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Abstract

A methodology for seismic vulnerability and risk assessment of historical urban area typical for east
side of Adriatic coast and its application to the Croatian settlement of Kastel Kambelovac chosen as HR
test site have been presented in two articles published in open access journal “Applied sciences”. In
addition, during the project the activity 3.3 “Assessment of climate-unrelated hazards exposure in
urban and coastal areas (seismic action)” has been presented at several conferences. All papers have

been made in cooperation between the project partner UNIST-FGAG and lead partner UNIFE. They are
available at the project web-site.
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1 Scientific reports on open access journals

1.1 Article “Seismic Vulnerability Assessment of Historical Masonry Buildings in
Croatian Coastal Area”

An article “Seismic Vulnerability Assessment of Historical Masonry Buildings in Croatian Coastal Area“
[1], has been published in open access journal “Applied sciences” in June 2021. This article presents
scientific report of the developed methodology for the assessment of seismic vulnerability and damage
of a limited number of stone masonry buildings in the historical core of Kastel Kambelovac.

The article highlights an importance of the protection of built heritage in historic cities located in
seismically active areas for the safety of inhabitants. Systematic care and planning are necessary to
detect the seismic vulnerability of buildings, in order to determine priorities in rehabilitation projects
and to continuously provide funds for the reconstruction of the buildings. The seismic vulnerability of
the buildings in the historic center of Kastel Kambelovac, a Croatian test site located along the Adriatic
coast, has been assessed through an approach based on the calculation of vulnerability indexes. The
center consists of stone masonry buildings built between the 15th and 19th centuries. The seismic
vulnerability method was derived from the Italian GNDT approach, with some modifications resulting
from the specificity of the buildings in the investigated area. A new damage—vulnerability—peak ground
acceleration relation was developed using the vulnerability indexes and the yield and collapse
accelerations of buildings obtained through non-linear static analysis. Results of the investigations,
represented with a seismic vulnerability map, critical peak ground accelerations for early damage and
collapse states, and damage index maps for two return periods, have been predicted using the
developed damage curves. The article concludes that the methodology developed in the PMO-GATE
project, which combines the vulnerability index method with non-linear pushover analysis is an
effective tool for assessing the damage of a building stock on a territorial scale.

The first page of the article is shown in Fig. 1. The article is available at the web-site of open access
journal “Applied sciences” (Link: https://www.mdpi.com/2076-3417/11/13/5997, file:///C:/Users/gf-
nikolic/Downloads/applsci-11-05997-v2.pdf ).

European Regional Development Fund www.italy-croatia.eu/pmo-gate
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Abstract: (1) Background: The protection of built heritage in historic cities located in seismically
active areas is of great importance for the safety of inhabitants. Systematic care and planning
are necessary to detect the seismic vulnerability of buildings, in order to determine priorities in
rehabilitation projects and to continuously provide funds for the reconstruction of the buildings.
(2) Methods: In this study, the seismic vulnerability of the buildings in the historic center of Kastel
Kambelovac, a Croatian settlement located along the Adriatic coast, has been assessed through an
approach based on the calculation of vulnerability indexes. The center consists of stone masonry
buildings built between the 15th and 19th centuries. The seismic vulnerability method was derived
from the Italian GNDT approach, with some modifications resulting from the specificity of the
buildings in the investigated area. A new damage-vulnerability-peak ground acceleration relation
was developed using the vulnerability indexes and the yield and collapse accelerations of buildings
obtained through non-linear static analysis. (3) Results: A seismic vulnerability map, critical peak
ground accelerations for early damage and collapse states, and damage index maps for two return
periods have been predicted using the developed damage curves. (4) Conclusions: The combination
of the vulnerability index method with non-linear pushover analysis is an effective tool for assessing
the damage of a building stock on a territorial scale.

