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Preface to ”Reducing the Seismic Vulnerability of

Existing Buildings: Assessment and Retrofit”

The devastating seismic events occurring all over the world continue to alert the scientific,

technical, and political communities of the need to identify assets at risk and develop more effective

and cost-efficient seismic risk mitigation strategies. Significant advances in earthquake engineering

research have been achieved with the rise of new technologies and techniques, with potential uses

in risk assessment, management, and mitigation. Nevertheless, there is still much to be done,

particularly with regard to existing buildings, most of which have been built without anti-seismic

provisions. The wide variety of construction and structural systems, associated with the complex

behavior of their materials (raw earth, timber, masonry, steel, and reinforced concrete), greatly limit

the application of current codes and building standards to the existing building stock. To tackle this

global issue, there is a fundamental need for developing multidisciplinary research that can lead

to the development of more sophisticated and reliable methods of analysis, as well as to improved

seismic retrofitting techniques compliant with building conservation principles.

This book intends to contribute to the aforementioned goal by stimulating the exchange of ideas

and knowledge on the assessment and reduction of the seismic vulnerability of existing buildings.

Included are 10 high-quality contributions authored by international experts from Italy, Portugal,

Morocco, Nepal, Czech Republic, and Spain. All contributions focus on the protection of existing

buildings by considering the most updated methods and advanced solutions emerging from different

fields of expertise.

Tiago Miguel Ferreira, Nuno Mendes, Rui Silva

Special Issue Editors
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Devastating seismic events occurring all over the world keep raising the awareness of the scientific,
technical and political communities to the need of identifying assets at risk and developing more
effective and cost-efficient seismic risk mitigation strategies. Significant advances in earthquake
engineering research have been achieved with the rise of new technologies and techniques with
potential use in risk assessment, management and mitigation. Nevertheless, there is still much to be
done, particularly with regard to existing buildings, most of them built without anti-seismic provisions.
The wide variety of construction and structural systems, associated with the complex behaviour of
their materials (raw earth, timber, masonry, steel and reinforced concrete), greatly limit the application
of current codes and building standards to the existing building stock. To tackle this global issue,
there is a fundamental need for developing multidisciplinary research that can lead to the development
of more sophisticated and reliable methods of analysis, as well as to improved seismic retrofitting
techniques compliant with buildings conservation principles.

The present Special Issue of Buildings intends to contribute to the aforementioned goal
by stimulating the exchange of ideas and knowledge on the assessment and reduction of the
seismic vulnerability of existing buildings. As outcome, 10 high quality contributions authored
by international experts from Italy, Portugal, Morocco, Nepal, Czech Republic and Spain were
published. All contributions pursue the protection of existing buildings by considering the most
updated methods and advanced solutions emerging from different fields of expertise.

Ferreira et al. [1] starts by presenting a comprehensive review of the most relevant vulnerability
assessment methods applicable at different scales, as well as the most significant traditional and
innovative seismic retrofitting solutions for existing masonry buildings. The authors highlight the need
for a proper balance between simplicity and accuracy when selecting the most appropriate seismic
vulnerability method or technique, and stress the importance of adopting vulnerability indicators that
can be easily understood and interpreted, not only by the technical and scientific community, but also
by citizens and governmental and civil protection authorities.

Mascort-Albea et al. [2] proposes the development of a set of documents for the evaluation and
diagnosis of the state of existing buildings and infrastructure regarding seismic activity in Andalusia.
The authors establish two specific protocols. The first, a short-term guideline, which enables the
classification of damage and risk levels, and the determination of what immediate interventions should
be carried out through the generation of a preliminary on-site report. The second one, a long-term
protocol, which provides calculation procedures and constructive solutions for the improvement of the
seismic behaviour of affected buildings. The validity of the protocols is demonstrated by specially
designed tests, which further illustrate the need for information and communication technologies (ICT)
tools in the evaluation of architectonic technical aspects.

The main purpose of the study presented in Cherif et al. [3] was to assess seismic risk and present
earthquake loss scenarios for the city of Imzouren, in northern Morocco. The authors resort to an

Buildings 2019, 9, 148; doi:10.3390/buildings9060148 www.mdpi.com/journal/buildings1
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empirical approach to assess the seismic vulnerability of the existing buildings, using the Vulnerability
Index Method (RISK-UE), and considering both deterministic and probabilistic earthquake scenarios.

In the same line, Chieffo and Formisano [4] analysed a sub-urban sector of the historic centre of
Qualiano, Naples (Italy). The seismic vulnerability of both masonry and reinforced concrete buildings
is assessed resorting to a simplified typological-based approach and damage scenarios are created
taking into account site and topographical local conditions. The site effects were shown to play an
important role in the vulnerability and risk assessment of urban areas.

Estêvão [5] discusses the feasibility of using neural networks to obtain simplified capacity curves
for seismic assessment. In the proposed approach, an artificial neural network (ANN) is used by the
author to obtain a simplified capacity curve of a building typology, in order to use the N2 method
to assess the structural seismic behaviour. The case study presented allowed the conclusion that the
ANN precision is very dependent on the amount of data used to train the ANN and demonstrated that
it is possible to use ANN to obtain simplified capacity curves for seismic assessment purposes with
high precision.

Moving the focus to timber buildings, Drdácký and Urushadze [6] discuss possibilities for
seismic improvement of traditional timber carpentry joints. The authors analyse two approaches,
each using different retrofitting technologies that avoid completely dismantling the joint, allowing
for the conservation of frame integrity. According to experimental observation, fully fastening the
brake plates to the wood using screws, proved to be the most effective technique. Reinforcing timber
carpentry joints with nails also produced interesting results, as did the use of a combination of nails
and inserted plates.

d’Aragona et al. [7], investigate the effect of infills on the lateral seismic capacity of reinforced
concrete (RC) framed buildings by explicitly considering possible brittle failures in either unconfined
beam-column joints or columns. From a series of non-linear static analyses, the authors observe that
the considered existing gravity load designed buildings attain the life safety limit state in a very
premature stage of the analysis. They further show evidence that such a poor structural behaviour
can be improved through the application of local retrofit interventions whose efficacy, in some cases,
varies depending on the consistency of the infills.

Malla et al. [8] discuss the seismic performance of a high-rise RC apartment building with brick
infill masonry walls, which was assessed through a nonlinear time history analysis. This work arose in
response to the need for more research on the seismic response of this typology, which was identified
in a rapid visual assessment campaign performed after the 2015 Gorkha Earthquake. The numerical
simulations confirmed that the building sustained reduced damaged for the PGA value of the 2015
Gorkha Earthquake (0.16 g), though for earthquakes with PGA values equal to or higher than 0.36 g,
the building would present severe damage, failing to fulfil safety demands.

A discrete element analysis of a shaking table test performed on a traditional stone masonry
house is presented by Lemos [9], as a demonstration of the capabilities of this analysis method.
Practical application issues are examined, namely the computational requirements for dynamic
analysis. Among other remarks, the author stresses that model simplification strategies, whether in
terms of geometry or in the constitutive assumptions, are a key to provide meaningful results with the
existing data in practical situations.

Finally, Ramírez, Mendes and Lourenço [10] addresses the state of conservation of the Benedictine
Monastery of São Miguel de Refojos, located in Cabeceiras de Basto (Portugal), as well as the evaluation
of its structural behaviour and seismic performance resorting to nonlinear static analyses. Based on
the diagnosis and analyses made, the authors draw a series of conclusions about the need for putting
in place a monitoring plan and a set of preventive measures in order to guarantee a more efficient
structural behaviour of the building.

The editors would like to express their sincere gratitude to the authors, who have generously
shared their scientific knowledge and experience through their contributions, to the peer reviewers,
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editors of Building, who have enthusiastically supported and promoted this initiative.
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Abstract: The growing concern about the protection of built heritage and the sustainability of urban
areas has driven the reoccupation of existing masonry buildings, which, in the great majority of the
cases, were not designed or constructed to withstand significant seismic forces. This fact, associated
with territorial occupation often concentrated in areas with high seismic hazard, makes it essential to
look at these buildings from the point of view of the assessment of their seismic vulnerability and
retrofitting needs. However, to be effective and efficient, such an assessment must be founded on a
solid knowledge of the existing methods and tools, as well as on the criteria that should underlie
the selection of the most appropriate to use in each context and situation. Aimed at contributing
to systematise that knowledge, this paper presents a comprehensive review of the most relevant
vulnerability assessment methods applicable at different scales, as well as the most significant
traditional and innovative seismic retrofitting solutions for existing masonry buildings.

Keywords: seismic vulnerability assessment; large-scale vulnerability analysis; numerical modelling;
seismic retrofit

1. Introduction

Devastating seismic events keep raising the awareness of scientific, technical and political
community to the need of identifying assets at risk and developing more effective and cost-efficient
risk mitigation strategies. The capacity to accurately assess the seismic vulnerability of these assets
plays a fundamental role in this context, mainly because among the three factors that make up the
standard formulation of risk (hazard, vulnerability and exposure), the vulnerability is the only factor
in which engineering research can intervene. Nevertheless, and despite the significant advances in the
field of seismic engineering and risk assessment, there is still much to be done, particularly with regard
to existing buildings, most of them built without antiseismic provisions. Moreover, the wide variety of
construction and structural systems, associated with the complex behaviour of their materials (raw
earth, timber, masonry, steel and reinforced concrete), greatly limit the application of current codes and
building standards to the existing building stock.

To tackle this global issue, it is fundamental to enhance the engagement between innovation and
technical stakeholders towards the development and application of more sophisticated and reliable
methods of analysis, as well as improved seismic retrofitting techniques compliant with buildings
conservation principles, a goal that can only be achieved on the basis of a solid knowledge of the
current state of the art. Based on this assumption, the present paper provides a general framework
on the issue of the seismic vulnerability assessment of existing masonry buildings by reviewing the
most relevant vulnerability assessment methods applicable at different evaluation scales (from large to
building scale assessment) and the most successful traditional and innovative solutions used in the
retrofitting of existing masonry buildings.

Buildings 2019, 9, 91; doi:10.3390/buildings9040091 www.mdpi.com/journal/buildings4
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2. Seismic Vulnerability Assessment Approaches at Different Scales

The selection of the most appropriate seismic vulnerability assessment method to use must be
made based on a proper balance between simplicity (of the tool) and accuracy (of the results), keeping
always in mind that vulnerability outputs can be affected by several sources of uncertainty that should
acknowledges and addressed, namely those related to the limitations of the model itself and to the
inherent randomness of both the sample and the response.

Over the last decade, several European consortiums have been working on different aspects related
to the assessment and mitigation of vulnerability and seismic risk, namely on the classification and
categorisation of existing seismic vulnerability assessment approaches at different scales. According
to their classification, methodologies can be grouped into three main categories taking into account
their level of detail, scale of evaluation and use of data: (1) first level approaches, (2) second level
approaches and (3) third level approaches (see Figure 1).

   Particularly suitable  • Possible to apply 
       
       
   

 
 
 
 
 
 
 
 

 
Large-scale 

 

 
 
 
 
 
 
 
 
 

 
Small building stocks 

 

 

 
 
 
 
 
 
 
 
 

 
Building scale 

 
       

First level approaches  •     
Second level approaches    •   

Third level approaches      • 
Level of detail  Low  Medium  High 

Figure 1. Analysis techniques versus assessment scales.

First level approaches are mainly based on the use of qualitative information and therefore they
are ideal for the development of large-scale seismic vulnerability analysis. Second level approaches
are based on mechanical models, which rely on detailed geometrical and mechanical information.
For this reason, second level approaches are particularly suited to the assessment of small building
stocks (aggregates or single buildings). Finally, third level approaches involve the use of complex
numerical modelling techniques, which require a comprehensive and rigorous geometrical, material
and mechanical characterisation of the building.

