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Abstract.

Seismic risk mitigation is a relevant issue in Epgan regions, such as Italy,
characterized by the presence of a large stockilferable existing industrial buildings.

Through a case study, the article proposes an mated novel approach for the diagnosis
of structures after a seismic event. The suggestadtoring system is based on recording the
accelerations of a real structure during an earthge and on their introduction as input into
a numerical model, suitably tuned, in order to m#tla possible post-earthquake scenario.

The leading idea of this approach is to provideestimation of the health and residual
life of monitored structures, and to detect andrgifg the damage, some of the crucial issues
of Structural Health Monitoring (SHM). The technegis applied to a real structure, an
industrial building liable of some seismic vulneitdies. It did not undergo an earthquake, so
the real accelerations could not be recorded. Fois treason, they are acquired from a
second numerical model subjected to real and sitedlaarthquakes.

1. Introduction

One of the most important issues in civil and meata engineering is the detection of
structural damages, defined as changes of matpra@derties, boundary conditions and
system connectivity, which adversely affect the tays performance. The damage
identification process generally requires to esshbthe existence, localization, type and
intensity of the damage.

Recent seismic events in Italy have clearly shot high seismic vulnerability of
existing precast (industrial) buildings that oftegveal an inadequate safety level against
seismic actions [1-3]. These events produce stralctiamages and, in the worst cases, lead
to loss of life. Therefore, an integrated strudtunanitoring system for existing buildings is
very useful for determining the effects of an eauiike, in particular for precast concrete
structures.

In this paper a novel approach to perform the ddagnof a structure is presented. The
method is based on recording the floor acceleratioha real structure during a seismic
action, and on their introduction as nodal accélema in a refined numerical model of the
structure, strongly nonlinear, endowed with antelgsastic (softening) damage constitutive
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law. The model is then able to detect the existetiwe position and the amount of damage
induced in the structure by the earthquake, progidi possible post-earthquake scenario.

Another important purpose of this work is the qifardtion of the damage through the
calculation of damage indices. The method is basekecording floor accelerations of a real
structure during a seismic action, and on thenohiction as nodal accelerations in a refined
Numerical Model (NM) of the structure, strongly tioear, endowed with an elastic plastic
(softening) constitutive law. The model is theneatw detect the existence, the position and
the amount of damage induced in the structure byetrthquake, providing a possible post-
earthquake scenario.

It will be proposed global damage indexThis index is representative of the health of
the entire structure and it is used for the emeargaonditions, when the plastic regime is
activated (e.g. building evacuation).

2. Description of the structure

The industrial building is sited in a small Italiéaown 80km distant from Ancona, the
main city of Marche region. This area was subjettethe Umbria-Marche earthquakes that
struck the central Italy in 1997 and 2016. Thedtee has a simple and geometrically regular
structural scheme, which is typical for r.c. preédadustrial structures (Fig. 1). The plan is a
rectangle of 80 m in the longitudinal direction &@m in the transversal one (Fig. 2).

Figure 1. External view of the U|Id|ng.

All elements are precast, except for some in-sést concrete substructures. The first
floor heigh is 3.84m while the second floor oneggial to 4.57m; it is assumed- 0 m at the
finished ground floorz = 3.84 m at the first level art= 8.41 m at the roof.
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Figure 2. (a) Plan view and (b) vertical sectiofthe building.
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3. FEM model calibration with linear and nonlinear analysis

The examined industrial building is a precast st typically, the connections among
the elements should be modeled as cylindrical bespal hinges depending on the constraint
degree offered by the connections. All columns mredeled as one-dimensional finite
elements fixed at the ground level (z=0 m). In Thlthe results of the eigenvalues analysis
are shown; the two FEM models provide very simgariods, participant masses and modal
shapes (Fig. 3), confirming that they match satistdy and can be used for the present
purposes.

