SezeMoehle (Sezen H.,

2009 shear predictionsLastly, a further evaluation of konn shear resistance is
carried on through the software Responsed8ehtz, 2001

As explained ing83.2, one of the most corroborated hypothdsigustify the partial

collapse iscorrelated tdhe decreasef columnsresistance because thie reductionin
longitudinal reinforcement. In particular, as showrFigure 55, the cross section of

the two collapsea@olumnspasses from a value tdngitudinal reinforcement ratio

equal t00.0126 to a value equal t6.0084, aabout 2.75n from theground

71


http://itaca.mi.ingv.it/ItacaNet/CadmoDriver?_action_do_single=1&_criteria=CZ001%3d%20AZ014itaca_event_idIAZ012IT%2d2012%2d0011%27&_page=ACC_Events_D&_rock=INVALID&_state=find&_tabber=3&_token=NULLNULLNULLNULL

Seismic Behavior of RC PrecastiBings: The Case Of Emilia Earthquake

SEC A-A
(p = 0.0126)
B B
A A
Wl SEC B-B
(p = 0.0084)

Figure 55-2_06 and 2_0%olumnsreduction in longitudinal reinforcement.

According to the analysis results, shear failure occurs for the crane supporting columns
(1_07 and 2_07) and for tleef appendix columns only in the NS directionsigure

56 shearcheck for the first columns row in NS direction is depicted. Shear resistance is
evaluated considering the effects due to the axial force inkuémshear capacity
formulas. Therefore, shear capacity not only with the Sezen formula, but also
according to the Biskinis formula in both AA and BB sections is evaluated, tsiace
latter shear resistance calculation allows to evaluate the shear sttakigth into
account the longitudinal reinforcement amount
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Figure 56 - 1st columns row shear chck diagrams in Y direction: shear load (black), SezerMohele
shear capacity (crk grey), Biskinis shear capacitysez. BB (grey), Biskinis shear capacity sez. AA
(light grey).
As showed irFigure56, Sezen formula is more conservative than the Biskinis one. As
was expected, reduction in longitudinal reinforcement involves a clear fall in
resstance. Tie diagram shows that the 1_7 column, one of thechane supporting
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columns,overcomesdts shear strengthAs showed in the followingHigure 61), the

same happens for the 2_7 column and for three appendix columns.

It must be considered that these latter, because of the presence of the intermediate roof,
are characterized by a lower shear span, i.e-28D m. Analysis results in terms of
shear demonstrate the building to be vulnerable just in Y directi¢riglme 60, model

shear collapsed columns are circled.

Diagrams in terms of shear for the second columns row are herein refpogiee 1),

just for the Y direction: the absolute shear demand signal (black)tmetitapacity
obtained through the Sezdfoehle (dark grey) and the Biskinis (grsgc AA; light

greyi sec BB) shear capacity models is plotted. Also in this case Biskinis shear capacity
model is quite conservative if compared with Selelrehle one. Both caeity models

show the variability due to the axial load signal.

Definitely, from the results in terms of shear it could be assessed that the stress regime
becomes critic in Y direction, where the columns are weaker because of the geometric
Cross section diensions.

In that regard, it must be considered that, as showigure 57, in the same period

range (the building fundamental period in about 0.8 secbisggTable7), maximum
recorded accelerationa NS direction(Y direction)are much greater than in the EW
direction ones (X direction)This is related to the peculiarities of thecificrecorded
earthquake.

081 T
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061 ‘.1' N-§ il
ol L

02 e

Sa [g]

T [sec]

Figure 57 - Recorded signals seismic spectra in both X and Y diction.

Columns 1_07 and 2_07 are particularly stressed: they overcome the limit shear
resistance as visible in the related grapHsigure56, Figure59 andFigure61.

Consequetly, in X direction, where the columns are stronger, shear demand shows
lower values compared to the orthogonal direction and shear capacity has been never
overcome Figure58).
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Figure 59 - Time history MRN analysis results: shear check in NS direction
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Figure 60 - Checks in terms of shear: shear failures ilNS direction.
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Figure 617 2nd columns row shear check diagrams in Y direction: shear load (black), Sezéhohele
shear capacity (dark grey), Biskinis shear capacity sez. BB (grey), Biskinis shear capaggz. AA
(light grey).
In order to make a constructive comparison between different shear capacity models,
another shear capacity value is considered with the software Respong8&ztand
Collins, 2000. This software is based on the Modified Compression Field Theory by
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Vecchio and CollingVecchio and Collins, 1986bThe MCFT allows to predict the
response of RC elements subjected tglane shear and axial stresses just using
equilibrium conditions, compatibility requirements and ststssin relationkips, all
expressed in terms of average strains. In the shear capacity evaluation, the Vecchio and
Collins formulation takes into account the contribute of shear friction between cracks.