Keywords: seismic vulnerability; historical masonry buildings; vulnerability index; pushover analy-
sis; damage index; large-scale assessment

1. Introduction

Many countries with moderate to high seismic risks, including Croatia, have old
towns with stone or brick masonry buildings, built long before the approval of the first
seismic regulations. Some of these towns are categorized as cultural heritage sites and
should be preserved for future generations. Strong earthquakes cause significant damage
and failure of such buildings. Rehabilitation requires significant financial resources that
cannot be allocated suddenly. Therefore, systematic care and planning are necessary to
detect the seismic vulnerability of buildings, in order to determine priorities in regard to
their rehabilitation and allocate funds for reconstruction.

Evaluating the seismic vulnerability and capacity, as well as the damage state, is a
demanding task even for a single building. It requires complex non-linear methods such
as nonlinear static (pushover) analyses [1,2], in which the structure is gradually loaded
according to a uniform or a modal pattern up to the point of collapse, or incremental
dynamic analyses [3], in which ground acceleration is increased up to the point of structural
collapse. Both types of analysis allow the determination of the collapse load as well as
the monitoring of the damage level, which is continuously increasing because of the
nonlinear dissipative processes, including the fracturing and plasticity of the structural
components. Due to the restrictions of the non-linear static analysis for structures that

Appl. Sci. 2021, 11,5997 https:/ /doi.org/10.3390/app11135997
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1.2 Article “Seismic Risk Assessment of Urban Areas by a Hybrid Empirical-Analytical
Procedure Based on Peak Ground Acceleration “

An article “Seismic Risk Assessment of Urban Areas by a Hybrid Empirical-Analytical Procedure Based
on Peak Ground Acceleration” [2], has been published in Special issue “Natural-Hazards Risk
Assessment for Disaster Mitigation” of open access journal “Applied sciences” in June 2022. Organizers
of this special issue are researchers of PMO-GATE project from University of Split and University of
Ferrara.

This article fully extends the scale of the settlement and properly upgrades a methodology previously
proposed by authors to predict seismic damage and the risk to a restricted number of masonry
buildings in the Croatian settlement Kastel Kambelovac located along the Adriatic coast. The proposed
approach is based on a hybrid empirical-analytical procedure that combines seismic vulnerability
indices with critical peak ground accelerations for different limit states computed through a non-linear
pushover analysis. The procedure’s outcomes are the computation of a relationship linking
vulnerability indices to peak ground acceleration for a series of states, corresponding to damage
limitation, significant damage, and near collapse. The described methodology is used to estimate
seismic risk in terms of damage and the index of seismic risk for selected return periods. The general
methodology has allowed a full seismic vulnerability assessment of the whole Croatian settlement of
Kastel Kambelovac.

The first page of the article is shown in Fig. 2. The article is available at the web-site of open access
journal  “Applied  sciences”  (Link: https://www.mdpi.com/2076-3417/12/7/3585, file:
https://www.mdpi.com/2076-3417/12/7/3585/htm).
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Abstract: The seismic risk assessment of existing urban areas provides important information for
the process of seismic risk reduction in different phases of planning and emergency management.
Between different large-scale assessment approaches, a vulnerability index method is often used for
the first screening of the buildings and vulnerability classification. However, this method cannot
fully predict the effects of a specific seismic action on buildings. This paper fully extends the
scale of the settlement and properly upgrades a methodology previously proposed by authors to
predict seismic damage and the risk to a restricted number of masonry buildings in the Croatian
settlement Katel Kambelovac located along the Adriatic coast. The proposed approach is based on a
hybrid empirical-analytical procedure that combines seismic vulnerability indices with critical peak
ground accelerations for different limit states computed through a non-linear pushover analysis. The
procedure’s outcomes are the computation of a relationship linking vulnerability indices to peak
ground acceleration for a series of states, corresponding to damage limitation, significant damage,
and near collapse. The described methodology is used to estimate seismic risk in terms of damage
and the index of seismic risk for selected return periods. The general methodology has allowed a full
ic vulnerability assessment of the whole Croatian settlement of Kastel Kambelovac.