3. Large-Scale Seismic Vulnerability Assessment Methods

When assessing the vulnerability of a large number of buildings, the amount of information
to collect and treat can be massive and thus the use of more expedite approaches is more adequate.
Large-scale seismic vulnerability assessment methods, either at the national or urban level, should
be based on few vulnerability indicators, which are usually defined from the statistical treatment of
past earthquake damage data. The definition and nature of such methods (some of them are much
more quantitative while others are more qualitative) naturally limits their methodological formulation
and the level at which the assessment is conducted, from the expedite evaluation of an entire area
based on the identification and characterisation of representative building typologies to the individual
assessment of each building. Thus, and according to the scheme in Figure 1, some remarkable
examples of the application of first and second level approaches are given in the following subsections,
categorising them into four different groups of methods: typological, indirect, conventional and hybrid.
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3.1. Typological Methods

According to typological methods, buildings are classified into different classes depending on
a series of aspects (structural, construction, material, etc.) that either directly or indirectly influence
their seismic response. In these methods, vulnerability is described as the probability of a structure to
suffer a certain level of damage for a given ground motion intensity level, and damage probabilities
are defined on the basis of past earthquake damage data and expert judgement. Since results obtained
using typological methods are based on field investigation, they have to be considered in terms of their
statistical accuracy. In this sense, they are valid only for either that particular area or for other areas
with similar field conditions (in terms building typology and seismic hazard). A striking example
of the use of a typological approach are the Damage Probability Matrices (DPMs) developed by
Whitman et al. [1]. In this work, the authors have compiled DPMs for several building typologies
according to the damaged sustained in over 1600 buildings after the 1971 San Fernando earthquake.
According to different authors [2,3], one of the first European versions of a DPM was produced in
Italy by Braga et al. [4] from the statistical treatment of the damage data collected after the 1980 Irpinia
earthquake. The authors have used a binomial distribution to describe the damage distributions of
each class for different seismic intensities. Buildings were separated into three vulnerability classes
(A, B and C) and a DPM based on the MSK scale [5] was evaluated for each class [6]. The Italian
National Seismic Service has processed the same Irpinia 1980 database, in order to obtain DPMs,
see Di Pasquale et al. [7]. The main differences between this work and the original DPMs proposed
by Braga et al [4] lies in the use of dwellings instead of buildings and in the quantification of the
earthquake intensity in terms of MCS scale [8], instead of the MSK scale [5].

Although, as already referred, its origin goes back to the 1970s, the use of DPMs is still very
popular. In 2003, as part of the ENSeRVES project (European Network on Seismic Risk, Vulnerability
and Earthquake Scenarios), Dolce et al. [9] have derived DPMs for the Italian town of Potenza.
An additional vulnerability class (D) was included by the authors in the formulation using the EMS-98
scale [10] in order to account for the buildings constructed after 1980 (i.e., buildings that have either
been retrofitted or designed to comply with recent seismic codes) [2,6]. More recently, Lagomarsino
and Giovinazzi [11] proposed a set of DPMs from the European Macroseismic Scale (EMS) aimed
at providing a model for estimating seismic damages in five increasing and perfectly defined levels
of damage.

3.2. Indirect Methods

Indirect methods involve the determination of a vulnerability index and the establishment of
a series of relationships between damage and seismic intensity [6], which are generally supported
by statistical studies of postearthquake damage data. As schematised in Figure 1, indirect methods
have been applied extensively to assess the seismic vulnerability of large areas and/or building stocks.
The “Vulnerability Index Method”, originally proposed by Benedetti and Petrini [12] (see also [13]),
is one of the most applied indirect methods, involving the computation of a vulnerability index (i.e.,
a building vulnerability classification system), which aims at traducing the physical and structural
characteristics of the building into a quantitative form. According to this approach, each building
is classified in terms of a vulnerability index related to a damage grade determined via the use of
vulnerability functions. These functions enable the formulation of the damage suffered by buildings for
each level of seismic intensity (or peak ground acceleration, PGA) and vulnerability index, see Figure 2.
Indirect methods use extensive databases of building characteristics (typological and mechanical
properties) and rely on observed damage after recent earthquakes to classify vulnerability, based on a
score assignment. An adapted vulnerability index method has been developed and used to assess the
seismic vulnerability of both unreinforced masonry and reinforced concrete building under the scope
of “Catania Project” [14]. Following the guidelines of ATC-21 [15], a rapid screening approach was
used in this project to define the vulnerability scores of the buildings.
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Among the main advantages of indirect techniques, it is worth highlighting their ability to
determine the vulnerability characteristics of the building stock under consideration, rather than base
the vulnerability definition of a certain building typology considered as representative of the that
building stock. Nonetheless, since they are based on vulnerability indices that are defined on the basis
of empirical-based coefficients (weights), the uncertainty associated to the results is potentially high
and should therefore be taken into account. Moreover, large-scale assessment using indirect techniques
(at a regional or a national scale) must be based on data gathered from a large number of buildings,
assumed to be representative of the building stock [16].

Figure 2. Unified relationships between vulnerability, damage and peak ground acceleration, adapted
from Petrini [17].

3.3. Conventional Methods

Conventional techniques are essentially heuristic, proposing a correspondence between a
vulnerability index and a certain level of damage. According to Vicente et al. [18], there are essentially
two groups of conventional approaches: the group that qualify the different physical characteristics of
structures empirically and the group of those based on the criteria defined in seismic design standards
for structures, evaluating the capacity–demand relationship of buildings. One of the best-known
approaches of the first group is probably ATC-13 [19]. Damage probability matrices were defined
therein based on the know-how of more than 50 senior earthquake engineering experts who were asked
to estimate damage factors (the ratio of loss to replacement cost, expressed as a percentage) for Modified
Mercalli Intensities [20] from VI to XII, and for 36 different building classes. Some large-scale risk and
loss assessment works based on ATC-13 can be found in the literature [21–25]. As an example, Table 1
presents the damage factors for each damage state, computed by Eleftheriadou and Karabinis [22] for
the city of Basel.

Table 1. Damage probability matrix (DPM) presented by Eleftheriadou and Karabinis [23] for Basel.

Damage Grade CDF (%)
Intensity

V VI VII VIII IX X

1 5 8 35 20 20 5 0

2 20 0 8 37 37 15 7

3 55 0 0 35 35 37 15

4 90 0 0 8 8 35 37

5 100 0 0 0 0 8 41

MDF 0.4 3 14 35 63 84

7
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3.4. Hybrid Methods

As its name suggests, the hybrid techniques combine features of the above-mentioned techniques.
A representative example of a hybrid technique is the macroseismic approach proposed by
Faccioli et al. [11], which combines the characteristics of the typological and indirect methods using
the referred vulnerability classes and a vulnerability index improved by the use of modifier parameters.
This macroseismic method, either in its original format or with some minor adaptations, has been
widely applied for assessing the seismic risk of various urban areas, such as Barcelona (Spain) [21],
Faro (Portugal) [26] or Annaba (Algeria) [27], just to mention some, as well as of neighbourhoods [28]
and building aggregates [29]. An interesting example of the combined application of a hybrid approach
and a GIS tool was recently presented by Ferreira et al. [30]. In that work, the authors make use of
a simplified index-based approach to evaluate the impact resulting from the adoption of different
large-scale retrofitting strategies, measured in terms of material, human and economic losses. In order
to improve their interpretation, the results are mapped using a commercial GIS software, wherein
georeferenced graphical information was combined and connected to a relational database containing
the main structural characteristics of the buildings, see Figure 3. Various modules with different
objectives were developed and integrated into the GIS, including vulnerability assessment, damage
and loss estimation (number of collapsed buildings, casualty rate, number of unusable buildings and
repair costs) for different macroseismic intensities, allowing for the construction of multiple physical
damage and loss scenarios. With this discussion, the authors intended not only to demonstrate how
simplified seismic vulnerability assessment approaches can be used to analyse the impacts resulting
from the implementation of large-scale retrofitting programs (Figure 3a versus Figure 3b), but also to
prove that investing in prevention strategies designed to mitigate urban vulnerability is one of the
most effective strategies, both from the social and economic standpoint.

  
(a) (b) 

Figure 3. Mapping of damage scenarios for the old city centre of Horta: (a) before and (b) after the
application of seismic retrofitting strategies, adapted from Ferreira et al. [30].
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In the same line, Aguado et al. [31] took advantage of a hybrid approach to discuss the potential
benefit resulting from the application of different seismic retrofitting strategies, not only accounting
for their effect on the reduction of individual and global damages resulting from different seismic
scenarios, but also regarding their global impact in terms of civil protection and urban accessibility.
For such, the authors applied a hybrid seismic vulnerability assessment approach for façade walls to
obtain vulnerability and damage scenarios for the historical city centre of Coimbra. Resorting to a
GIS tool, these scenarios were subsequently used to map evacuation routes with different levels of
accessibility, see Figure 4a. Blocked, restricted access and free roads were plotted considering both the
façade walls prone to partial or total collapse and the narrowness of streets. Moreover, the urban areas
that may be potentially inaccessible in the case of a seismic event were also identified, as well as the
number of people that, in consequence, may be affected. Finally, the author has analysed the impact,
in terms of urban accessibility, of retrofitting the building façade walls that define the areas more prone
inaccessibility, see Figure 4b. Due to its immediate and practical application, it is easy to understand
that this kind of information is of major significance for decision-makers and civil protection agencies.

 

 

 
(a) (b) 

Figure 4. Mapping of (a) evacuation routes and (b) configuration of the most critical urban area before
(top) and after (bottom) retrofit, adapted from Aguado et al. [31].

4. Seismic Vulnerability Assessment at Building Scale

The seismic behaviour of existing masonry buildings is complex and depends on several aspects.
The evaluation of the seismic response of this type of buildings can be divided in two main types
of behaviour: (1) in-plane behaviour and (2) out-of-plane behaviour. In the last decades, several
experimental and numerical studies on the in-plane and out-of-plane of existing masonry buildings were
carried out, which allowed for significant improvement of the knowledge on its seismic performance.
Furthermore, these studies helped develop new tools for the seismic assessment of existing masonry
buildings. In the next sections, an overview on the numerical modelling approaches at material level,
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and the numerical modelling methods, the types of analysis and the assessment criteria for the seismic
assessment of existing masonry structures at the building scale are presented.

4.1. Numerical Modelling Approaches at Material Level

Masonry is a composite material with units and joints. The units can be adobe bricks, fired bricks,
ashlars, irregular stones and others. Two main types of joints can be distinguished, namely, dry joints
and mortar joints. The mortar joints can be such as mud mortar, lime-based mortar and cement-based
mortar, among others. The structural behaviour of masonry depends on several aspects: (a) material
properties of units and joints; (b) geometrical properties of units and joints; (c) quality of the
workmanship; and (d) conservation status. The morphology of the cross-section of the masonry
element has also influence on the structural, since the masonry can present: (a) different types of
unit bonds, such as uncoursed bond and coursed bond with stone units or the English bond and
Flemish bond with brick units; (b) different number of layers/leafs that compose the masonry element
(single leaf masonry wall, multileaf masonry wall and multilayered vault); and (c) different types of
arrangement at the connections between the walls (with and without interlocking).

The strategy for the numerical modelling of existing masonry buildings can be defined based on
the assumptions assumed at material level. At material level, three elements can be distinguished in
the masonry with mortar (Figure 5a): units, mortar and interface unit/mortar. Two main approaches
can be adopted to simulate masonry [32]: micro- and macromodelling. Micromodelling can be further
divided into [32] detailed micromodelling and simplified micromodelling. In the macromodelling
approach (Figure 5d), the units, the mortar and the interfaces unit/mortar are modelled together as a
continuum and composite material. In the simplified micromodelling approach (Figure 5c), the units
are expanded (unit and half of the thickness of the mortar) and they are simulated as continuum
elements. The behaviour of the mortar and of the interface unit/mortar is modelled by discontinuous
elements. The third approach (Figure 5b) corresponds to the most detailed approach, in which the units
and the mortar are simulated by independent continuum elements and the behaviour of the interfaces
unit/mortar are modelled by discontinuous elements. The mortar with dry joints can be simulated
using a micromodelling approach, composed by continuous elements for the units and discontinuous
elements to simulate the interfaces unit/mortar (infinite compressive stiffness and strength and no
tensile stiffness and strength). In general, the most detailed modelling approaches provide simulations
that are more accurate and can be more representative of the real behaviour. However, they are
more complex, since they require a high number of material parameters and more computational
effort. The number of material parameters is significantly high when the nonlinear analysis is adopted.
Thus, the selection of the modelling approach at material level should be based on an equilibrium
between the required precision in the results and the effort needed to prepare the model, run the
analysis and analyse the results. In general, macromodelling is used to simulate entire buildings,
while micromodelling is adopted to model small portions/elements of masonry. For examples of
applications of the macromodelling, simplified micromodelling and detailed micromodelling see
respectively Mendes and Lourenço, Kurdo et al. and Andreotti et al. [33–35].

4.2. Numerical Modelling Methods

In the numerical modelling of existing masonry buildings, four main strategies based on the
following methods can be distinguished: (1) Finite Element Method (FEM); (2) Distinct Element
Method (DEM); (3) equivalent frame method; and (4) method using rigid macroblocks taking into
account the expected collapse mechanisms.
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Figure 5. Modelling strategies at material level: (a) masonry sample; (b) detailed micromodelling;
(c) simplified micromodelling; and (d) macromodelling, adapted from Lourenço [32].