In fact, according to the method, the concrete contribution to timigshear element
strength is given by tensile stresses acting across diagonal cracks: this value is
determined by the aggregate interlock forces. Roughly, shear stress between cracks
depends on cracks width, as well as on concrete strength and aggiegate

Based on this assumptions, Response 2000 makes possible to analyze reinforced
concrete elements subjected to axial force, shear and moment, starting from simple
input values. In particular, the software does the sectional analysis of concreta®lemen
starting from the cross section geometric and mechanic features. It also allows to make
incremental analysisThe principal softwareassumptions ar¢he validity of plane
sections law(compatibility), andthe absence dfansverse clamping stress acrdss

depth of the beam

Response200allows making both flexural and shear analysis on beam segments. In
each case, as the software is a sectional analysis tool, the appropriate section to verify
has to be chosen. Hence, on the bases of experimental @viftenthe case study
facility, shear analysis of 2_07 column is carried out considering the column breaking
section (i.e. sec. BB iRrigure55). Thus, the base constraint has been defined as fixed
end. As mentioned above, the tegdre needs a unique axial force value in the input
phase. So, in order to estimate the Response2000 shear strength of the 2_07 column,
the minimum and maximum axial values obtained from the analysis are considered.
Therefore, the section characterizedtly reduction in longitudinal reinforcement has
been evaluated just in the Y direction (column weaker direction). Because of the
reduction in rebar amount, the cross section is characterizedd®0 8ongitudinal

bars. Mechanical characteristics of conerand steel are also implementédg(re
62). Basically,a five meters R@lement has been considered, subjected to incremental
horizontal forces.
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Figure 62 - Cross section features in Response2000

In Figure63 the comparison between shear demand and capacity for the 2_07 column
is reported. Shear capacity is evaluated according to the -Stxiie model,
according to the Biskinis model considering the weaker cross section@i ‘G'@¢ Qi
the legend), and according to the Response2000 results for the maximum @86

kN) and the minimum axial force ¢ = 110 kN) derived from the nonlinear dynamic
analysis.

The shear resistance value obtained from the MCFE&appo be constant during the
entire analysis time history because is linked to a single axial load value. The other
shear capacity timkistories are highly influenced by the axial load time variability.
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Figure 6371 2_07 colum shear Capacity versus Demand comparisan

The graph shows that the 2_07 column shear capacity is lower than shear demand: this
justifies the column shear failure. Response 2000 shear capacity for the maximum axial
force isroughly equal tahe SezefMoehle shear strength value; the value given by the
Biskinis formula applied to the reinforcement reduced cross section gives the more
conservative result.

From the photographs is certainly possible to state that the column 1_07 has been
highly stressed becaai®f the shaking: it has reported visible cracks in the Y direction.

At the end of the earthquake it has reported a loss in verticglgyre 64): maybe the

failure first of the 2_07 column reduced its loading condition avoitliagbreaking.
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Figure 64 - D2 building during the demolition phases: in the foreground on the right the 1_07
column.

Another important and useful feature of Response2000 is the capacity to predict the
crack pattern of the eleme Hence, sectional analysis of AA section is carried on, in
order to compare the software prevision with the real crack pattern on the lower
column segment inferable from the photographg-igure 65 a comparison between

real camages suffered by the 2_07 column and Response 2000 cracks diagram is made.
It must be noted that the crack diagram is referred to the lower column segment, the
one characterized by the section AA features. The software crack pattern prevision
includes alsothe predicted angle and width of cracks in inches

The cracks inclination seems to be compatible with the real crack pattern in the lower
column part. Thus, Response2000 cracks prediction show a compatibility with the real
damages.



Analysis of the seismic performance of imaustrial buildings

S
((o]
) Al
=
(o)
=
(00]
\,

(b)
Figure 65- 2_07 column failure: comparison between real damagda) and Response 2000 crack
prevision (b).

3.8 DI QUATTRO 1995BUILDING

The inspection carried oshortly after the firstEmilia mainshoclexposed amvident
peculiarity: it hasbeen highlighted as two typologically similar facilities, located a
short distance from one another, can have significantly different responses to the
earthquakeThis paragraph introduces the second important case study of this thesis,
trying to give a easonable explanation for the deep difference between the seismic
response of two similar buildings located in the same area.

