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ABSTRACT

The study of historical building goes beyond the modern principles of earthquake engineering and requires o
one side a good knowledge of the building techniques at the time of construction and of the building
transformations over the centuries, on the other an in depth survey of the building. While macroscopic analytice
methods are key to a first assessment of the structure failure mechanisms, advanced modeling tools are ve
useful, though they require great care by the analyst as the building materials are highly heterogeneous a
brittle in the case of historical masonry structures.

This paper presents the results of the static and seismic safety assessment analysis of an ancient 19-m high
tower erected in the XllIl century and located in Guardiagrele in the Chieti Province, Abruzzo, Italy.

An extensive in situ experimental campaign was conducted to identify the material properties and the exax
geometry of the tower as well as the stratigraphy of the supporting soil. The tower natural frequencies an
mode shapes are extracted from ambient vibration data using state-of-the-art system identification technique
The onsite investigation results was used to calibrate a 3D finite element model of the tower developed usin
the program ABAQUS, HKS inc. In this model, the foundation soil is modeled explicitly in order to study the

superficial soil layer filtering of the ground motion input at the base rock and its effects on the structural
response. Realistic nonlinear constitutive models for cyclic loading are used for the structural and soi
materials. The results indicate that the response of the tower is greatly influenced by the supporting soil.

KEYWORDS: seismic vulnerability assessment, nonlinear analysis, cultural heritage, masonry structures, soi
structure interaction

1. INTRODUCTION

One of the most challenging tasks in the seismic safety assessment of an ancient monument is its structu
evaluation. The geometry and the composition of the load bearing walls and of the horizontal elements, th
mechanical properties of all structural components and the static and dynamic interaction among them need

be investigated and well understood. The challenge in the case of the bell tower of the cathedral of Guardiagre
(Chieti Province, Italy) is further complicated because the monument was built with heterogeneous material
and was erected in several construction phases between the end of the Xlll century and the XX century,
shown in Figure 1.

Since the tower was build in different centuries it is reasonable to expect that the data obtained from in situ tes
will have a high variability. The masonry tower is 20 meter high above the ground level and is made of stone
from the nearby Majella mountain and lime mortar. The floors are made of barrel vaults and the vertical
structure, including the foundations, is made of two thick outside stone walls, filled in the middle with an

irregular masonry of very poor mechanical properties. The tower is shown in Figure 2.

This paper presents the results of an ongoing study partially presented in 2008 by Camata et al.. The objecti
of this work is to investigate the influence of several parameters on the structural static and seismic response.

particular this paper focuses on the influence of the soil flexibility and on the effects of the interactions betweer
the bell tower and the cathedral walls that restrain the tower in its lateral displacements.
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Figure 1 Bell tower construction phases

Figure 2 Views of the tower and location

2. EXPERIMENTAL CAMPAIGN

The on-site tests, as well as the structural aokitectonic survey, allowed a comprehensive knogdedf the
bell tower geometry. The experimental campaigiushed the determination of the masonry workingssire
with the use of single flat jacks and several ainids. The latter was used to extract material ldyoratory
testing as well as to explore the masonry strudghinaugh the wall thickness using endoscopy teclesq

The structural walls are made of three-leaf Majsllane masonry and lime mortar. The wall thickniess
variable and ranges between 2 meters and 2.80sn€kee two external leaves have an average thsskoie80
cm and are made of compacted regular Majella dttoeks, whereas the infills are made of irregulasonry
that includes gravel, cobblestones and mortar. dridoscopy revealed the presence of several voidsei
infills.

The tower floors are carried by barrel vaults. Tirst floor barrel vault structural thickness is & at the key-
stone. The vault consists of regular Majella stblueks and is filled with 12 cm incoherent materidhe
second floor vault is similar to that of the fif&ior, but has a structural thickness of 28 cm.e Tower top
consists of a reinforced concrete bidirectionab sldded in recent years. The floor and the wallsvb the slab
are particularly damaged because of water infiirmeand consequent chemical degradation of theriakteln
recent centuries the tower top hosted a heavygiitchof that was destroyed during WWII bombing.

In order to identify the structure dynamic propesti accelerometric data from ambient vibrationsewer
recorded. The results give a good indication @& thaterial quality and damage (e.g. equivalenttielas
modulus, cracking in the masonry etc.) and the dbtained were used to calibrate the 3D FEM to aately
predict the dynamic behavior of the monument.

Ambient vibration registrations consist of recoglisignals induced by ambient perturbation with tise of
accelerometers. Sensors were placed at each stdng paper presents the results obtained withstrgo-
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accelerometers placed on two opposite cornersediotiver roo.