In the Finite Element Method (FEM) (Figure 6b), the continuous domain is discretised by a
mesh composed by elements connected by nodes. It is a method widely used to solve complex
engineering problems, in which the problem is described by differential equations. In structural
problems, first a numerical model, composed by elements, is prepared. Then, and after running the
analysis, the results are obtained and evaluated. The FEM has several types of 1D, 2D and 3D elements
based on different formulations that can be adopted to simulate structural problems, such as beams
elements, shell elements or solid elements. FEM has also available other types of elements to simulate
particular behaviours/characteristics of the structure, such as interface elements, springs elements,
mass elements, boundary elements or reinforcement elements. This method can be used to solve static
and dynamic problems, with linear and nonlinear behaviour. The nonlinear analyses can be adopted
to simulate the nonlinear behaviour of the materials (e.g., cracking and crushing of masonry) or the
geometric nonlinearity. The FEM models can consider also the anisotropic behaviour of the masonry.
The standard FEM method to solve nonlinear problems is implicit, which requires an iterative method,
more computational effort and provides an unconditionally stable solution. There are also FEM
codes that provide the explicit method, aiming at reducing the computational effort associated to the
convergence difficulties of the implicit method. However, this FEM method is unconditionally stable
and small steps should be adopted. Several softwares to solve complex structural problems, including
the behaviour of existing masonry buildings, are available, such as DIANATM [36], ANSYS® [37] or
Abaqus Unified FEATM [38].

The FEM has been widely used to evaluate the structural performance of existing masonry
buildings, including for the seismic action. Most of the FEM models of entire buildings are developed
based on the macromodelling approach (Section 4.1), even for historic buildings, since it is the most
simple and fast approach to prepare the models and run the analysis. In general, this approach
is a good compromise between required accuracy and computational effort to evaluate the global
seismic behaviour of an entire masonry building. There are several applications of the macromodelling
approach based on the FEM to evaluate the performance of masonry buildings, taking into account
the in-plane and out-of-plane behaviour of the walls, and to evaluate the efficiency of strengthening
techniques [39–41]. The numerical models developed in the FEM based on the micromodelling approach
(Section 4.1) are detailed, requiring more computational effort. Thus, this modelling strategy is not
commonly adopted simulate the seismic behaviour of entire masonry buildings. It is mainly adopted
to simulate a small portion of masonry or a masonry element, such a masonry wall (e.g., [42,43]).

The Distinct Element Method (DEM) (Figure 6a) was mainly developed to solve problems related
to discontinuous materials, such as soils or masonry. Due to high computational effort required to run
DEM models, this method was used mainly to simulate behaviour of small models. Nowadays, and to
the recent advances in the computer hardware, the DEM is becoming more popular, even to solve
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problems of civil engineering, such the evaluation of the seismic performance of masonry structures.
In the analysis of masonry structures or masonry components, two approaches can be adopted for
DEM models: (1) DEM models developed with rigid or deformable blocks and (2) DEM models
developed with spherical particles. The DEM models with spherical particles involve a high number of
elements and they are not appropriated to simulate entire masonry buildings. In general, the masonry
models based on DEM are prepared with blocks to simulate the units, in which the interaction between
the blocks is defined by contact points. The normal and shear stress at the contact points are based
on the relative displacement caused by applied forces. In this method, the accuracy is guaranteed
if an enough number of contact points are adopted [44]. When the deformable blocks are adopted,
the blocks are discretised into an internal finite element mesh (combined FEM/DEM method [45]).
The DEM allows stimulating the collapse mechanisms at large displacement domains, which is useful
to evaluate the behaviour of masonry buildings from the initial damage until near its collapse, including
damage caused by the sliding mechanism. The solution is obtained from an explicit time-stepping
algorithm, which allows to simulate the nonlinear interaction of a large number of blocks without
high computational requirements or to use an iterative method. Thus, small steps should be used.
The UDEC [46], 3DEC [47] and DEMpack [48] are examples of software based on DEM. In general,
these softwares have also beam and cables elements to simulate strengthening of the structure.

The DEM can be useful to take into account the effect of the morphology of the masonry,
using one block to simulate each unit, which require a high computational effort for large models.
The computational effort can be reduced if the blocks simulate portions of masonry composed by
several units. In this simplification, the discretisation should be carefully defined, taking into account
the expected collapse mechanisms, since it can have influence on the response of the model. There are
several applications of the DEM to evaluate the seismic performance of existing masonry structures,
mainly for historic constructions [49–51].

In the equivalent frame method (Figure 6c), the main objective is to represent each type of member
of the masonry building (piers, lintels, spandrels, etc.) by a specific structural element that simulate
its behaviour (1D or 2D FEM element, macroblock, macroelements, etc.). In general, these structural
elements are connected by rigid nodes, springs or interface elements. Thus, a 3D equivalent frame
to the structural system of the buildings is created. This type of modelling strategy started to be
applied by Tomaževič [52] in 1978, where the 1D macroelements were adopted to simulate the diagonal
shear failure of the piers and assuming that the in-plane global behaviour of masonry walls is mainly
controlled by this type of failure (POR method). In the last decades, new formulations based on
this modelling strategy have been developed, aiming at including other types of behaviour and
failures with influence in the global seismic behaviour of masonry buildings, such as both flexural
and shear behaviour of piers and spandrels or the sliding failure of the piers. The analysis based
on this numerical modelling strategy is significantly faster than the analysis carried out using the
previous methods, since involves a very low number of degrees of freedom. Several software using
the equivalent frame method are available for masonry buildings, such as 3Muri [53], PRO_SAM [54]
and 3DMacro [55]. In general, this software allows users to take into account the contribution of
other types of structural elements, such as timber floors or reinforced concrete floors. The analysis
of existing masonry structures based on the equivalent frame methods can be also performed in
software’s that were not originally developed for masonry structures and more common in design
offices, such SAP2000® [56], simulating the piers and the columns through beam elements with vertical
and/or horizontal rigid offsets, connected by plastic hinges (spring elements to simulate the shear
and the flexural behaviour) [57]. For examples of applications of this modelling strategy to existing
masonry buildings see Lagomarsino et al., Magenes et al. and Penna et al. [58–60].
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Figure 6. Examples of numerical model of masonry buildings using: (a) FEM [61], (b) DEM [50],
(c) simplified equivalent frame method [62] and (d) method with rigid macroblocks taking into account
the expected collapse mechanisms [63].

Finally, in last numerical modelling strategy (Figure 6d), the masonry building is discretised
into several rigid macroblocks taking into account the expected collapse mechanisms. In general,
and contrarily to the previous method of modelling, in this modelling strategy the macroblocks
are defined by the failure lines and are larger than the structural components of the masonry
walls, which reduces the number of elements and computational effort. The expected collapse
mechanisms can be defined based on damage observed in postearthquake surveys, results obtained
from experimental tests, numerical results obtained from analysis with FEM and DEM models and
practitioner experience [64]. This means that the assumptions adopted for the discretisation of the
structure can have influence on the evaluation of its seismic response, mainly when the collapse
mechanism associated to the lowest load capacity is not considered. In general, the classic limit
analysis (no tensile strength along the macroblock interfaces, infinite compressive strength for the
macroblocks and the sliding failure is not considered) is used in modelling strategy, which makes it
a practical and fast numerical tool to evaluate the seismic behaviour of existing masonry buildings.
However, more advanced limit analysis with rigid blocks has been developed, for example, considering
the crushing of the masonry and the sliding failure [65,66]. This numerical modelling strategy can
be also adopted to evaluate easily the seismic capacity of local failures of masonry buildings using
the static equilibrium equations (e.g., overturning of the façade with rotation at the base of the
wall). For examples of application of this modelling strategy to masonry structures see Orduña [63]
and Mendes [67].

4.3. Types of Analysis

The previous numerical modelling strategies can be adopted to perform different types of analysis
to obtain the seismic response of existing masonry buildings. Five main types of structural analysis are
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highlighted: (1) limit analysis; (2) linear static analysis; (3) nonlinear static analysis (pushover analysis);
(4) linear dynamic analysis; and (5) nonlinear dynamic analysis with time integration.

In general, the limit analysis, which can be based on the static or the kinematic approach, requires
a low number of material properties and low computational effort. It provides results on the collapse
mechanism and the load capacity of the structure. This type of analysis is a very useful tool for the
evaluation of the seismic performance of existing masonry buildings [67].

The linear static analysis is mainly used to design new structures and, since does not considered
the nonlinear behaviour of the masonry, it is not an analysis appropriated to evaluate the seismic
behaviour of masonry structures near the collapse. This limitation is extended to the linear dynamic
analysis, such as the modal analysis or the linear dynamic analysis with time integration.

In the evaluation of the seismic performance of existing masonry buildings, the nonlinear static
analysis (pushover analysis) is the most used. In this type of analysis, the nonlinear behaviour of
the masonry (e.g., cracking and crushing) is considered, and the seismic action is applied by using
horizontal static loads. The horizontal loads can be proportional to the mass or to the shape of the
fundamental mode of the structure and they are increased until the collapse of the building. In general,
it requires the applications of several nonlinear parameters of the masonry and an iterative method to
obtain the solution (implicit analysis), which can cause some convergence difficulties. Besides these
aspects, it is a powerful tool to simulate the behaviour of masonry and a good compromise between
accuracy of the results and effort computational. It provides results fundamental to evaluate the
response of masonry buildings, such the capacity curve (applied force vs. displacement at the control
point), where it is possible to know the inception of the nonlinear behaviour, the maximum capacity of
the structure and zones of concentration of damage. Several procedures using the pushover analysis
have been developed to estimate the seismic response of structures, such as the N2 method [68],
the capacity spectrum method [69] or the displacement coefficient method [70]. It should be noted that
the first nonlinear static approaches were mainly developed for regular concrete or steel structures with
rigid diaphragms. Thus, more recent and advanced nonlinear static approaches have been developed
or adapted for existing masonry structures, for example considering the effects of the in-plan and
in-elevation irregularly of the building [71].

Finally, the nonlinear dynamic analysis with time integration is the most advanced type of analysis,
in which accelerograms are applied at the base of the structure. However, it is not practical for the
evaluation of the seismic behaviour of existing masonry building, since requires the applications of
several nonlinear material properties of the masonry, including the damping ratios and advanced
mathematical tools to solve the equation of motion at each time step. In general, the FEM uses the
implicit solution with an iterative method by default and the solution for DEM is obtained using the
explicit method. Although this type of analysis provides detailed and precise results on the dynamic
response, it requires advanced knowledge on structural analysis, interpretation of results and high
computational effort. For examples of nonlinear static and dynamic analyses carried for the evaluation
of the seismic performance of masonry buildings see Mendes and Lourenço [61] and Chácara et al. [72].

4.4. Assessment Criteria

After the selection of the numerical modelling strategy to simulate the structure, the selection of
the type of analysis, to obtain the numerical response of the building, and the seismic assessment can be
carried out, comparing the capacity of the structure with the demand criteria. Three main approaches
for the seismic assessment can be adopted: (1) Force-Based Approach (FBA), (2) Displacement-Based
Approach (DBA) and (3) Energy-Based Approach (EBA).

In the FBA, the internal forces (e.g., axial forces, shear forces or bending moments) are compared
with the demand forces defined in the codes for the seismic analysis of structures. This type of
approach is widely used to design new structures, for the ultimate and service limit states. In the
seismic assessment of structures based on the FBA and using the typical linear static analysis for
design, a behaviour factor is adopted to take into account the inelastic cyclic deformation and the
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energy dissipation capacity of the structural system. However, the deformation is better related to
the severity of the damage and the dynamic behaviour near the collapse. Thus, the DBA seems more
appropriated to evaluate the seismic response of existing masonry buildings, mainly to evaluate the
rocking mechanism. In this approach, the response in terms of deformation (e.g., displacements or
drifts) is compared with the limit states defined in the seismic codes/literature, which are associated
to the severity of the damage (e.g., no damage, minor damage, severe damage and collapse) [72].
Finally, the seismic assessment of a structure can be performed comparing the demand energy with the
required energy to obtain the collapse of the building (EBA) [73]. Although this assessment approach
is not commonly used, some research on the overturning of masonry walls based on the EBA has been
performed [74].

5. Seismic Retrofitting Techniques for Masonry Buildings

When a building system or an existing structure are deemed unsafe under seismic loads or present
evident limitations regarding these actions, improvement of the seismic behaviour is required to
reduce the seismic vulnerability and to allow safe use. The awareness of the humankind to seismic risk
occurred centuries ago and led to the development of several traditional seismic resistant building
practices, which aimed not only at improving the local building processes, but also the existing
buildings. The development of these practices was based on the empirical knowledge gained through
time by the local populations struggling against the repeating destruction of several earthquakes.
The most successful traditional practices are nowadays identified in many buildings around the
world and are recognised as evidences of local seismic cultures [75]. On the other hand, the recent
developments on earthquake engineering made the building practices and strengthening strategies
become supported by a scientific background. These recent developments allowed also the proposal of
innovative seismic retrofitting strategies based on advanced technologies and materials, which grant
high structural efficiency.