3.8.1 STRUCTURALDESCRIPTION ANDTERRITORIALCONTEXT

The Di Quattro 2 buildingd2 building in the following,according tathe conventio
adopted inparagraph 8.3 is located in Mirandola (MO)it was built in 1995 in an
area not too far from the site that woudd chosen fothe construction some years
later, of the D1 building. In fact, the distance betweéme facilities was equal to about
200 metersKigure66).
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Figure 66 - Mirandola (MO) aerial view: D1 (rectangular boundary) and D2 (circled boundary)
location.

D2 is a concrete precast industrial lding, with a rectangular 50x20 meters plan,
characterized by a principal singgéory area of about 800 mq and an intermediate roof

of about 200 mq in the western part of the whole buildFigure 67). The building

total heightis 7.70 m. The structural layout is composed by principal 100x50 H beams

in the longitudinal direction, with shed roof tiles in the orthogonal direction. The
principal beams are supported by square 50x50 or 40x40 columns, 10 meters spaced in
the major diretion, allocated in discrete socket foundatiohiirteen columns types

are used, characterized by different geometric issues.
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Figure 67 - D2 plan taken from the building final designreport.

Generally they are constituted hy20 longitudinal reinforcements arldé stirrups
spaced each 200 mm in the central part of the column and 50 mm at the top. On the
superior faceof each column are anchored threadeztlrods witha diameter o0

mm, useful toobtain the design beato-cdumn and bearto-beam connectiondn

fact, thesesteel bardiave a predominantly constructiftenction, rather than structural.

As with theD1 building, also in this case th&teel rodshelp to give stability to the
connections.Therefore, the bars pogitied in the space between two consecutives
beams ardocked on the topby a bolted steelplate. An integrative concrete casting
should assure the monolithic nature of the joint. All columns are characterizétRby
downpipe cast in the middI&igure68). The intermediate roof is composed Gyeek

pi roof tiles supported by secondary 60x70 T beams. The nature of intermediate roof
support is purely frictional, such as the shed roof -tilelseams connections. The
structural layout of the twsetory building portion is completed by two 2.90 height
40x40 supporting columns. The outer cladding is made of horizontal panels. Concrete
equivalent to the present C35/45 has been used for the pekmasnts, while FeB44K

steel bars have been adopted for the elements reinforcement.
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Figure 68 - A typical D2 column: on the top the steel rods are visibland the downpipe in the
middle.

3.8.2 REALDAMAGES

The damages reported byetbuilding after the first Emilia earthquake mainshock are
herein described. From the pictures taken shortly after the earthpupkssible to
ascertain how the structure has been damaygadery mild way. In fact, the principal
damage concerns the diling panels displacements of about 15 cm, with the falling of
one of the vertical angular elemenBgure69a)). From the inside itvaspossible to
detect the displacement of the roof tilgsgure 69b),(c),(d)) and the formation of
cracks at the column bases
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(c) (d)
Figure 69 - D2 building damages: falling of the corner cladding element (a); cracks due to the tiles
displacement (b),(c),(d).

3.8.3 MODELLING INOPENSEES

As well as in the case of thel building, alsoD2 facility has been modeled in
OpenSees. Hence, a tridimensional numerical model of the building has been
implemented, following the modeling choices reported 3m3.8A lumped plasticity
modelwith structural elements modeled rigid mono dimensional elements is chosen.
For the definition of plastic hinges material, the tool described3i8.8is used,
obtaining every cross section propertprfr the design drawings. Thus, the plastic
hinges momentotation behavior is represented by a mlifitar envelope,
characterized by four principal points (the cracking, yielding, capping andgoging
points).

Also in this case, because of the frictb nature of the connections, bessrcolumns

joint as internal hinges are modeled, taking into account the geometrical eccentricity
between elements.
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3.8.4 NONLINEARDYNAMICANALYSISRESULTS

The goal to be pursued is to compare tlienerical modebehavior wih the actual
seismic response of the structuféwus, nonlinear dynamic analysis with the recorded
MRN station acceleration have been conducted. Signals in the horizontal and vertical
directions have been consideredFigure 70 (a) the adopted columns identification is
showed. While on the right, iRigure 70 (b), the numerical model layout is depicted.
Analyses have been performed with particular attention to the seismic building
response in terms of slr, base rotations and frictional check of béammolumn
connections.