Based on Peak Ground Acceleration.
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1. Introduction

The main reason for excessive human losses and material damage during a seismic
event is the insufficient seismic resistance of buildings. The assessment of seismic per-
formance of buildings in an existing urban area is a demanding task for civil engineers,
especially in old cities that have been gradually growing and expanding over the course of
centuries. The heterogeneous distribution of buildings with different architectural, material
and structural characteristics, accompanied by different ages of buildings, material degrada-
tion over time, various structural and non-structural interventions and, generally, the lack
of knowledge about the performance of the structure, lead to numerous uncertainties in the
analysis of such structures. Given the complexity of the problem, the assessment of seismic
vulnerability and the risk to large areas is usually performed by simplified methods.

The approaches for the evaluation of structural vulnerability can be generally classi-
fied as empirical, analytical, or hybrid. Among them, empirical methods are often used
for the first screening of buildings and vulnerability classification. The vulnerability in-
dex method [1,2] and the damage probability index method [3] are the most common
approaches to assess a building’s vulnerability at the urban scale. Different versions of
the vulnerability index method have been derived from the approach developed by the
Italian Defense National Group against Earthquakes (GNDT) for the seismic vulnerability

Appl. Sci. 2022, 12, 3585. https:/ / doi.org/10.3390/app12073585
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2 Scientific reports at the conference

2.1 ECCOMAS-MSF 2021 conference paper “Seismic assessment of historical stone
masonry buildings”

UNIST and UNIFE have organized a mini-symposium “Risk assessment and resilience estimation of civil

engineering structures and systems”, focusing on the PMO-GATE topics in the framework of an
international conference ECCOMAS-MSF 2021 held in Split.

UNIST-FGAG staff have presented 2 papers related to PMO-GATE activities. The paper “Seismic
assessment of historical stone masonry buildings” [3] has contributed to deliverable 3.3.5. “Scientific
reports on open access journals and on the project web site”.

The paper has been published in the conference proceedings “5th International Conference on Multi-
scale Computational Methods for Solids and Fluids”. It is available at the web-site of the project.

The paper is shown in Fig. 3.

ECCOMAS MSF 2021 THEMATIC CONFERENCE
30 June -2 Jury 2021, Seum, CrOATIA

SBSMIC ASSESSMENT OF HISTORICAL STONE MASONRY BUILDINGS

Zeljana Nikoli¢', Luka Run,m‘ Nives Ostojié Skomrlj', Vedrana Kozuli¢', Gabrijela
Grozdanié®, Elena Benvenuti’

! Univerity o Sl Faly of Cvl Enginseing. Auchicturs and Geodesy.
nives Geradst by,
gbnjda e — gxkt br
* University of Femrars, Engineering Department, brvlne nunife it

Many countries of moderate to high seismic risk, inchiding Croatia, have old cify cores with
uildings built of stone or brick long before any rezulations on construction in earthquake areas came.
info force. Some of them are categonized a5 cultural heritage and should be preserved for furue
zenerations. Strong earthquakes cawe significant damage and demolifion of such buildings and
mumerous casualties. Rehabilitation requires significant financial resources that canmot be secured at
once. Therefore, systematic care and planning is necessary in order to detect the vulnersbility of
Wgtoemuzw\w&mumsmmhahhmmmdwmm&vm\deﬁm‘kw

the reconstruction of such buildings. Between different approaches for the evaluation of stuctural
vulnerability, static non-linear (pushover) method is racognized as relizble tool for analysis of capacity
of structure and failure mechanism.

In this work, seismic vulnerability index mathod and static non-linear (pushover) analysis are used
for sesmmuc vulnerabihity assessment of stone masonry buildings m the historic city center of Kastel
Kambelovac (Fiz1). The mvestigation represents one of the activities of the PMO-GATE project.
focusing on the preventing managing and overcoming natural-hazards risks like seismic, floods and
extreme sea wave risks.

Fig 1. Historical center of Kaitel Kambelovac with analysed buldings

The evalustion of the global stctural capacity is performed according to Eurocode § [1] and
conresponding Croatian standard [2, 3. F is shown for 5 masonry buildings, built befween the 15t
and 19th cenfuries. The buldings are made of stons blocks with mortar joints with 2 thickness of the
mlbﬂwmd‘md?‘mmdﬂmblemdmﬂmﬁ

the serctre is along fhe fao orthogonal ares, in both the
mmandmgmdmms Nonregular disibution of the masses inside the structure i
considered by the ssumption of an eccentricity of the Lateral loads equal to 5% of the nuinamm
floor dimension at each level. Three Literdl load form linear and modal
with the prezence of v in positive & 124 avalyze:.