In general, the traditional retrofitting solutions follow five main principles: (1) improvement of
the connections between structural elements to allow a better global behaviour; (2) stiffening of the
horizontal structural elements; (3) consolidation of the vertical structural elements; (4) use of redundant
structural elements as backup for possible partial failure; and (5) construction of additional structural
elements contributing to the resistance of the building to horizontal loads.

The innovative retrofitting solutions added two more principles: (1) improvement of the mechanical
properties of the masonry walls to increase the loading and displacement capacities and (2) reduction
of the dynamic effects induced by earthquakes.

The following sections present a brief discussion on the most successful traditional and innovative
solutions used in the retrofitting of existing masonry buildings.

5.1. Traditional Solutions

Very frequently, ancient masonry buildings present timber floors and roofs, which are typically
insufficiently stiff to provide to the structure the so-called “box behaviour”. “Box behaviour” is
responsible for promoting the structural collabouration between the masonry walls, meaning that
in its absence the global seismic response of a building is considerably limited [39]. Furthermore,
these buildings are also characterised by poor floor–wall, roof–wall and wall–wall connections,
which do not allow the structure to develop a satisfactory monolithic “box behaviour” [76]. Thus, it is
compressible that many of the traditional strengthening solutions are focused in the improvement of
these limitations of ancient masonry buildings.

The introduction of ring beams between the walls and the roof is one of the most effective
solutions to ensure the structural integrity of masonry buildings. Traditionally, ring beams are
built using a pair of longitudinal planks joined together by transversal elements in a ladder-like
configuration [77]. Nevertheless, they can be built using more rough timberworks, such as a grid
of horizontal timber trunks or tree branches lying longitudinally and transversally [78]. In the last
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few decades, ring beams were also built using reinforced concrete, but this procedure introduces
compatibility concerns, whose discussion is beyond the scope of this paper. The introduction of ring
beams can lead to different types of improvement of the structural behaviour, namely enhancement of
the “box behaviour” (increase of the loading and deformation capacity), prevention of out-of-plane
collapse of the walls and tying of masonry leaves in multileaf walls. Thus, ring beams should be
continuous around the entire building and present adequate connection at the intersections between
walls and between the ring beam and the walls in order to provide the best performance. The main
drawback of ring beams is its installation, since it may require removing and raising the roof.

Ties have been also extensively used for seismic strengthening of ancient buildings and are
typically composed of timber tie beams or steel rods connecting walls in opposing façades (see
Figure 7a). In this last case, steel anchor plates are used to fasten conveniently the tie rod to the
masonry, meaning that this solution only works when the walls tend to move away from each other.
Nevertheless, it enhances the “box behaviour” of the building by avoiding the out-of-plane collapse of
the façades and by constraining the floors and roof. Thus, steel ties are typically introduced at the floor
and roof levels, thus avoiding interference with the habitable spaces. The dimension of the anchor
plates is another important aspect of this strengthening solution, as they should be sufficient large to
avoid shear failure of the masonry. It should be noted that in buildings with vaulted masonry floors
and roofs, ties are applied with similar purpose, namely to limit relative lateral movements of the
abutment walls caused by seismic loads. This type of strengthening promotes the preservation of the
geometry of the vault, avoiding its collapse.

   
(a) (b) (c) 

Figure 7. Examples of traditional strengthening solutions: (a) steel tie, (b) installation of an anchor
system and (c) buttresses.

The strengthening of connections of timber roofs and floors with the masonry walls is traditionally
achieved with the use of timber wedges, which ensure a tight mechanical connection between the joists
and the walls. In case of absence of this solution in existing buildings, its implementation requires
sufficiently long resting lengths of the joists. In alternative, metal brackets, steel straps and ties can be
more easily implemented to connect the timber floors and roofs to the walls [79]. Partial reconstruction
can also be used to introduce or substitute timber wall plates, which ensure a better transition of the
roof or floor timber elements to the walls. As referred previously, proper roof–wall and floor–wall
connections are fundamental to promote the “box behaviour” of the structure.

The strengthening of masonry buildings by means of the improvement of the connection wall–wall
is also frequently observed in existing masonry, namely at the corners. This type of improvement has
been mainly implemented during the construction of these building by employing materials with
better mechanical properties at these sections, which include high quality stones, bricks and timber
elements. In existing buildings without these solutions, their implementation would require a large
amount of reconstruction work, nevertheless the bond between original and new materials can be
questionable. In this case, the strengthening of the wall–wall connection is more easily implemented
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by using anchor systems (Figure 7b), where a rebar is introduced in the masonry and is effectively
bonded by means of grout injection and an anchor plate [80]. The additional tensile strength provided
by this strengthening solution improves the load transmission capacity between intersecting walls,
enhancing the “box behaviour”.

Stiffening of floors and roofs made of timber is an effective solution to improve their diaphragmatic
behaviour and, consequently, to improve the “box behaviour” of the existing structure. Floors and
roofs can be stiffened by means of diagonal bracing, triangulation and by providing an additional layer
of sheathing boards or timber planks placed perpendicularly to the existing ones [81]. Stiffening can
also be achieved by substituting the timber floors with slabs made of reinforced concrete or mixed
concrete clay blocks, which require building reinforced concrete beams on the walls to conveniently
support the slabs. These beams should grant an adequate connection with the walls and provide
uniform load transmission [82]. Nevertheless, this solution is highly intrusive, meaning that its use
may be unacceptable.

Consolidation of the masonry walls (vertical structural elements) is a particularly used in
multileaf walls. Under seismic loading, the masonry leaves tend to behave independently from each
other if they are not properly connected, meaning that they are more susceptible to separation and
thus to out-of-plane failure. The connection between leaves is typically assured by through-stones,
which consist of long stones placed through the full thickness of the wall. These elements serve as
connectors between leaves and allow an enhanced load distribution [51]. In multileaf walls without
these elements, proper connection can be achieved by means of transversal ties, where a rod is
introduced through the full thickness of the wall and is properly fixed with an anchor system and/or
grout injection [83]. Consolidation of masonry walls also involves repairing existing cracks (e.g.,
postearthquake cracks) that debilitate the in-plane and out-of-plane performance of the walls. Cracks
can be repaired by means of partial reconstruction, soft stitching and stapling. The first technique is
very labour-intensive and intrusive, meaning that its use is only justified in the case of severe damage.
Soft stitching consists in opening chases crossing the cracks, which are then filled with masonry units
to create a mechanical bond. Stapling consists in applying staple shaped steel rebars transversally to
the crack to connect the split sides [84]. Repointing (or deep repointing) is another technique employed
to consolidate masonry and consists in removing the bed–joint mortar to substitute it by a better one.
This procedure improves the accommodation between units and the bond in the masonry. In some
situations, reinforcing rebars are also introduced with the mortar to mitigate other structural problems,
such as creep damage [85].

Openings are clearly weak points of masonry walls, which must be properly designed to avoid
collapse during seismic excitation. In this regard, lintels are key elements that must grant proper
redistribution capacity of the transmitted loads. Lintels can be constituted by single stones or timber
elements with length longer than the span and/or by discharging masonry arches. Thus, strengthening
can be achieved by reinforcing the lintel resisting elements or by substituting them by stronger ones.
Another option to reduce the seismic vulnerability associated with openings is to reduce their span or,
as a more drastic solution, close them permanently [75].

Providing redundant structural elements to an existing building allows avoiding full collapse,
even if partial collapse of the most vulnerable structural elements occurs [86]. Thus, this strategy is not
efficient to mitigate damage. Rather than that, it allows to preserve the life of inhabitants by avoiding
falling parts of the building to the interior. To this purpose, an additional structure made of timber,
reinforced concrete or steel is built inside the existing building, which nowadays may constitute an
intervention excessively invasive and likely unacceptable.

The construction of buttresses is a strengthening solution that serves to help the walls of a building
counteracting the horizontal loads induced by earthquakes. Buttresses are massive masonry walls
with typical triangular shape (see Figure 7c), which limit the out-of-plane movement of the adjacent
walls due to the contribution of their heavy weight and additional shear stiffness and strength. Thus,
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buttresses and adjacent walls should be properly connected with cross ties in order to avoid an
independent behaviour when both move apart, as undesirable impact damage may occur [78].

5.2. Innovative Solutions

The development of innovative seismic strengthening solutions originated new approaches for
interventions in existing masonry buildings. Despite structural strengthening efficiency being the main
motivation associated with these solutions, in their initial proposal, not all cases respected the main
principles established in the conservation charters. Nevertheless, further experience and scientific
studies helped improve many aspects of some of these solutions, among which the fulfilment of
compatibility requirements was a main focus. The following paragraphs present a brief discussion of
the main innovative strengthening solutions developed for existing masonry buildings, namely grout
injection, externally bonded composites, base isolation and energy dissipation.

The strengthening of multileaf masonry walls with grout injection consists in filling their inner
voids and cracks with a fluid mortar (see Figure 8a), which after hardening provides continuity and
bond to the material [87]. Thus, the connection between leaves, and the overall stiffness and strength of
the walls are significantly increased [83], leading to an improved seismic behaviour [88]. The capacity
of grouts to penetrate into small pores also enables this solution to be used in the repair of cracks [89].
Despite the advantages of grout injection, it presents important drawbacks, such as the unpredictability
of the required grout volume and the irreversibility of the solution. This unpredictability compromises
the cost control of the intervention due to the impossibility of measuring adequately the ratio and
interconnectivity of the voids, which, in general, represent an important percentage of the total wall
volume (as high as 30%). Thus, the complete injection of the walls in the building can be a costly
operation, meaning that its use in large buildings may be prescribed only for the most vulnerable walls.
The irreversibility of grout injection also raises concerns on the selection of the grout, thus the use of
poor compatibility grouts should be avoided. In this regard, past interventions evidenced that epoxy-
and cement-based grouts may introduce durability problems in ancient masonry walls. Nowadays,
several commercial grouts specifically developed for this type of masonry are available and are mainly
composed of lime and pozzolanas, which provide enhanced compatibility.

  
(a) (b) 

Figure 8. Examples of innovative strengthening solutions: (a) grout injection and (b) textile-reinforced
mortar (TRM).

The strengthening of masonry with externally bonded composites has been also used to reduce
the seismic vulnerability of masonry buildings, especially in Italy, where these solutions were mainly
based on fibre-reinforced polymers (FRP). The popularity of FRP-based strengthening was driven
by its ease of application and high efficiency in increasing the tensile strength and ductility of
masonry walls, while increasing negligibly the weight (high strength and stiffness to weight ratio).
Nevertheless, it presents several drawbacks related with the use of organic matrixes (epoxy-based),
such as poor fire resistance, lack of vapour permeability, low reversibility, high-cost and poor
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compatibility with masonry substrates [90,91]. Thus, alternative composite solutions have been
developed by integrating matrixes with enhanced compatibility, namely cement-, lime- or clay-based
mortars. The adequate embedding and bond of these mortars also required substituting the sheet
textiles by mesh textiles or steel grids with adequate aperture sizes (Figure 8b). These alternative
composites are known as Steel Reinforced Grout (SRG), Fibre-Reinforced Cementitious Matrix (FRCM)
or Textile-Reinforced Mortar (TRM) [92,93]. Nowadays, several commercial TRM systems are available
in the market, as provided by companies such as Ardea Progetti, BASF, Kerakoll, Mapei, Sika and
Simpson Strong-Tie. These systems are constituted by meshes of different fibres (steel, glass, carbon,
basalt and polyparaphenylene benzobisoxazole) and mortars of different composition; nevertheless,
they are in general high mechanical performance materials. Recommendations for designing FRP-based
strengthening solutions are sufficiently documented in ACI 440 7R-10 [94] and CNR-DT 200 R1/2012 [95]
for concrete and masonry elements. These recommendations have also been used for designing TRM
strengthening systems for masonry, nevertheless they lack comprehensive instructions, in particular
for what concerns application procedures, quality assurance of the materials, durability verification,
laboratory and field testing methodologies and the effectiveness of the installation. More recently,
the American Concrete Institute published the ACI 549.4R13 [96] to fill this gap.

The use of antiseismic devices to reduce the vulnerability of existing masonry buildings is not
frequent, but in the last few years has been gaining attention, especially in the seismic protection of
buildings with significant cultural value. Several types of devices have been proposed, among which
the most interesting for masonry buildings are base isolators and passive dampers.