Table 1. Modal parameters of the structure (in loédparticipation masses of the main modes)

MODE Frequency Error Partic. mass X Particip. mass Y
(n°) (%0) (%0) (%0) (%0)
MIDAS SEISMO MIDAS SEISMO MIDAS SEISMO
1 0.938 0.947 0.95% 0.000 0.000 9.378 9.473
2 0.968 0.974 0.63% 0.004 0.013 33.568 32.758
3 1.002 1.006 0.46% 55.070 53.342 0.526 0.598
6 1.185 1.209 2.03% 0.000 0.000 15.419 0.783
7 1.279 1.248 2.42% 0.100 0.055 5.726 7.351
8 1.354 1.275 6.15% 0.001 0.000 1.194 2.388

The fiber model approach [4,5] is used in bothwafe in order to have a realistic
description of the post-elastic behavior of thenfi@iced concrete structure. To perform
dynamic analysis in both software, each time-hystr obtained using the Newmark’s
integration algorithm [6]. The accuracy of the Neavikis method depends on the period of
the excitation; in the present case each steptegiation (A t = 0.01 sec) satisfy the relation
At <0.318T,, whereT, (0.162 sec) is the period of the vibration mods #dlows to reach
the 85% of the participating mass [7].
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Figure 3. (a) Modal shapes with Seismosfttand MidasGef (i) (b) Frequency comparison between the
two models.
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In order to have realistic accelerations to remice as input into the damage
identification process, a 25 seconds spectrum-ctbipatime history has been generated
through the software Simgke_GR and used as grococeleaation at the base of the columns.

This ground acceleration is used also to checkatireement of the two software in the
post-elastic regime. A comparison between displacgrfoutput) obtained by the two models
subjected to the same ground acceleration (inutgported in Fig. 4 and shows a very good
agreement.
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Figure 4. Comparison between the displacement ptdined by the two software

4. SHM implementation and damage indices

Accelerations are derived from the SeismoSftsciftware and then reintroduced as input
into the MidasGef software to simulate the process of the proposewitoring system.
At this stage, the nonlinear dynamic analysis ird&4iGefi can be performed to detect the
amount of structural damage and to calculate theage indices, as subsequently discussed.
4.1 Damage indices and localization of the damage

One of the objectives of this work is to computspecific damage index that can be
implemented within a system of real-time SHM anat ttean be used to quantify the damage
state at each time step and the possible incigietdapse [8]. In this paper the ductility
damage indexI, is used. This index was proposed by Powell andh@abadi [9], and is
given by:
§-6y  p-1

Dl, = Su=68y  py—1’ @

whered is the maximum inelastic displacement during arthegaake,s,, is the yelding
displacement and, the ultimate displacement, i.e. the capacity, botmputed with a
preliminary nonlinear static (pushover) analysisisTindex is representative of the conditions
of the entire structure and belong to the categdr@lobal Damage Indexaccording to the
classification reported in [10]. ThBI, does not consider damage accumulation [11], but
depends on the displacements beyond the elastshbid, one of the most important
parameters to keep under control in precast siregtu

For the calculation of the damage index a pushamlysis must be preliminary
performed. This is usually achieved with a mastatencoincident with the center of mass of
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the last floorthat is representative of the structural behavi@].[In this case, however, the
classic approach would be incorrect considering tifia capacity curve is strictly dependent
on the choice of the node, because of the in-piefermability of the horizontal floors. For
these reasons &fobal Control Pushover AnalySi§GCPA) is proposed, monitoring which
node reaches first the target displacement, sét3& m, under monotonic loading. In this
way, it is possible to detect which portion of gteucture reaches first the collapse, and then
to perform a pushover analysis monitoring the setenodes in each direction.

The pushover analyses have put in evidence whidlop¢éhe structure reaches first the target
displacement in both directions (Fig. 5 a-b). Foevity only the comparison between the
pushover curves obtained with lumped and diffudedtgity approach is reported (Fig. 5-c).
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Figure 5. Pushover global control analysis. (ajr&alion:5, = 0.033mg, = 0.228m, T, = 7010 kN
(b) y direction:, = 0.035mp, = 0.232m, T, = 6480 kN (c) comparison between pushover anatysislucted
with lumped and diffused approach (x-direction)

Starting from the computed capacity curves, it dsgible to obtain the yield and the
ultimate displacement, needed in eq. (5).