Each pushover analysis results with the MDOF capacity curve. Aftar the transformation of the
MDOF curve in the SDOF one, bilinear curve is obtaized. Then, capacity of the structure expressed in
peak ground accaleration comvesponding to the end of bilinear curve is calculated.

Sevaunic vulnerability assessument is performed by TREMURI software [4]. Complete 3D models of

‘macro-element:.

The sevmie demand 1= dafined y elazhe. secslerstion Tcponse spectrum Type 1 response
spectnum [2] and soil class 4 [5] are used for HR test site Kastel Kambelovac. The desien ground
acceleration defined by seismic hazard map for the return period of 475 years i equal to 2,=0. 27 The
seismic capacity of the buildings will be defined by checking if the seismic demend represents with
475 years s satisfied.
Numerical pradictions of the collapse accaleration by non-linear static analyses show that 2o
blding mests the sem reqirment ol 12 3,122 in it direcins. Namaly. e peik
to the collapse of the buildings are in the range of 0.07 and 0.10g.
mmwmhm&ﬁm“ﬂmxmﬂhshxmmdmﬂm
faifure:. The analyzes shows that pushover analysis of stone masony building: can provide an insight
nto both slobal seismic resiztance and the mechanisms hat lead to the structural farhure. The seismic
resistance capacity and obtained vulnerability indexes for chosen buildings are discussed.
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Fig. 3. The paper “Seismic assessment of historical stone masonry buildings”
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2.2 Conference paper at the 11th Meeting of the Croatian Society of Mechanics
“Methodology for determining of seismic vulnerability curves of stone masonry
buildings”

The paper “Metodologija odredivanja krivulja potresne ranjivosti kamenih zidanih zgrada” [4] (Eng.
Methodology for determining of seismic vulnerability curves of stone masonry buildings) have been
presented and published at the Meeting of the Croatian Society of Mechanics. Full paper is given in
Proceedings of the 11th meeting of the Croatian Society of Mechanics (Zbornik radova 11. susreta
Hrvatskog drustva za mehaniku).

The paper is avaliable at the web-site https://www.bib.irb.hr/1145941.

Metodologija odredivanja krivulja potresne
ranjivosti kamenih zidanih zgrada

Nikolié, 2.!

Fig. 4. The paper “Methodology for determining of seismic vulnerability curves of stone masonry
buildings”
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2.4 Conference paper “Estimation of the seismic capacity of civil engineering
structures” at the Proceedings of 1% Croatian conference on earthquake
Engineering

The paper “Estimation of the seismic capacity of civil engineering structures” has been presented at
the 1st Croatian Conference on Earthquake Engineering (1CroCEE) held in Zagreb. An importance of
this presentation is in a fact that, after the high-intensity earthquakes in Croatia with the epicenter in
Zagreb and Petrinja in 2020, the research and engineering community are very interested in the
methodology for preventing the consequences of such events, developed in the PMO-GATE project.
The abstract of the paper is available at the web-site
https://crocee.grad.hr/event/1/contributions/108/ . Extended abstract have been published in the
Conference Proceedings.

The paper is avaliable at the web-site https://www.bib.irb.hr/1145941.

Procesdings of 1= Crotian Canftrance on Ear
Zagrat, Cor

CralER,

The first group of sxamples considers stons masonry buildings in the historical city centre of
Kaitel Kambslovas (Figla) built betwesn the | 5th and 19t centuries. They were mad of stons blocks