Base isolation consists in isolating the structure from the seismic vibrations by introducing an
interface with low horizontal stiffness and sufficient capacity to support the vertical loads. This interface
modifies the modes of the structure, namely increases their fundamental period and changes their
configuration. Furthermore, the increase in horizontal flexibility, introduced by the base isolators, results
in a reduction in the accelerations of the structure (by avoiding resonance) and a total displacement
increase. Nevertheless, the structure behaves as a rigid body, meaning that the relative displacements of
the structure are reduced and thus the associated damage. It should be noted that the total displacements
concentrate at the interface of the system, which constitutes a limitation to the use of this solution if
they may affect nearby buildings. Base isolation devices can be classified as elastomeric bearings and
sliding bearings. Lead–rubber bearings are among the most established devices, whose installation
in existing masonry buildings involves (1) construction of reinforced concrete beams at the base of
the walls, (2) construction of the base of the devices, (3) installation of the devices, (4) lifting of the
structure and transfer of its dead-weight to the devices and (5) construction of a rigid diaphragm at the
level of the beams to promote a joint operation of the full system. The lifting–transfer phase is the
most critical of the process, as it requires limiting the induced differential settlements to avoid causing
damage to the masonry walls and other structural elements. As is implicit, this strengthening solution
has an intrusive implementation and especially it can be very costly due to the complexity of the
implementation process. Despite this, base isolation has been successfully applied in the strengthening
of notable masonry buildings, such as the Salt Lake City and County Building (USA) [97].

The installation of passive dampers presents as main objective the improvement of the structure
capacity to dissipate the energy transmitted by an earthquake, which in turn allows to improve the
its seismic performance and reduce the induced damage. Dampers can be classified as (1) viscous
dampers, (2) viscoelastic dampers, (3) hysteretic metallic dampers and (4) friction dampers. Viscous
dampers are constituted by a hollow metallic cylinder filled with a silicon-based fluid and a piston that
forces the fluid to pass through its small holes at high speed. The movement of the fluid originates
high forces that oppose to the relative movement of the damper and dissipates energy through heat
due to interparticle friction. The resisting forces are proportional to the piston speed and depend on
the viscosity of the fluid. The installation of this type of dampers significantly increases the structural
damping, which, in case of an earthquake, allows a significant reduction of the induced deformations.
Viscoelastic dampers are normally constituted by metallic sheets intercalated by deformable polymeric
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sheets. The shear deformation of the polymeric sheets due to relative movements of the damper
extremities generates heat and dissipates energy. The dissipated energy is a function of the elastic
deformation and deformation speed. In general, the installation of this type of dampers modifies the
structural linear parameters for damping and stiffness. Hysteretic metallic dampers dissipate energy by
exploiting the plastic deformation capacity of steel, which can be achieved by using low-yielding stress
steels or cruciform cross-sections. Finally, friction dampers dissipate energy due to friction generated
at the contact surface between two moving solid elements. These dampers are typically constituted by
steel plates connected transversally by nuts and bolts fixed with a specific torque, which defines the
friction force required to initiate energy dissipation. In general, passive dampers can be installed to
strengthen specific structural elements, meaning that they constitute a solution less intrusive and costly
than base isolation. The Siena Cathedral (Italy) is an example of a historical monument strengthened
with dampers. In this case, two spring viscous dampers were installed to improve the out-of-plane
behaviour of the tympanum of the main façade [98].

6. Conclusions

A comprehensive literature review of the main methods and techniques proposed in the last
decades to assess and mitigate the seismic vulnerability of existing masonry buildings is presented in
this paper. Before making some final remarks, it is worth noting that, despite the authors’ efforts to
compile a sample of works as relevant and comprehensive as possible, there are certainly several other
important works that, due to space constraints or oversight, are not included herein.

From the review given in this paper it is possible to draw some important conclusions. The first
regards the selection of the most appropriate seismic vulnerability assessment method to use. As it is
mention is Section 2, and easily verifiable from the discussion included in Sections 3 and 4, the selection
of the most appropriate method or technique to use must be made based on a proper balance between
its simplicity and the accuracy of its results. In this sense, it is very important to stress that vulnerability
results can be strongly affected by several sources of uncertainty, which, for this reason, must be
acknowledged and addressed. Moreover, and perhaps not less important, in order to be effective,
it is fundamental that vulnerability indicators can be easily understood and interpreted, not only by
the technical and scientific community, but also by citizens and governmental and civil protection
authorities [99]. GIS tools can play a particularly relevant role in this context, making it possible to
manage and communicate vulnerability and risk results in a very simple but informative manner.
As exemplified in Section 3, such tools can be actually very helpful for the development of strengthening
strategies, cost–benefit analyses, civil protection and emergency planning.

The fundamental role of vulnerability assessment methods from the risk mitigation standpoint
was also clearly demonstrated though the discussion presented herein. In fact, only on the
basis of a comprehensive knowledge of the characteristics of the buildings and of their structural
vulnerabilities it is possible to select and implement proficient mitigation strategies and to outline
strengthening interventions that can contribute to reduce, in an effective and cost-efficient manner,
their seismic vulnerability.
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Abstract: The seismotectonic conditions of the Iberian Peninsula trigger the occurrence of earthquakes
with an occasional periodicity, but with intensities greater than VI on the European macroseismic
scale (EMS). For this reason, local action protocols are required in order to efficiently organise
the technical inspections that must be carried out on a massive scale after events such as the
earthquakes experienced in the Spanish cities of Lorca (2011) and Melilla (2016). This paper proposes
the development of a set of documents for the evaluation and diagnosis of the state of existing
buildings and infrastructure regarding seismic activity in Andalusia. With special attention paid
to residential typology, approximations have been carried out to the normative context, to general
comparatives, to particular analyses of a case studies selection, and to complementary approaches.
The results have led to the establishment of two specific protocols. Firstly, the short-term guideline
enables the classification of damage and risk levels, and the determination of what immediate
interventions should be carried out through the generation of a preliminary on-site report. This
activity can be performed by architects and engineers with the help of a mobile-device application
(APP IT-Sismo Andalucía). Additionally, a long-term protocol provides calculation procedures and
constructive solutions for the improvement of the seismic behaviour of affected buildings. Specially
designed tests demonstrate the validity of the protocols and illustrate the need for information and
communication technologies (ICT) tools in the evaluation of architectonic technical aspects.

Keywords: mobile-device applications; automatic protocols; damage assessment; in situ structural
diagnosis; seismic restoration

1. Introduction

The seismotectonic conditions of the Iberian Peninsula provoke the intermittent occurrence of
earthquakes with intensity values higher than IV on the European macroseismic scale (EMS) [1]. Within
this geographic framework, the autonomous community of Andalusia presents especially high risk
values in the areas linked to the mountain ranges of the Baetic system (Sierra Bética). This issue can be
checked analysing the earthquake recurrence data in this area [2,3], which is one of the most populated
regions in Spain with more than eight million inhabitants and an area close to 90,000 km2.

In this respect, the unfortunate consequences of this type of seismic event have been experienced
in recent years in populations very close to the Andalusian territory. In 2011, the city of Lorca, located
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in the border region of Murcia, suffered the effects of an earthquake of magnitude 5.1 and intensity
VII (EMS), while in 2016, the city of Melilla, located on the African continent, suffered an earthquake
of magnitude 6.3 that was felt with intensity III (EMS). In the specific case of Lorca, there were nine
deaths, 310 injuries, and more than a thousand damaged buildings. Moreover, it should be borne in
mind that the damage resulting from construction deficiencies, mainly landslides, were greater than
the damage caused by structural failures in the affected buildings [4,5]. The earthquake that occurred
in Melilla left no fatalities, but the constructive damage experienced was nevertheless very high [6–8].
In both cases, residential buildings constituted an architectural type especially affected by seismic
events, which, in Andalusia, pose a threat to an estimated four million homes [9].

In the Portuguese territories closest to the Andalusian region, there is also a clear scenario of
vulnerability to earthquakes. In this context, various studies have been developed for the evaluation of
the seismic vulnerability of buildings located in urban centres, such as Faro, Lisbon, Coimbra, and
Oporto. Such studies have shown that certain areas with a relatively low hazard level can present a
high seismic risk due to a lack of maintenance of their buildings and to recent restoration interventions
that increase the possibility of suffering damage from a seismic phenomenon [10–12].

Based on the aforementioned circumstances, the implementation of strategies to raise awareness
both of the public and of public administrations regarding seismic events should be considered a priority
task. This work is crucial not only for suitable decision-making, but also for raising awareness of the
scope of repercussions caused by a relevant seismic event [13]. In this respect, in 2009, the Emergency
Plan for Seismic Risk in Andalusia [14] was published at a regional level. Additionally, the seismic
hazard map of the province of Malaga [15] at the provincial and local level, and the Municipal Action
Plans for the seismic risk of Granada [16] and Benalmádena [17] have been published. These documents
mainly focus on risk-reduction strategies, on the detection of the most highly vulnerable areas, and
on planning for seismic damage scenarios through the adoption or proposal of specific procedures.
These documents include a series of recommendations for people on how to proceed in the event of
an earthquake and, in certain cases, they provide brief indications in order to perform a preliminary
assessment of the damage and risks produced, and information regarding the safety measures to
be employed.

These documents clearly show the growing concern of technicians and local authorities regarding
the ever-present lack of seismic protection at both regional and local levels. Therefore, specific action
protocols still need to be established for those technicians and citizens who can contribute towards
the evaluation of the scope and the real risks of damage caused after the occurrence of a seismic
event. This type of document is not only aimed at ensuring the safety of users, but also at detecting
high-risk situations when carrying out technical inspections, in which professionals are exposed to
aftershocks and to the existence of constructive elements that are in a state of unstable equilibrium.
In this regard, at the regional level and in the period between 2006/2007, the project titled SISMOSAN,
an assessment of the seismic hazard and risk in Andalusia [18] was developed. Subsequently, the
authors of this article carried out a research project funded through a public call for bids, under the title
“Seismic standard: Preliminary analysis and restoration in the face of damage to existing buildings and
infrastructures”. On completion of said project, a phase of testing and adjustment of the results was
carried out, based on the digital tools generated within the framework of the aforementioned work.

Through this project, the design of a set of action guidelines has been analysed in greater depth. In a
complementary and coherent way, these guidelines are aimed at expediting not only the mechanisms of
technical and citizen mobilization in anticipation of future seismic events of relevant intensity that may
occur in the Andalusian area, but also any measures for immediate action. Although these procedures
could be applied in a general way to any building type, the tools developed are used for the evaluation
of residential buildings, which are highly representative at a quantitative level. Therefore, specific
aspects related to the use, typology and construction have been considered, within such a broad theme
as that of housing.
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In this way, this proposal develops a protocol for the evaluation and diagnosis after an earthquake
of the Andalusian residential stock. All the planned tasks have been carried out through the application
of procedures validated by the main international institutions in this field. At the same time, as a
measure of methodological innovation, an interactive validation instrument is provided in the form of
an application for mobile devices (APP), which, based on the use of information and communication
technologies (ICT), favours decision-making by architects and engineers not specialized in seismic
issues. In this way, the developed APP enables the post-catastrophe evaluation sheets to be filled out
interactively and provides a preliminary automated diagnosis based on the information supplied by
the technicians who supervise the properties affected by a seismic event.

This question is of major interest since, from the requirements demanded in each normative
update, degrees of seismic behaviour can be inferred from certain groups of residential types in a
general way, and therefore common technical and constructive aspects can be established in the analysis
of the buildings.

The aim of this paper is to present a security needs assessment protocol to evaluate residential
building after an earthquake, using a two-step procedure depending on the complexity of the situation,
the availability of resources, and the size of the affected area. In a first step, a general survey would be
carried out to assess the main damages, based on the technician’s observations, and if it is needed;
in a second step, a detailed analysis can be performed, which is usually more time-consuming.
This document is especially focused in the development of the first step of the analysis.

2. Methodology and Resources Employed

By means of a structure of contents that enables the creation of a set of documents capable of
responding to the complexity of the proposed objectives, the following lines of study and analysis
have been developed in parallel (Figure 1): normative approximation and international guidelines,
principal methods of evaluation, context conditions, general characteristics of Andalusian residential
construction, and representativeness of the case studies. To this end, a multidisciplinary work team has
been formed, mainly composed of architects and civil engineers. Furthermore, the most representative
contents have been structured in an application for mobile devices, which is destined to function as an
interactive guide for the use of the newly established protocols. For this purpose, a team of computer
engineers has created a computer application based on the structure proposed by the work team, which
will be discussed in Section 3.1.1. All this has led to the development of research, which, through a
holistic and generalist approach, has addressed numerous issues by establishing a broad view of the
problem at hand, and has contributed towards the progressive improvement of the current situation
through the use of various approaches and complementary perspectives.
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Figure 1. General outline relative to the development of the methodology of the present research.
Source: Prepared by the authors.