The frequencies recorded from the ambient vibrat@asurements are shc in Tablel. The first frequency
range represents the first two modes in the doeaias-west and nortlsouth, respectively. The frequencies
these two modes were too close and it was not pessgibilistinguish them during the test. The secamnge
provides the frequency of the first torsional m

Table 1 Frequency recorded
Range | Frequency (HZ2)

3.7-4.0
7.2-8.4
10.4 +10.6
14.8+15.4
19.4+19.9
31.3

OO, WNPE

The ambient vibration data were compared to thelteesbtained with the modal analysis. The modallysis
was carried out with Midas Gen (vers. 7.21, Mid2807) and 50 eigenvalues were extracted. In ol
consider the interaction with the extel boundaries, the lateral external walls were medetith 3D {-node
brick elements, whereas for the modal analysisdiver was considered fixed at the base. The elastdulus
considered was E = 3000 MP&able2 shows the values obtained, in the table the ppditig masses of tt
tower are indicated in bold (FiguB whereas the other modes refer to the boundagrreadtwalls. As for th
experimental data the first two modes are tramgiatiand the third is torsional. The vibration meabtaine
confirm the regularity of the towelhe model represents quite well the experimenggjfencies obtained fro
the ambient vibration test&ithout any modifications of ttgeometric or mechanical properties of the m.

Table 2Vibration modes of the tower (X: dction NorthSouth, Y: direction Ea-West)

Mode | Freg. | Period I\P/Iarti cipating Mode | Freg. | Period Participating
ass mass

(Hg) | (sec) | Mx(%) | M(%) (Hg) | (sec) | Mx(%) | M(%)
1 3.78 | 0.26 2.25 7029 |21 21.99| 0.05 |0.14 0.00
2 3.93 | 0.25 54.76 | 3.08 22 22.98| 0.04 |0.00 0.20
7 8.53 | 0.12 0.03 0.28 27 25.09| 0.04 |0.00 1.52
10 11.85| 0.08 |0.14 0.04 30 26.74| 0.04 |0.03 0.01
12 13.32| 0.08 | 0.00 6.55 32 28.34| 0.04 |0.00 0.00
16 14.86| 0.07 |0.01 1.28 36 30.01| 0.03 |0.01 0.20
18 18.09| 0.06 |13.02 | 0.08
38 31.50| 0.03 |0.03 0.28 39 32.08| 0.03 |0.01 1.07

Figure 3 Principal vibration modes
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3. BELL TOWER NUMERICAL MODEL

A three-dimensional nonlinear FE model of the baler, including the supporting soil, was developesihg
the version 6.5.1 of the commercial code Abaqusais Inc., 2005) as shown in Figure 4.

The ground is modeled with linear base conditiomg21320 nodes and 18720 8-node hexahedral element
(C3D8R) to study the influence of ground flexilyilion the tower response. The tower is modeledgukli®40
nodes, 26251 4-node linear tetrahedral elementB4L 31488 linear hexahedral elements (C3D8R) and-72
node linear quadrilateral elements (S4R). The tasveonnected to the soil using the “tie” optiddbéaqus Inc.,
2005), which allows to “fuse” together two surfacegh different meshes. The constrains exerted Hgy t
cathedral were modeled with “hard” contact intamacgt which do not allow penetration in compressiout,
allows the contact to open freely in tension.

The ground is modeled with linear base conditiamsgsess the ground flexibility influence on theumd

motion (input at the base rock) and on the towspwoase. The mechanical parameters used in thesasadye
reported in Table 3.

Figure 4 Soil domain stratigraphy and FE model

The monument sits on a thin layer of compact graBx#neath this layer, the soil is mainly composédery
dense sand and stiff clay layers. Two boreholesanted in Sciarra and Rainone (1999) were driigiin 200
meters from the tower and provide a wave veloaitfife down to a depth of 60 meters.

Table 3 shows shear wave velocitiés p-wave velocitied/,, specific weighty;, elasticE, and shea moduli
obtained with the downholes.