2122 23 24 25 26

——— e —

= T

1112 13 14 15 186
(a) (b)

Figure 70 - D2 building plan scheme and numerical model tridimensional view in OpenSees
Results in terms of frictional checks of tHEsbeamsconnections show thaigh
inadequacy of purely frictionadonnection typeln fact, safety factors evaluated as the
ratio of maximum shear force acting on the connections and friction developed at the
concreteneoprenénterface arall less than one, abewed inTablel14.
These values are obtained considering a frictional coefficient equal to 0.09, which is
the minimum value according to some literature stu@@epozzi et al., 2009
Theexperimental evidenedighlight actually a displacement of the tiles, meaning that
the frictionforce has been overcome. Howeveishould be consideretthat in eality
the connections are of the "wdype i.e. characterized bsteelbarsand casin-situ
concrete mortar thagven in small part, help to increase the shear strength of the
connections.
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Direction Direction

N-S E-W N-S E-W
L, 042 0.05 , 016 0.8
S 042 0.05 S 066 005
S 0.09 0.07 g 014 006
E 031 0.04 S 038 004
S 019 0.05 S 019  0.04
g 0.69 0.04 g 0.77 0.04
E 060 0.05 E 054 004
S 017 0.05 S 019 005
7 044 0.06 7 056 005

0.31 0.39 023 027

Table 14 - Frictional Safety Factors

In Table 15 the maximum recorded base rotations in both X and Y directions are
reported. The Safety Factors (SF) herein reported are evaluated as thetaton
maximum rotation demand and the EC8 ultimate rotation capacity values. The SF
values are smaller in the-8l direction, where are also recorded values less than one.

E-W N-S
DIRECTION DIRECTION
Pil ID Jed SF e SF

Pil1 1 0.0 1.45 0.012 1.07
Pill 2 0.0 2.06 0.05 1.13
Pil1_ 3 0.008 1.86 0.019 0.89
Pill1_ 4 0.008 1.92 0.020 0.77
Pil1 5 0.008 2.03 0.019 0.84
Pil1_ 6 0.008 1.89 0.018 0.63
Pil2_1 0.013 0.95 0.012 1.20
Pil2_ 2 0.013 1.27 0.05 1.16
Pil2_3 0.013 1.39 0.019 0.81
Pil2 4 0.012 1.38 0.020 0.82
Pil2 5 0.012 1.36 0.019 0.77
Pil2 6 0.012 1.08 0.018 0.89
Table 15- Maximum rotation recorded in E-W and N-S directions and related Safety Factas.
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Results in terms of gar resistance are herein reporteditAs possible to see from the
graphs, in both horizontal directions shear capacity is not overcome. In particular, the
diagrams plot the absolute value of the recorded shear, along with shear resistance
evaluated aawding to the Sezen formula, which has proved to be the less
conservative.
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Figure 71 - Shear check in EW direction for the first columns row: shear demand (blue) vs shear
capacity according to theSezenformula (cyan).
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Figure 72 - Shear check inN-S direction for the first columns row: shear demand (blue) vs shear
capacity according to theSezenformula (cyan).
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Figure 73 - Figure 54 - Shear check inE-W direction for the second columns row: shear demand
(blue) vs shear capacity according to th&€ezerformula (cyan).
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Figure 74 - Figure 54 - Shear check in NS direction for the secondcolumns row: shear demand
(blue) vs shear capacity according tohte Sezerformula (cyan).

The obtainedresults seem to be consistent wittle experimental evidence. In fact, the
facility did notshow brittle crisis, butracksat the columnbase: this is supported by
the analysisresults. In additionthe fall of thecladding corneelement, as well athe
internal cracls visible between roofiles are linked tadisplacementsausedby the
inadequacyf frictional connections.

3.8.5 CASE STUDIES RESULTSOMPARISON

ComparisonbetweenD1 and D2 buildings analyses results is bereported. The
importance of this evaluation liéga the attemptto justify the real behavior of the
structuresAs explained in 8.8.1, D1 andD2 buildings were located 200 meters apart.
They were characterized by the samanpbrientation.Therefore it is absolutely
legitimate to ask why they shaddifferent behaviors afterwardbke sameearthquake.