2.1. Normative Approach and International Guidelines

In order to indicate those gaps and areas of opportunity that have been covered in the development
of this work, a detailed analysis is carried out on the national regulations and seismic guidelines
published in Spain. In this respect, the first Spanish normative text that refers to the seismic issue
is “Chapter 7. Seismic Actions, of the MV-101 Standard on Actions in Construction” [19], published
in 1962 with the objective of considering this type of event in the context of constructive design.
Since this initial contribution, the influence of seismic effects has been taken into account in the
“Instructions for the project, construction, and exploitation of large dams of the Ministry of Public
Works” (IGP-1967) [20], and in the first state regulation of specific character published in 1968 under
the title “Seismic-resistant Standard PGS-1/Part A”. The aforementioned document never reached
completion, and in 1974 it was replaced by the Seismic-resistant Standard PDS-1 [21]. In that same year
the Permanent Commission of Seismic-resistant Standards was founded for the purpose of revising
the seismic standard every five years. However, no subsequent normative update was made until
twenty years later, with the publication of the “Seismic-resistant Construction Standard: General
Part and Construction” (NCSE-1994) [22]. This document has been updated with the NCSE-2002 [23]
for the general field of construction and with the “Seismic-resistant Construction Standard: Bridges”
(NCSP-2007) [24], which is principally oriented towards the field of civil engineering. Both documents
remain in force across Spain today, thereby illustrating that the five-year regulatory review period
initially proposed is not currently being met.

The improvements provided in these updates have been found to provide criteria and specifications
aimed at decisively influencing the quality of the residential buildings that have been built under the
new regulations [25,26]. However, taking into account the normative panorama as indicated, a set
of deficiencies can be detected, related to the actions in restoration work and to the evaluation of
damage in catastrophic situations, that present a wide margin for documentary improvement. At the
normative level, in Europe, the different Eurocodes and in the case study of Eurocode 8: Project of
seismic-resistant structures [27], and more specifically, the various National Annexes particular to each
of the countries, provide a series of common methods for the calculation of the mechanical strength of
the elements that play a structural role in construction work.

In order to propose procedures that suppose an advance in the degree of detail of the norms
and codes currently published in Spain, an approximation has been made to the panorama of
seismic-resistance guidelines and protocols of post-catastrophe action that are published at an
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international level. Special attention has been paid to those countries and regions that have a
greater documentary production in this subject. Most of these documents offer a series of general
recommendations related to prompt actions. These recommendations are aimed at expediting the
decision-making of the various institutional managers. In this respect, work by the Federal Emergency
Management Agency (FEMA) in the United States [28,29] is of special interest, as is that by the New
Zealand Society for Earthquake Engineering (NZSEE) [30,31], whose influence transcends publications
in other countries with major seismic events, such as those in Japan [32]. The publication of guidelines
in South America and Central America is also very common, with a high level of detail offered by
the seismic codes in countries such as Chile, Colombia, and Mexico [33,34]. A large part of these
documents is inspired by the requirements of the ACI-318, [35] as published by the “American Concrete
Institute,” the 2019 revision of which is about to be published. Its latest publication was in 2015 and
included a version in Spanish and Chinese. In Europe, the development and importance acquired by
these types of guidelines is of note [36], in countries such as Portugal, Italy, Greece, and in Turkey in
the regions of Mediterranean influence.

The criteria and considerations collected in the study of the aforementioned documents highlight
the importance that should be awarded to preventive studies that achieve the best possible development
of “post-catastrophe” actions. Furthermore, their content has proven to be especially useful for the
development of the short-term action protocol, primarily in the design and configuration of those
parameters that form part of the readily prepared inspection records, as indicated in Section 3.1 of
this document.

2.2. Main Methods of Evaluation

Based on the set of standards and guidelines consulted in the document analysis process illustrated
in the preceding section, the main evaluation methods taken into account in the development of this
work are those related to the configuration of parameters destined for the diagnosis of the state of
conservation of a property following a seismic phenomenon. These methods are considered without
undermining the importance and validity of those indicators related to the current level of risk that
buildings endure in the face of future earthquakes. The main methods of analysis considered in the
development of the project are specified below (Figure 2):

• Vulnerability indices (pre-catastrophe): Among the main indicators used in the risk-prevention
study, that of the definition of the vulnerability index (Iv) stands out [10,11,37–39]. In general
terms, the index is evaluated by weighting a series of quantitative and qualitative parameters
that describe the current state of a building and its structural system. Its collection is based on
the indications established by the GNDT II level [40], whose usefulness is largely associated
with evaluation strategies prior to the occurrence of catastrophic phenomena, in order to prevent
and minimize seismic damage. This method is based on the Risk-EU methodology [41]. This
procedure quantitatively develops the vulnerability assessment proposal in accordance with the
structural typology included in the European Macroseismic Scale [42]. In contrast, the first method
of evaluation enables greater precision in the prediction of possible damage, by establishing a
classification of the buildings and zones in accordance with the particular or general levels of
vulnerability obtained.

• Diagnoses of immediate action (post-catastrophe): The principal methods and guidelines consulted
opt for the use of simple and direct diagnoses that enable a clear determination of what the
immediate action should be after a seismic event. This decision is associated with the extent of the
seismic effect on the building, which can be determined through its general state of conservation,
and through the state presented by its specific structural and constructive elements. The most
usual casuistry proposes the establishment of three degrees of action: “apparently safe use”,
“restricted use”, and “dangerous use”. Through this determination, a first filter is achieved related
to the functionality of the buildings after the catastrophe.
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• Safety coefficients calculated from real values (pre- and post-catastrophe): Other studies focus
on numerical analyses that assess the safety factor of the buildings after an earthquake. These
procedures are also known as direct techniques [11] and, given the high degree of knowledge
required of the property to be evaluated, they tend to be used for the diagnosis of specific buildings,
especially those classified as historical heritage [42,43], buildings with specific typologies with
a high degree of typological and constructive homogeneity [44], and those that house general
services whose operation is essential in case of catastrophe, such as hospitals [45–48]. This type of
analysis usually requires a more detailed knowledge of the particular properties of the building,
which are not always available directly, and often involve a major effort in prior characterization
thereof. In turn, the determination of the safety coefficients is conditioned by the regulations in
force at each geographical location. However, the application of this type of method provides
not only a complete and highly detailed view of the degree of particular resilience that each
analysed building can present, but also the margin of safety that it may attain. In this respect,
its contributions for the study of vernacular typologies in Portugal [44] and for the development
of evaluations carried out in Italy [49] deserve mention.

• Classifications of structural strength assessment (pre- and post-catastrophe): This methodological
approach, derived from the results obtained in the evaluation discussed above, constitutes an
additional step that includes the process of calculating safety factors in specific buildings. In this
respect, it is interesting to use classifications that refer to the level of structural safety (or quality)
of a property against possible seismic phenomena, through the use of codes that allow buildings
to be labelled in a similar way to the system employed for the energy rating of buildings. Similar
classification procedures are currently used to estimate the degree of conservation of buildings in
historical centres, thereby establishing priority for their intervention [50].

Figure 2. Diagram of the main analytical methods used in the research. Source: Prepared by the authors.

In order to carry out the evaluation of a building after an earthquake, it is essential, as a starting
point, to have previous information about its safety conditions. The different procedures described
above, allow a global analysis of the building, developing a structural characterization with a multiple
approach. On the one hand, the risk-UE methodology provides the seismic vulnerability information
in an easy and direct way, according to its constructive, morphological and typological characteristics.
This information must be improved highlighting those points of the structure that a priori present
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greater vulnerability, that should be the object of special attention after the earthquake. This method,
based on real values (dimensions of beams, material properties or reinforcements), provides an objective
factor to assess safety: the higher the safety factor, the lower the risk of damage to the element analysed
during an earthquake. Additionally, the procedures for immediate diagnoses (post-catastrophe) and
classifications of structural strength assessment (pre- and post-catastrophe) have provided information
on agile and effective inspection procedures, in order to estimate the structural response of a building.
Thus, methodology procedures and a general and specific look over the building are combined to
assess the survey and the evaluation after the earthquake. Through this approach, it can be observed
how the application of these methods must be carried out through an iterative process that acquires
validity in the episodes both before and after a seismic catastrophe. Each episode provides information
of interest to achieve the various objectives, included in a common framework whose purpose is the
optimization of resources and of management measures when faced with this type of catastrophe.

The vulnerability approach explained above, along with the local soil properties has been applied
to the Andalusian region through a micro-scale analysis. The different methodologies provide indicators
that can be plotted through micro-zoning studies, useful and necessary for a better control of the
actual situation on the architectural scale. For this purpose, the use of geographic information systems
(GIS) can be considered especially valid [51]. These systems, as collaborative instruments towards the
management of this information through the open use of data, facilitate not only delocalised work
between the technicians and professionals involved, but also the opening of communication channels
that contribute towards the diffusion of the information generated.

2.3. Context Conditions

The effect of the amplification of seismic waves in terms of the type of terrain establishes the local
seismic hazard; this is known in seismic engineering as the site effect. Although several authors have
conducted research to determine the amplification factors caused by this effect [52], in order to analyse
the influence of seismic and geotechnical conditions of the terrain in constructions located in Andalusia,
the main values and criteria specified in the NSCE-02 have been used; these regulations are currently
in force at national level. This document requires the detailed characterization of the soil to a depth of
30 metres for the calculation of the seismic coefficient (C). This information, in spite of its obligatory
nature, is seldom collected in the realization of geotechnical tests in building work. Indeed, several
studies carried out in Lorca after the 2011 earthquake [53] have shown the importance of the study of
the site at a geological level for the determination of the level of risk in the event of an earthquake,
whereby a major part of the damage is derived from the lax consideration of its importance.

In order to define the geotechnical conditions of the Andalusian subsoil, additional material has
been retrieved from the geological and geotechnical maps published at national level by institutions such
as the Spanish Geo-Mining Institute (IGME). In this sense, regional studies related to the preparation of
a geotechnical map of Andalusia have also been employed using GIS technology (Figure 3). A series of
1:400,000 scale maps have been produced by the project team, providing general information. On the
one hand, thirty-eight basic soil units have been established for Andalusia, and on the other, the special
conditions associated with karstic and expansive soils and landslides have been identified. All this
information has been mapped in detail in a further set of cartographies that, using the 1:50,000 scale,
provide in-depth information on the geotechnical characteristics of each Andalusian province.

Finally, this territorial approach has been accomplished with the help of institutional publications
that address the study of risks in Andalusia [54]. Through these guidelines it is possible to corroborate
the existence of zones that present a special seismic risk and that are geographically associated with
the Baetic mountain system.
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Figure 3. Geotechnical Map of Andalusia. General cartography and examples of detailed maps. Source:
Prepared by the authors.
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The analysis of this documentation has brought to light the existence of large documentary and
informational gaps in terms of data for the calculation of seismic conditions at urban and architectural
level. Although local studies have been carried out in provincial capitals such as Malaga [55],
the micro-zoning work in the Andalusian territory cannot be considered to be general; there is therefore
a deficit in the quantity and quality of this information.

Therefore, complementary to the assessment of the seismic vulnerability of residential buildings,
and within the framework of the present investigation, specific maps of seismic micro-zoning have
been drawn, based on the collected data, that take into account the evaluation of possible liquefaction
phenomena in spaces representative of historical centres, as is the case of Seville [56].

2.4. General Characteristics of Andalusian Residential Buildings

In relation to the specific topic of this work, a general study of the typological and constructive
conditions of the housing in Andalusia has been made. The main analyses have been developed
according to the structural and constructive systems used in different periods, complied from several
Spanish regulations. In this respect, it is necessary to highlight the prevalence of the use, since the 20th
century, of structural and constructive systems largely based on the production of bricks, in periods
prior to the establishment of the first seismic regulations. Steel and especially reinforced concrete then
became the most common structural typologies, compared to other materials such as rammed earth
and wood. It is precisely through the most common architectural applications of these systems that a
graphic catalogue has been constructed which enables the determination of the main damage that can
be experienced by elements built following an event of seismic origin.

Moreover, it should be borne in mind that the large volume of residential stock was built before the
second half of the 20th century. All those buildings that have yet to undergo a comprehensive review
lack the protection of some type of regulation, code, or set of guidelines that pay specific attention to
their possible structural and constructive behaviour in the event of an earthquake. Hence, it can be
considered that this group of buildings is characterized by a recognizable heterogeneity and should be
studied with a special degree of attention in future research related to the topic addressed herein.

2.5. Representativeness of the Case Studies

In order to analyse the characterization tasks in greater depth, the seismic-resistant conditions of
a representative selection of case studies have been evaluated in detail, through the preparation of
reports of seismic vulnerability relative to specific buildings. The properties have been selected based
on their locations and are associated with geographical situations that may constitute a significant
sample of the behaviour of certain residential typologies. Thus, from among the case studies analysed,
residential buildings located in each of the eight provinces of the Andalusian region have been included,
with priority granted to the study of collective housing blocks, especially those related to the public
offer and built on the basis of revisable regulations. Furthermore, it should be borne in mind that
preliminary information has been provided by the Agency for Housing and Restoration of Andalusia
(AVRA), thereby contributing to the creation of the reports set forth in this subsection.