EST]]\[ATION OF THE SEISMIC CAPACITY OF CIVIL with mortar joints with 2 thickness of the walls between 45 and 73 cm and flexible wooden floors.
NGINEERIN RE Numarical pradictions of the collapse acceleration by non-linsar static analyses show that no building
ENGINEERING STRUCTURES meets the ssizmic requirement aqual to 3,=0.22g in sither dirsction. Namely, the peak srownd
) acesleration cmspnnﬂ:ns to the collapse of the buildings are in the range of 0.07¢ and 0.10z. The
Zaljana Nikelid" £ail due as shear, bending, tension and compression failures.
Eeeton o Lol et e ot ot o e e vet it arises for the global
@ Fuil Professor, Uiversity of Spiéy Faculy of Cosil Engineering Avchitecture vl Gesdery, 7w nikolic Benadst b behaviowr. For example, analysis of public library showed that the lowast collapse accaleration is
obtained for linear distribution of lateral forees and it is equal to 0.079, while the lowest value of the
£ail Jeration in analysis of local meck iz 0.130g (Fig2).
Eeywords: Seimic capaviy, Collapes mechmniz, Histovical masonry buildings, Staric non-lineer analysis. e " R
= e
Estimation of the ssismic capacity of existing buildings is of great importance for the safety of B A= 00795

inhabitants ix the old cities mnd setlaments, This paper presents sstimation of the ssismic bearing

capacity and eollapse mechanizm of several masonry buildings typical for the histarieal eity centras and -

surrounding areas along Dalmatian costs (Figl). The evaluation is performed aceording to Enmrnds 3

[1] and corrasponding Croztian standard [2, 3] using static non-linaar pushover analysic. Complete 3D

models of masonry structures were made by TREMURI software [4] assembling 2-nodes macro- Figwre 1. Results of global and local analysis u{l’u'h]_.ic Library- (a) Critical pushover curve; (b} Critical local

elements, representing fhe non-linear behaviour of masonry panels md piers. The marro-slement mechaniem failure.

considers bwt‘n e shearsliding damage falure mode and i e'o]utmn controlling the strength
effect, modelled

by means ed'pheunmanu]cgacal TR ST gt in comprassion.

The second group of buildings are typical family kouses (Fiz1b) outsida of the historical core
made as masonry stuctures consist of concrats or clay blocks without or with concrete boundary
elaments [beam oriand columns) depending on the construction period. The results for collapse

The sesponse of the structure is investigated along the twe orthogonal axes, in both the positive accelerations obtained by pushover analysis are compared for 2-floor and 3-floer buildings made of
and negative directions. Non-regular distribution of tha massas is considerad by the assumption of an {1) unbounded concrete mazonry built before the first seismic rezulation i 1964; (2) concrste masonry
sccentricity of the lateral loads squal to £3% of the maxinmum floor dimension at sach lavel. Three with horizontal RC bazms typical for the period between 1964, and 1980.; (3) concrate masonry with
lateral load distributions (uniform, linear and modal) with the presence of sccentricity give m total 24 borizontal RC beams and RC columns built betwesn 1980. and 2005. and (4) clay masonry with
analyses. Each pushover analysis results with the MDOF capaetty curve which transform in bilmear horizoutal RC beams and RC colunns which are seismically resistant structures due to the applications
SDOF cnes. The capacity of the structure is expressed in peak d ing to the of modemn design standards based on Exroende 8. Caleulatsd capacity accelerations show that only
o of bolmasr enree. Type | responce spctnum (1, 2) sod zoi clazs A ave uasdl The Savin ground uildings built according Fppspde § meet the seismic requirement
acceleration defined by seismic hazard map for the retum period of 473 years is equal to 3.=0.22g. The
selsmic capacity of the buildings is defined b the seismic demand s with 473 years Acknowledgements
is satisfied. Local mechanism failure was analysed in order to check luca] behaviour, such us the lack
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Fig. 5. Two-page abstract of the paper “Estimation of the seismic capacity of civil engineering
structures”
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2.5 Conference paper “Assessment of seismic vulnerability of existing masonry

buildings in urban area” - 10th International Congress of Croatian Society of

Mechanics

The paper “Assessment of seismic vulnerability of existing masonry buildings in urban area” will be
presented in 10th International Congress of Croatian Society of Mechanics, Pula, Croatia, in September
28-30, 2022. The paper has been submitted to Organized session “Risk assessment and resilience
estimation of civil engineering structures and systems” organized by PMO-GATE researchers Zeljana
Nikoli¢ and Elena Benvenuti.