Table 3 Dynamic values obtained with the down-holes

Layer Vs Vp ¥ Eo G
msec msec kN/m* MPa MPa
1 125 1820 21.0 984 33
2 350 1820 21.0 7714 262
3 350 1340 19.5 7153 244

The nonlinear constitutive model used for the masofthe tower is based on classical damage pigstiThe
evolution of the failure surface is controlled byot hardening parameters which are linked to failure
mechanisms under compression and tension loadibgdi4s Inc., 2005). The stress-strain responsewsla
linear elastic relationship until the value of fadure/yield stress is reached. In compressi@yohd the yield
stress the plastic behavior is represented bysstraslening and strain softening as shown Figuak 5(

In the case of tension loading, the failure stremsesponds to the onset of micro-cracking in tresonry

material. The crack formation is modeled with ateswifhg stress-displacement response, as showrhéor t
uniaxial case in Figure 5(b).
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The damage in the material is represented througbakar parameted. The stresstrain relations for the
general threelimensional multiaxial condition are given by tlvalas damage elasticity equatic

o=(1-d)DJ : (e-¢") (3.1)
where s the initial (undamaged) elasticity mat
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Figure 5(a) inelastic compressive behavior, (b) tensileslveh

The value of the scalar damageder cyclic loading is unknown.hree damage conditiorare described in
Camata et al. (2008). A single damage model isritest in this pape In the low damageange, when the
plastic deformationg, = 0.001, he scalar damage paramed = 0.01, wheng, = 0.022, he scalar damage
parameterd = 0.40, wheeas in the high damage ge, when the plastic deformatic &, = 0.001,d = 0.01.
When & =0.022,d = 0.55, wheng, = 0.00295,d = 0.80 and finally wheng, = 0.003,d = 0.94.

The analyses consisted of three steps. In thedfiep only the soil domain was loaded wits gravity load
(step 1). In the second strep the bell tower was loaded s self weigl (step 2). Finally, the total ground
acceleration was applied dtet base of the soil domain in tvhorizontalorthogonal directior (step 3), The
three steps are schematically showrFigure 6.

Sep 2 Sep 3

Figure 6 Loading steps

Two natural accelerograms were selected among #ie avents recorded from the acceleromestation
GRD, located on rock soil (Type A according to EC&N 2004) in Bocca di Valle in the Guardiagrelemty,
which is part of the Italian national acceleronetretwork RAN (Department of the National Civil Rrction)
The seismic input selectiomas made based :
» the historical seismic activity in the Guardiagratea described irBoschi et al. 2007), with particul
attention to the seismogenic zones which causedrrdamages in the pe
» the input frequency content, which relates to tlffeidint epicentral areas and to the geodyn:
evolution of the AppenirMountain range.
One dimensional numerical modeling with an equivblimear analysis was carried out in the frequedomain
(Schnadel et al., 1972) to calculate the local seismiea$ at the basement of the to as well as at the
basement of the soil domainThis was performed considering the vulnerabititthe monument in respect
the events originated from different epitral areas. The geological model and the modujrat#ing curve:
used to perform the analysis were obtained usiaggological and geophysical (down hole) data akiél at
the site.
Therecorded accelerograms, the input frequency comritetelastic spctra derived from the accelerogram:
the base tower are shownhigure7. It is worth noting that the two earthquakes hawe ghme peak grour
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acceleration but gté different frequency contes. More specificallythe Fucino edhquake has an important
frequeng content at 4 Hz, which is the natural periodhaf towetr

Figure 8shows the elastic spectra obtained deconvolutiagrecorded accetegrems to the base of the solid
domain.The figures show that the peak ground acceleratiahe tower base amplified by a factor 3 with
respect to the soil base.
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Figure 7Majella and Fucino earthquakat the base of thieell towe!
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Figure 8Majella and Fucino earthquake spectra obtained th@accelerograr deconvoluted to the base
the soil domain

4. RESULTS

The bell tower responseg first studiecusing the Majella earthquake accelerogram.

Figure 9 showshe results obtainewith two different models: one that considers tbedr alone with fixec

base conditions, the second one (desd in the previous paragraph) that explicitly modaks base so At the

initial stage of the time history analy: the tower response obtained with fixed boundaryconditions is more
rigid than that obtained includinye soi. However, the fixed condins tend to cause larger inelastic pla

strains and damage compared to the analysis the soil domain as shown by theximum principal inelasti

strains. For this reasont the end of the time histc, the rooftower displacements obtainwith the fixed

based arenore than twice those obtained with the flexibli.
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Figure9 Fixed vs. flexible supporting soil responses

The lateral constrains influence ttisplacement respor of the tower as shown Figure10. In fact, the tower
restrained by the lateral walls ekt smaller rof displacements and largigelastic plastic strail.
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(a) roof displacemer (b) maximum principal strai
Figurel0 Fixed vs. flexible supporting soil responses

Figure 11 showshe principal inelastic strain compone at 80 seconds for the case with high damage.
results indicate that the Fucino earthquake isnfare demandinthan theMajella earthquak.