The case study reports have been written according to a general structure that enables a common
working guide to be established for the inspection and seismic restoration of buildings. In this
way, the analysed aspects in the different technical documents include the main issues that have
subsequently been developed in the design of the short- and long-term protocols. As a result of this
work, this methodology has been applied to different particular conditions that allow its general validity
to be verified. Below, Table 1 provides a detailed description of the structure of the technical reports.
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Table 1. General organization of the case study reports. Source: Prepared by the authors.

Chapter Main Contents of Each Chapter

(1) Introduction background; previous documentation; location; site-data; chronology;
general risks conditions

(2) Seismic Vulnerability Factors seismic regulations; seismic information; soils data; geometry of the
built-up complex

(3) Constructive Description foundation; structure; enclosures and partitions; roofs

(4) Building Survey damage survey (cracks, material loosening); non-destructive tests
(ground-penetrating radar, accelerometers, deformation leveling)

(5) Intervention Proposals reinforcements; underpinning; bracings

Consequently, the drafted documents provide a constructive and structural diagnosis of the case
studies analysed, through the application of the main evaluation methods laid out in Section 2.2.
In this way, the calculation of the real safety coefficients of the selected buildings has been carried out
(Figure 4), by using finite element models (FEM) with the software SAP2000. The evaluation of the
sections of their main structural elements has also been drawn by using the computer application of
the Concrete Catalogue EHE 2008.

The results obtained using this software have allowed to establish patterns of structural behaviour
for the typology studied. Thus, those specific points of the structure with greater vulnerability have
been revealed. The use of linear static analysis has been considered suitable since the proposed
methodology does not intend to be an exhaustive structural verification. More complex procedures
such as nonlinear static analysis, linear dynamics analysis, nonlinear dynamic analysis are time
consuming and their level of precision is not necessary in order to develop a preliminary assessment
about the safety of a building after an earthquake. Additionally, when the situation has required
it, non-destructive tests have been carried out to obtain additional information to characterize the
structural properties of the buildings through the use of ground-penetrating radar, environmental
measurements with accelerometers, or vertical deformation levelling [57].

 

Figure 4. Digital model for the calculation by finite elements of officially protected housing built in
2003, located in C/ América 2, Cádiz (Spain). Source: Prepared by the authors.

Through this work, reference values have been obtained, suitable for similar cases. In turn,
a structure for detailed analysis is provided that can be perfectly applicable for the seismic evaluation
of numerous residential properties of similar characteristics.
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3. “Post-Catastrophe” Seismic Evaluation Protocol for Residential Buildings in Andalusia

The structure of the information is organized into two main categories (Figure 5), which enable
the consideration of the inspection activities and damage classification criteria that must be taken
into account (short-term protocol). It also enables the illustration of the calculation procedures and
constructive solutions that must be applied for the development of subsequent seismic restoration
projects (long-term protocol).

Figure 5. Process of evaluation and relation with short- and long-term protocols. Source: Prepared by
the authors.

In this way, it is observed how all the preventive studies that have been developed throughout
the project are materialized in a set of procedures and instruments aimed at the implementation of
“post-catastrophe” actions.

At a general level, the use of the application for data collection in the analysis of the state of each
of the buildings following a seismic event, would allow the management of all the reports in real time.
Thus, the information related to the evaluated buildings would be included in a common platform that,
based on GIS procedures, would allow the creation of urban maps in which to visualize the areas with
the highest incidence of damage. This would facilitate the organization of the actions of the emergency
teams following the earthquake, especially regarding short-term protocol.

3.1. Short-Term Action Protocol: Prompt Post-Earthquake Assessment Guidelines

The Protocol of short-term action is intended for the immediate inspection of residential buildings.
This procedure includes a prompt action plan where the first guidelines for control, inspection, analysis,
and evaluation of the state of the buildings affected by a major category earthquake are established.
This document allows the stability of the inspected homes to be analysed and their degree of functional
hazard to be determined depending on the damage detected. Once a short period of time has elapsed
since the action of an earthquake, guidelines are employed to evaluate the state of material conservation
of the built-up area and that of its structural and constructive elements. In order to ascertain the degree
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of safety of buildings following the disaster, a set of inspection checklists have been prepared based on
the prescriptions provided by the main international guidelines [28,30,36].

Applying basic recommendations, the designed charts aid the classification of the damages in the
building and enable the determination of its safety after the earthquake (Figure 6). These resources
are designed to be used in quick assessments of damaged buildings, giving information about their
degree of deterioration and avoiding more human lives lost. Therefore, the terms "Simplified technical
survey" and "Full technical survey" are related to the resources used and the information provided
in each type of inspection. This type of inspection is related to the "High" (L1) and "Very High" (L2)
priority levels, which are established depending on the characteristics of the buildings checked and the
need to repeat certain inspections, according to the obtained results. Through the consideration of
the points included in this protocol, at a general level, the most sensitive points collected should be
analysed in immediate inspections. These points include the following: Instability of the building due
to the soil (settling, soil liquefaction, landslides, etc.); collision between buildings due to insufficient
joints for seismic movement; breakage of short pillars in semi-basements; breakage of pillars on the
ground floor due to changes in stiffness; loose façade elements and structural joints failure.

Figure 6. Damage classification sheets and measures to be taken depending on the inspection results.
Source: Prepared by the authors.

Once all the above points have been considered, the technician responsible for the inspection
is guided by the information included in the document regarding the results of the diagnosis in
relation to the actual safety level of the residential building inspected after the occurrence of the
seismic event. In this respect, three general levels are provided [31]: Safe (green label: the building
has minor damage, there is no access restriction); Restricted Use (yellow label: affected areas are
detected, passage is prohibited except for extraordinary circumstances); Immediate Evacuation (red
label: damage that can affect the stability of the building, passage is forbidden).This document is
designed to guide the technicians responsible for carrying out technical inspections in their decisions
as to which principal factors and parameters should be considered during said inspections: work
teams, geometry and location of the building, constructive elements and technical requirements of
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the regulations in force. This set of guidelines is proposed as an instrument for professionals in the
field of architecture and engineering, who, without being specialized in seismic events, can perform
collaborative work, essential under this type of circumstance, with greater knowledge.

In order to facilitate the use of the contents of the protocol in the short term, the possibility of
designing an interactive tool was proposed for the automatic completion of the inspection forms. Based
on this objective, the IT-Sismo Andalucía APP was created, which can be considered as one of the most
innovative contributions of the present research.

3.1.1. Application for IT-Sismo Andalucía Mobile Devices

As indicated above, the contents of the short-term protocol have been integrated into an application
for mobile devices (cell phones and tablets) in the Spanish language. This application provides
interactive tools for the development of the aforementioned diagnosis and the possibility of producing
drawings and taking photographs that could be included in the final evaluation report. This document
is generated automatically, following the completion of the fields of information that appear in the
sequence offered by the digital tool.

Among the various options of functionality that have been considered, it was decided, in
consensus with the technicians of the supervising institutions, that the application could work without
an internet connection. In this way, the APP becomes operative through a simple process of prior
download and subsequent installation on the inspecting technician’s device. This is carried out in
anticipation of the possible problems of connectivity and access to data that may occur in the event of a
catastrophic situation. With this approach, it is intended to eliminate a possible dependence that could
be experienced by the technicians in charge of the various inspections.

The first contact of the user with the application occurs via the presentation screen, which provides
an introduction regarding the characteristics of the project, as well as a set of recommendations aimed
at facilitating its use. To this end, the contents of the protocols explained above are provided, as well as
a manual for the tool itself. Once the users have become familiarised with the aforementioned contents,
they will be able to use the interactive protocol to good advantage (Figure 7).

Figure 7. Several screenshots of the ICT tool developed for the assessment of existing buildings and
infrastructures (IT-Sismo). Source: Prepared by the authors.

The tool enables the creation of diagnostic and evaluation reports, and also the editing, deletion,
and downloading of all the preliminary versions that the user deems appropriate. Once the results
achieved are verified as being those expected by the technicians, the generated contents can be validated
through their signature. This option implies a blocking of the generated report, which remains stored
in the user’s personal file, and can be sent to the competent institutions. All the reports are structured
into three large blocks, which must be completed consecutively:

• General information: Initially, the technician completes the data in a first phase by providing
general information related to the work team, the building, and the soil upon which its foundations
lie. On the screen related to the work team, information relating to the type of inspection carried out
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can be included as can the contact details of all members who make up the inspection squad which
must be coordinated by a technician responsible for verifying the final document. The section
related to the property data requires the definition of its location, its chronology, its volumetric
characteristics, its materiality, and the nature of its typology. Through the last screen, related to
the soil-structure interaction, the tool automatically contributes the values related to the seismic
coefficients of the soil (ab/g and K) from the site indicated, and allows the introduction of the values
of the magnitude and intensity experienced during the earthquake. These parameters are used by
the APP to classify the type of damage and are usually related to the occurrence of each kind of
seismic event. Likewise, the definition of the main constructive and structural characteristics that
influence the interaction with the soil is considered, as are the values of the fundamental period of
the building that could be measured with sensors integrated in mobile devices.

• Inspection: The information provided in this first block allows the tool to supply a series of
recommendations for the development of the second phase of the work, related to the detailed
inspection of the architectural elements of the building. From this phase, a set of fields are activated
that relate to the different materials introduced in the previous phase. In this way, independent
interactive forms are established that work as guidelines for the quantification of the percentages
of damage experienced with respect to all the constructive and structural elements of the building
that have been fabricated in concrete, steel, stonework, and/or wood. Concerning these material
categories, a second differentiation is established between resistant elements, auxiliary elements,
foundation failures, and general movements. In addition, and due to their importance in the
evaluation process, the resistant elements are again categorized through the following concepts:
beams, pillars, walls, joints, floor slabs, and stairs. In those categories of most common damage,
the tool provides graphic diagrams and images that allow the user to visually identify the type
of damage referenced in the field to be filled. Additionally, the application allows photographs
to be taken and drawings to be made through the mobile device itself, which can be stored and
included as documentation attached to the report generated.

• Damage Assessment: In order to quantify the damages to the building and its risks, the different
elements are classified in groups based on their typology, from A to D, and each of them is given
a label depending on the severity of the damage (classes from 1 to 4). Combining the severity
of damages and its spread percentage, the building will be labelled in a different group as the
following chart shows (Table 2).

Table 2. Standards for the assessment of particular elements. Source: Prepared by the authors.

Group Description Damage Class Damage Spread (%) Group Label

A.1
Main structural elements:
beams, pillars, joints,
load-bearing walls, etc.

1–2 25–50 Green
1–2 75–100

3 25–50 Yellow

3 75–100
4 25–100 Red

A.2
Horizontal or inclined
structural elements: slabs,
floors, stairs, roofs, etc.

1–2 25–50 Green
1–2 75–100

3 25–50 Yellow

3 75–100
4 25–100 Red

B.1

Non-resistant elements:
masonry walls, fillings,
partition walls, enclosures,
etc.

1–2 25–100
3 25–50 Green

3 75–100
4 25–50 Yellow

4 75–100 Red
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Table 2. Cont.

Group Description Damage Class Damage Spread (%) Group Label

B.2

Auxiliary elements:
parapets, chimneys,
roofing elements, tiles,
coverings, glassware,
lighting, antennas, etc.

1–2 25–50 Green
1–2 75–100

3 25–50 Yellow

3 75–100
4 25–100 Red

C Building verticality
1–2 Not applicable Green

3 Not applicable Yellow
4 Not applicable Red

D Soil and foundations
1 Not applicable Green
2 Not applicable Yellow

3–4 Not applicable Red

By means of empirical rules and qualitative methods that have been checked and validated by
experts, a specific label is assigned to the building depending on the combination of the amount of
damage and its spread. The following chart determines the overall assessment of the affected building
according to the degree of damage established in each group of elements (Table 3).

Table 3. General building assessment and label criteria. Source: Prepared by the authors.

Groups Group Label
Proposed Group

Combination
Building Label

A.1 or A.2 or B.1 Red 1 Immediate
evacuation

A.1 or A.2 or B.1 Yellow
2and and Restricted use

B.2 Green
A.1 or A.2 or B.1 Yellow

3and and
B.2 Red

Immediate
evacuation

A.1 and A.2 and B.1 and
B.2 Green

4and and
C or D Yellow

Restricted use

A.1 and A.2 and B.1 and
B.2 Green

5and and
C or D Red

Immediate
evacuation

A.1 and A.2 and B.1 and
B.2 Yellow

6and and
C or D Yellow or Red

Immediate
evacuation

A.1 and A.2 and B.1 Green

7
and and
B.2 Yellow or Red
and and

C and D Green

Safe use

A.1 and A.2 and B.1 Green

8
and
B.2 Yellow or Red
and

C and D Yellow or Red

Restricted use

A.1 and A.2 and B.1 and
B.2 and C and D Green 9 Safe use

The aforementioned procedure has been implemented in the IT-Sismo App, so that once each
indicator is typed in, the software generates the label. The evaluation of the collected data through the
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app allows the architect or engineer to correctly label the building. In any case, the technician will be
able to edit the results obtained and include comments that help understand the document, prior to its
final validation.