The question idurther supported by the fact that the tdexilities are not only both
characterized by the samagucturaltypology, but have been designed and built by the
same prefabrication comparhis means that the concrete precast elements have been
produed with the same constructive details, and have been assembled together
following the same construction techniqUéne first important note concerns the fact
that, although the twbuildingswere built almost 10 years apart, from the design point
of view there is no differencd8.he most recenbne built in 203, in contrast to the
older, is regulated by th&lian DM 16/01/1996- Technical standards for construction
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in seismic zonesAccording to the considerations reported in the second chapter of the
present thesis, at the time of tB@ building design, the site of construction resulted
already inserted in seismicra® 3.However, as already mentioned previoublgcause

of this seismiczonation becomes mandatory omlffer 23" October 2005n0 seismic
resistance features have been applied. The loads analysis differs for the presence, in the
most recent facility, ofthe wind actions, evaluated as vertical actionsonfF a
geometrical point of view, thB2 building appears to be much larger than the other. In
fact, theplanareais four timeslarger. This explains the choice of larger elements, able

to cover high span®qual to about 22 meter@2 bui | di ngé s roof !
characterized by 100 cm high tiles. In the casBbfoof, elements 70 cm high have

been adopted.
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Figure 75 - Roof tiles adopted for D1(a) and D2(b) buildings
Principal beams adopted as tiles support have to cover roughly the same spans (i.e. 10
meters) for the two buildingD1 principal beams are H 100 cm high cross section
beams Figure76). For D2 building, principal beams were X80 rectangular beams.
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P

Figure 76 - D1 facility H cross section principal beams

As regards the column, in the caseDdf building only 50x50 cross section elements

have been used, whil@2 building was characterized by both sppand rectangular

cross section columnsoF both cases, the designer used the saiméorcement bar
diameters and the sararrupsspacingAlso the longitudinal reinforcement reduction

is present in both structures. The two estsmly buildings are @racterized by an
intermedi ate roof which ©partially <cover
appendix in the case @2 building make it planrregular. In the following table a
comparison betweed1l andD2 building features is reported.

D1 building D2 building

Year of Building 1995 2004
Design Code D.M. 14/02/1992 D.M. 16/01/1996
Plan [m] 50x20 90x45
Maximum Span [m] 19.5 22
Total Height [m] 7.70 8.80
Roof tiles V-shaped beams V-shaped beams

(h=70) (h=100)
Principal beams H beams (h=100) 50x70 beams
Columns 50x50 50x5Q 50x60
Long. bar diameter 20 20
[mm]
Stirrups 6/20" 6/20"

Table 16 - Main D1 and D2 buildings general features
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According to the nonlinear analysis, one of the most significant results is linked with
the buildings principal periods. In fact, the first period of vibration ofDhestructure

is 0.94 secondsT@ble 17), slightly greater than thB2 building fundamental period
(i.e. 0.83 sec)This result was exgxrted given that thB1 building totalheight which

is smaller than th®2 building one

D1 building D2 building

MODE T [sec] T [sec]
1 0.94 0.83
2 0.93 0.74
3 0.75 0.73
4 0.41 0.61

Table 177 D1 and D2 model periods of vibation.

This aspect according to the recorded Emilia spectcauld be relevant in &V
direction, where a difference of 0.1 sec in the range ofl0.8eccould mean a
difference of maximum acceleration equal to about @sbg Figure 57). This first
explains the highesthear demandalues for théD2 buildingin that directionobtained
from the analyses

Furthermoreconsideredhe maximum values of masglongingto the singlecolumn

(i.e. from 200 kN for D1 to more than 400 kNor D2), a variation of maximum
acceleration as thone abov@roposed can be decisive for ttmwumn capacityOn the
basis of these consideratiofis possible tqustify the occurrence dfigher shear forces

on the central columns of thB2 structure In particular, as alreadypreviously
mentioned, the columns most stressed are tbbbamcterized byhe further presence

of theindustrial crane

One of the most relevant differences between the facilities concerns the columns cross
section: D1 building is characterized only by square 50x50 cross section columns.
Therefore, in order to make a comparison between the diffeetsrnicbehaviors of

the two structures, in the followin@ parallelism between comparable colunims
showed. The considered columsbpwed inFigure 77, arecharacterized by the same
50x50 crossection, and by the saraenountof reinforcement.
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D1 building D2 building
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Figure 77 - Comparison between similar D1 and D2 buildingcolumns

In the following a comparison in terms of recorded shear and axial force is presented.
In Figure 78, recorded shear in-S direction is considered. As is possible to check
from the diagrampD1 1_1 column is subjected tmaller shear forces, while for tB2
columns, the shear values are very similar. Between the signals, also a different
frequency content is showed. The difference between the maximum shear values for
the two building columns in #$ direction is of about0%.

Figure 78 - Columns comparison: recorded shear in N5 direction.

In Figure 79 the same comparison is showed, taking into account the recorded shear
signals in EW direction. In this direction thegmals are much more similar, showing a






