4.2 Quantification of damage

In this section the damage indB¥, is computed. The time histories of the displacemen
in two different nodes belonging to the structupalrtions identified by the GCPA are
reported in Fig. 6. These represent the structiasihonse in terms of displacement of the
most vulnerable part of the structure. The two mmaxn displacements, highlighted in Fig. 6,
are dmax = 0.155m X% direction) anddmax = 0.176m ¥ direction). In turn, they give the
maximum damage indices, Dhax = 0.626 and Dl max = 0.714, respectively, ix andy
directions.
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Figure 6. Displacements obtained from nonlineaethistory analysis.
(a) x directiond,,x = 0.155m; (b) y directioriax = 0.176m.
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A noticeable result of the proposed approach cascéine possibility of tracking the
development of damage level at each time ste@dn the combination between the updating
of the model allowed by SHM techniques and the dpammodel built with the static
nonlinear analysis, permits to know how damagewesoin time, as shown in Figure 7. From
Fig. 7 it is possible to point out another consadien. There is a difference between the two
principal directions< andy. In thex-direction (Fig. 7a) the damage index rises slaotlian in
the y-direction, having some intermediate steps befeexhing its peak. In thg-direction
(Fig. 7b), instead, the damage index goes from &®iits maximum value in few steps that
present a significant amplitude. This latter isadig most dangerous from a practical point of
view.

DIwmax=0.714

Dlpmax0.626 B [

x DI

Damage Inde

Damage Index Diy

time tisee)
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Figure 7. Evolution of damage indices during thisreé event.(a) x-direction: [PImax = 0.626. (b) y-direction:
Dlp max = 0.714.

4.3Damage scenarios using real earthquakes

The purpose of this section is the quantificatidnttee damage using real recorded
earthquake. The Umbria-Marche earthquake (199 7pctetrized by a PGA of 1.69 m/$ds
considered. The two maximum displacements obtained from the Umbria-Marche
earthquake are 8max = 0.101 m in the x-direction (Fig. 9a) and Omax = 0.093 m in the y-
direction (Fig. 8b). These correspond to the maximum damage indices, DI, max = 0.346
and DI, max = 0.296, respectively, in x and y directions.

Based on the previous results, the following cosrsiions can be drawn. The Umbria-
Marche earthquake is characterized by a mediunmsitiebut it presents a quite long cyclic
behavior with similar values of peak accelerationsr time. This entails mild increment in
time of the damage index, especially for xhdirection (Fig. 8a). In thg-direction (Fig. 8b) it
can be seen a similar qualitative behavior, witfinal value of the damage index slightly
lower.
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Figure 8. Maximum displacement and damage indibésimed with Umbria-Marche earthquake:
a) xdirectiondma, = 0.101; DLy max = 0.346, by directiond,x = 0.093; DIt max = 0.296

5. Conclusions

In this paper a new approach to implement a SHMegyof an ordinary building has
been proposed in order to outline a possible pashquake scenario and to calculate damage
indices. The building chosen as case study is duosinial one which can be susceptible of
damage during a seismic event due to some horizamtiavertical irregularities.

The excellent convergence reached between two cocrahesoftware has allowed a
SHM simulated process. In fact, it was possibleextract nodal accelerations from the
Seismostruét model as if they were measured from accelerometestslled on the real
structure. Consequently, these acquired data bethenénput for the MidasG&nmodel,
which has been analyzed with the aim of outliningpasible post-event damaged scenario.

It is worth to remember that this work is based aomumerical simulation because
(fortunately) the building in exam never underwamt earthquake, making impossible to
measure real data.

For the diagnosis of the structure, a damage misdé@hplemented using a ductility
damage index; the latter is based on the displacenbeyond the elastic threshold, one of the
most important parameters to keep under controprgfabricated structures. This index
requires an estimation of the yield and ultimatgpliicements of the structure, that can be
determined by a preliminary static nonlinear analys

Considering the story deformability, an alternatm@y to perform nonlinear static
analyses is proposed, not by defining a-priori mmnbhode, but by performing &lobal
Control Pushover Analysis’in this way, the nodes that firstly reach themstte displacement
can be identified. Then, traditional pushover asesycan be carried out using those nodes as
control ones in order to deduce the capacity cofibe structure in each direction.

The most relevant information resulting from thepgmsed procedure are the location and
the magnitude of the damage. In this way, it issgie to obtain an important instrument for
the choice of the evacuation routes in emergencylitons. Moreover, this approach is a
powerful NDD tool for the evaluation of post-seisnsitructural conditions, which is one of
the fundamental aspects not only related to thetywalf the occupants, but also concerning
the economic point of view.
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Further developments of this work should be conmsate ambient vibration survey in
order to detect the main modal parameters of thetstres and to calibrate a more reliable
model for the nonlinear analysies. Other advance3HM are focused on the use of wireless
sensors networks (WSN), which are less expensig raore flexible than the wired
ones[13].
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