Two-page abstract accepted for presentation is shown in Figure 6.

Fig. 6. Two-page abstract “Assessment of seismic vulnerability of existing masonry buildings in
urban area”
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1. Introduction

The assessment of seismic vulnerability of masonry buildings in an existing urban area is a
demanding task, cspecially in old citics which have been gradually growing and expanding over the
course of centurics. Different approaches like empirical, analytical or hybrid, can be used for the
evaluation of structural vulncrability. This study uses hybrid empirical-analytical procedure which
combines seismic vulncrability indewes with critical peak ground accelerations computed through a
non-lincar pushover analysis. The proposed approach is based on detail evaluation of the seismic
performance of ct the obser by pushover analysis. Peak ground
accelerations for different limit states are linking with the vulnerability inder of the buildings for the
chosen sample. Established relations arc used to cstimate peak eround accolerations, damage index
and seismic risk index: for other buildings in the urban arca, based on their vulnerability indexes. The
‘methodology has demonstrated at the Croatian settlement Kagtel Kambeloyac

2. Case study

The case study Kastel Kambeloyas is a small Mediterrancan urban settlement placed along the
Croatian coast, It consists of a historical core constituted by stone masonry, erocted between the 15%
and the 19% century, and the periphery outside of the historical core which includes mix of the
buildings made of stone, concrete or brick blocks built in 20% and 21% century. In particular, five
‘main categories of buildings have been recognized: before 1948, 1949 — 1964, 1964 — 1982, 1982 to
2005 and modern buildings erected from 2003 onwasds. All these buildings exhibit different seismic
performance depending on the period of construction and applied technical regulation [1,2].

3. Seismic vulnerability assessment procedure

The vulnerability index method is used to calculate the vulnerability index for the building based
on the calculation of 11 geometrical, structural and non-structural vulnerability parameters of the
buildings[1, 2]. Seismic behavior and the capacity of the building for three limit state (LS) conditions
[3] are evaluated by static non-linear (pushover) method [4]. Eighteen buildings in the setlement (10
in historical core and 8 outside of the core) were modelled using SMURI software [5]. The buildings
have been chosen considering different material and structural characteristics as well as the period
of construction. The results for 18 analyzed buildings are used to establish the vulnerability index —
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peak ground acceleration (PGA) relation for DL, SD and NC limit states at the entire test site. Figure
1 shows the relationships between the vulnerability index and the critical peak ground accelerations
associated with the DL, SD and NC limit states. The trend lines L-PGAn, L-PGAsp and L-PGAxc
for three limit states expressed by exponential functions have been established. They are used to
approximate the yield, significant damage and collapse PGA for the entire test site

Figure 1. Relations lm-PGApL, -PGAs and kn-PGAxc

The valugs of yield and collapse accelerations are th basis for deriving vulnerability curves and
detection of the damage index for the eiven intensity of the carthquake. Thres seismic scenarios
corresponding to return periods 95. 225 and 475 years and demand PGA of 0.11g, 0.17g and 0.22g,
respectively, have becn chosen, and demage indeses have been calculated for thie buildings at the
whole test site. The seismic tisk index opoy.c is defined as the ratio of the PGA. associated to the
capacity of the structure and the demand ground acceleration PGAD. The values opca c>1 refer to
safe structures, while the values asc4, <1 refer to non-safe structures. The seismic risk index for the
collapse (NC limit state) of the buildmgs for three retum periods are calculated for the scttlement.

4. Conclusions

A " hybrid to large scal and risk existing
urban areas is presented in this study. The approach combines the advantages of the vulnerability
index method in assessing the vulnerability of a large number of buildings with the pushover method,
that allows to determine the capacity curves and detect the specific limit states of the buildings. The
present procedure has resulted in seismic vulnerability indexes, damage indexes, critical
accelerations for different limit states and seismic risk indexes for the casesmdvgggy@;m
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impact™—PMO-GATE ID 10046122; (2) the CROATIAN GOVERNMENT and the EUROPEAN UNION
through the European Regional Development Fuad—the Competitiveness and Cohesion Operational
Pragsamame (Project KK 01.1.1.02.0027).
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