At 80 seconddarge inelastic principal components in tension aadnpression are present in the to
indicating that the tower would collay under tle Fucino earthquake and sun without large plastic
deformations to the Majella earthque

PE, Max. Principal

SNEG, (fraction = -1.0) PE, Min, Principal

SNEG, (fraction = -1.0)
(Avg: 75%)

Maijella Fucinc Fucinc

Figure1l Majella vs.Fucino earthquake tower respol

This underlines the importance of the frequencytenof the input. In fact, although the peak grmb
acceleration of the twearthquakes is the same, the Fucino earthquakargasfrequency amplitudes at 4 H:
frequency that is very close to that of the fivgd tundamental modes of the towTable 1). It is worth noting
that while the Majellaearthquake he its epicenter near the town of Guardiagrele, thieegmpral distance cthe
Fucinoearthquake from the bell tower is around 50
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5. CONCLUSIONS

This paper presents partial results of an ongdindyson the seismic vulnerability assessment ofbetower
of the Cathedral of S. Maria Maggiore in Guardidgre(Chieti province, Italy).
The following conclusions can be drawn from thigdgt
» the selection of the input ground motion records tfme history analyses is very important. In
particular, the results indicate that the strudttegaponse is greatly influenced by the frequeraytent
of the input and that the PGA alone is not a sigfitindication. In order to correctly evaluate th
vulnerability it is important to consider the histal seismic activity as well as the input freqogn
content;
» the flexibility of the soil as well as the influemof the external constrains greatly influencerésponse
of the monument and therefore cannot be neglected.

This paper reports the results of an ongoing st@dyrently, the importance of several other paranseare
investigated. In particular, the influence of tienlinear soil behavior shows to be an importanaupeter that
needs to be further investigated.

ACKNOWLEDGEMENTS

This study was partially sponsored by the parishraih of the “Santa Maria Maggiore” Cathedral of
Guardiagrele. The authors would like to express tatitude to the Cathedral parish priest. Thsite tests
were conducted at the University of Chieti-Pes@am@onjunction with Labortec S.r.l. The authors g3 their
appreciation for the helpful assistance providednduthe experimental data acquisition by Prof. udia
Valente, Dr. Elena Candigliota and Mr. Carlo Di ginof the Structures and Materials Testing Lakmsabf
the University of Chieti-Pescara, and by Mr. Dalinaziotti of Labortec S.r.l.

REFERENCES

CEN, Comite Europeen de Normalisation. (2004). Eode 8. Design of Structures for Earthquake Resista
Part 1: General Rules, Seismic Actions and RuleBfiddings, CEN, Brussels EN 1998-1.

N. Sciarra and M.L. Rainone. (1999) Analyses andiefing of the soil of the historical center, (imlian),
report on the County of Guardiagrele, Indagine ggiab-tecnica ad integrazione del documento foraito
Genio-Civile per il progetto del Piano Particolagieqo del Centro Storico in osservanza dell’art.defa L.
64/74 e D.M. 11.3.1988 lett. H, Chieti, 16th of Apr

E. Boschi, E. Guidoboni, G. Ferrari, G. Valensise.d&5asperini. (1997). Catalogue of Strong Eartkesian
Italy from 461 a.C. to 1990 (in ltalian), ING e S@blogna, 644 pp.

S.L. Kramer. (1996) Geotechnical Earthquake EngingePrentice Hall, Upper Saddle River, New Jeré&3

pp.

P.B. Schnabel, J. Lysmer and H.B. Seed. (1972). KIHAA computer program for earthquake response
analysis of horizontally layered sites, Report NMdERC 72-12, Earthquake Engineering Research Center,
University of California, Berkeley, California.

Y. Zang, Z. Tang, J. Bielak, J.P. Conte, A. Elgam@003). Treatment of seismic input and boundary
conditions in nonlinear analysis of a bridge growystem,proceedings of The 16th ASCE Engineering
mechanics Conference, July 16-18, University of Washington, Seattle.

MIDAS Gen, ver. 7.21 (2007).

HKS ABAQUS Reference Manuals, ver. 6.5.1. (2005).

OPCM 3519. (2006). Criteri generali per l'individi@ne delle zone sismiche e per la formazione e
I'aggiornamento degli elenchi delle medesime zd@dengral criteria for seismic zoning), Italian CiRilotection
Department, (In Italian).

G. Camata, L. Cifelli, E. Spacone, J. Conte, M. &od P. Torrese. (2008) Seismic Safety Assessaighte
Tower of the S. Maria Maggiore Cathedral in Guagtite, Italy, proceedings of The Ninth International
Conference on Computational Structures Technology Athens, Greece, 2-5 September.