3.2. Long-Term Intervention Protocol: Guide to Seismic Restoration

This document is proposed as a guide for the creation of technical reports that require prolonged
development over time. This document presents the work and actions that technicians must take into
account in order to carry out a more detailed analysis, regarding the restoration and/or demolition of
the properties that require this type of revision. In this way, the scope and objectives of this document
are related to the contribution of criteria for the evaluation of seismic behaviour in existing buildings,
the description of possible corrective measures to be used in a restoration process, and the orientation
in the development of tasks related to the analysis of the structural types, the recalculation of the
affected elements, and the sizing proposals of the new parts to be incorporated in reinforcement and/or
refitting operations.

The long-term intervention protocol establishes the systems that check and verify existing
structures. These systems are necessary for the analysis of the behaviour of buildings if, where
applicable, they have to face an earthquake of high intensity. This document is aimed towards orienting
the calculation of the current structural safety coefficient of the constructions before dynamic action,
towards evaluating their degree of conservation, and towards proposing new safety indices, especially
of either those buildings whose typological and constructive characteristics are representative of most
of the domain of the Andalusian region, or of constructions of a patrimonial nature. In this case,
the conditions of buildings of a historical nature are tackled.

Here, specific calculation and modelling criteria are taken into account for the structural evaluation
of the housing, as are structural and constructive solutions for the reinforcement and repair of damaged
elements. One example includes the establishment of new safety coefficients and highly specific test
systems, such as those based on the determination of the natural frequency of vibration.

The protocol will be accompanied by a series of technical recommendations, and by possible
actions of reparation, restoration, and reinforcement, aimed at improving the capacity of the buildings
to be resistant to future earthquakes, whereby as little as possible of the previous configuration is
altered, and increasing its safety in the event of an earthquake [32].

4. Discussion

With the arrival of the 21st century, a gradual awareness has arisen regarding historical seismic
risk, especially in regions where the incidence of earthquakes of high magnitude and intensity is rare.
This is the case of Andalusia, in the south of Spain, where historical records reveal the occurrence of
earthquakes with an intensity of IX or higher; such as the earthquakes of 1504, 1755, and 1884 [58,59].
Due to its long recurrence interval, there has traditionally been a lack of awareness of this risk. This level
of awareness has increased in recent years, whereby certain municipalities have developed action
plans in case disaster strikes, although this preparation has yet to be generalized. These plans not
only should include a set of action protocols, but they must also incorporate specific procedures
regarding the inspection of damaged buildings and the way to proceed in the management of the
information generated.

After a seismic event of an intensity greater than VI, it is necessary to carry out an inspection of the
properties and affected areas in order to detect their degree of safety. Given the workload, it is imperative
to have a specific tool that enables a quicker assessment and also the operational administration of the
amount of information generated, so the most effective decisions for the management of the possible
catastrophe can be adopted in real time. In this sense, those strategies designed for the development of
such a complex documentary set, established as a "post-catastrophe" protocol on a regional scale, have
been combined in a proposal of a methodological nature. This is achieved through the development of
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an electronic application installed on a mobile device, that serves as a guide for the inspection, and
which also enables the establishment of a regulated procedure for data collection.

This tool can be used by the technicians in charge of carrying out the inspections and allows
all the information to be downloaded onto a common platform which aids the management and
decision-making process by the authorities.

The specific information included in the short-term protocol comes from the analysis of the
general constructive conditions of residential buildings in Andalusia, and from examples of damage
taken from the studies collected in this work. In order to expedite an inspection process that must
be carried out urgently, an application for mobile devices has been developed for the automation
of diagnostics. Fortunately, no seismic event has yet led this work to be put directly into practice.
However, testing has been carried out through a verification of the coherence and logical value of
the results. To this end, eight case studies, namely eight residential buildings developed by the
public administration, have been introduced in the App and evaluated. These results were compared
with a prior manual evaluation of researchers and technicians for the same buildings and by means
of improvement cycles, the procedures were adapted until the outcome of the App matched the
manual evaluation. The proposed methodology has been tested in numerous case studies proving its
effectiveness during a post-earthquake evaluation. To do this, based on the selected group of residential
buildings, multiple damage scenarios have been designed and applied to buildings with different
structural and constructive characteristics. All the results obtained have been contrasted by the authors
of this work and researchers of the project to verify the suitability and logic of the results obtained.
This has allowed to optimize the use of the APP.

Furthermore, the diagnosis reports applied to the selected case studies have enabled the calculation
conditions to be verified for the creation of the protocol in the long term; a set of guidelines has been
designed systematizing those aspects that a seismic restoration proposal for residential buildings in
Andalusia should include.

Additionally, the tool has been shared in teaching sessions with students and non-specialist
technicians, demonstrating the usability and viability of the digital version of the protocol through the
IT Sismo APP. This illustrates the usefulness of ICT tools in the evaluation of technical aspects that
require a high degree of specialization.

5. Conclusions

The proposed methodology has been developed to assess residential buildings considering a
two-step analysis. The first step of the evaluation concerns the preliminary work that has been
proved to be easy to implement for any residential building, and most importantly, it can be used by
non-experts with few resources, so that in case of seismic event it is a more efficient way to cover the
evaluation of a greater number of affected cases.

It should be pointed out that the creation of reports in digital format, as an outcome of the IT-Sismo
APP, facilitates the inspection and speeds up the institutional management of the post-catastrophe files
that are generated during the process. This procedure also allows the management of the information
obtained, thereby increasing the level of efficiency by reducing the time allocated to data collection
and the preparation of a comprehensive diagnosis.

As this innovative proposal is the first of this kind in Andalusia, it should be considered as
an initial approach; hence the methodology can be improved in certain ways. For example, other
structural types or construction buildings materials need to be evaluated, since within the building
stock in Andalusia we can find many of them dated before the 20th century, and therefore a new
perspective on the traditional constructive systems should be considered. As this proposal is a result of
a public funded project, the authors suggest that this tool should be implemented within the workflow
of the administrations in charge of the maintenance of the building stock, either by means of the off-line
tool or a future on-line one.
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Finally, this proposal should also serve as a reminder that society must remain alert (and prepared)
for the occurrence of phenomena, that in Spain (and more specifically, in Andalusia) are rare, but could
also be catastrophic.
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Abstract: The main purpose of this study is to assess seismic risk and present earthquake loss
scenarios for the city of Imzouren, in northern Morocco. An empirical approach was chosen to
assess the seismic vulnerability of the existing buildings, using the Vulnerability Index Method
(RISK-UE), and considering two earthquake scenarios (deterministic and probabilistic). Special
concern was given to the seismic vulnerability in Imzouren since the 2004 earthquake (24 February,
mw = 6.4) that struck the region and caused substantial damage. A site investigation was conducted
in the city targeting more than 3000 residential buildings, which had been closely examined and
catalogued to assess their seismic vulnerability. The results of the seismic risk assessment in the
city are represented through damage to the buildings, harm to the population and economic loss.
Generally, the results obtained from the deterministic approach are in agreement with the damage
caused by the 2004 earthquake.

Keywords: earthquakes scenarios; vulnerability index; seismic risk; Imzouren

1. Introduction

There are numerous uncertainties in the process of obtaining earthquake loss scenarios which
are mainly related to either the seismic source or the building inventory [1]. Several methods have
provided credible results while taking into account these uncertainties, such as performance-based
methods and reliability-based design approaches [2–4]. Concerning the source location, earthquake
scenarios can rarely be associated with certainty to the rupture of well-identified faults, since in the
past, numerous destructive earthquakes occurred on blind faults or on offshore faults. In case the
source location is uncertain, a probabilistic scenario may arguably be preferable to a deterministic
one [5]. Still, if the site location is near a seismic source, first order rupture effects on ground motion
are expected, which are difficult to assess in probabilistic hazards analysis. The second obstacle is the
difficulty of categorizing the built environment into well-defined typologies and construction periods.
Sometimes, renovations and post-earthquake reinforcements get in the way of properly characterizing
the structural nature of the buildings, and thus properly estimating their seismic vulnerability on a
large scale [1].

In case of this study, numerous challenges including the aforementioned problems are present in
Imzouren. The city is located in the Al Hoceima region, which is the most seismically active zone in
Morocco [6–8]. In ten years period, the region was struck by two destructive earthquakes; the first
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one in 26 May 1994 of magnitude 5.9 mw and the second and strongest one in 24 February 2004 of
magnitude 6.4 mw [9]. Both were shallow earthquakes (depth < 15 km), but they didn’t cause a surface
rupture of a clear tectonic origin even though the observed cracks in the region back in 2004 were
interpreted as such [10]. The identification of the responsible faults for these earthquakes was very
problematic; especially since the assumed location of the epicenter had evolved over time [7,11–18].
Imzouren suffered the greatest damage in the aftermath of the 2004 earthquake that struck the region,
while Al Hoceima experienced significantly less damage, even though the two cities are equally distant
from the seismic source. Many believe that the damage difference is due to the bad design of the
structures and the position of Imzouren in a soil field [9,18,19], which amplified the ground shaking.

Regarding the buildings, they are mostly reinforced concrete moment frame structures with
masonry infill walls, mainly because the city was founded in the second half of the 20th century.
One of the main problems that the built environment suffers from is a lack of supervision during
the construction period of the buildings. In fact, many owners live abroad (Europe) and have their
dwellings constructed without inspection and without any respect to the seismic standard in the region.
Additionally, since many earthquakes have struck the city in the recent past (1994, 2004), there have
been reconstructions and reinforcements of the damaged and affected buildings, which makes the
estimation of the seismic vulnerability difficult.

Imzouren (35◦09′ N, 3◦52′ W) is located in the province of Al Hoceima on the northern coast
of Morocco. Almost as important as Al Hoceima, Imzouren has different structural characteristics.
It stretches along 3 km of the left margin of the Oued Nekkor and occupies part of the recent alluvial
plain and oldest terraces formed by conglomerates and sandstones of the Pliocene age [19]. The 2004
population census for the province of Al Hoceima reported that Imzouren counts 26,474 inhabitants,
5147 residential buildings and an average of 5 inhabitants per dwelling [20]. As recently as the 1990s,
constructive measures (BAEL 91 and PS92) [21,22] were introduced to protect buildings in the Rif
region; the national seismic standard R.P.S. 2000 [23] came afterwards to set the essential seismic codes
in the country [24]. According to the current Moroccan seismic code, the acceleration has a value of
0.18 g for an exceedance probability of 10% in a return period of 50 years [25].

The flow chart in Figure 1 shows an overview of the methodology applied in this paper.
Seismic hazard assessment was evaluated in terms of macroseismic intensity, where probabilistic
and deterministic scenarios were carried out. Site effects have also been considered in this study since
Imzouren is formed on soft sediment, and were given incremental values added to the macroseismic
intensity for both scenarios. The seismic vulnerability of the built environment was evaluated in terms
of a Vulnerability Index Method (VIM) adapted and applied to the regional building characteristics.
The seismic risk is represented by direct damage to the buildings, damage to population and economic
loss. Ideally, earthquake loss models should include all possible induced phenomena from earthquakes:
landslides, liquefaction, surface fault rupture, and tsunamis. However, strong ground motion is often
the only hazard considered in loss assessment methods. It is commonly an acceptable approach
because as the size of the loss model increases, the relative influence of the secondary hazards such as
liquefaction and landslides decreases [26]. Harm to the population is defined in terms of casualties and
people needing to be relocated (homeless), while economic loss is calculated based on reconstruction
costs. All of these aspects are directly related to the direct damage on buildings.

The vast amount of building inventory data made the use of a Geographical Information System
necessary for this study. Furthermore, the GIS-generated damage distribution maps also have the
advantage of being easily understood and used by city planners and risk managers.
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Figure 1. Flow chart of the adopted methodology for the seismic risk assessment in Imzouren.

2. Seismic Intensity and Earthquake Scenarios

2.1. Earthquake Scenarios

Two main scenarios were considered for this study. A deterministic scenario may be the better
approach for a city in a seismic zone; however, we have also considered a probabilistic scenario to
compare the differences between the two damage loss scenarios. Given the small size of Imzouren, the
macroseismic intensity is considered to be constant all over the city.

The deterministic scenario is based on a reference event, which represents the closest earthquake
to the target site that caused the greatest damage. In this case, we assume this event to be similar to
the earthquake that struck the region of Al Hoceima in 24 February 2004 [9]. The earthquake took
place at an epicentral distance of 12 km from the city and was estimated at a depth between 6 and
10 km. The damage caused was catastrophic; 629 dead, 966 injured and 15,600 homeless people [17].
The estimated intensity in the city of Imzouren was in the range of IX-X degree of MSK scale [27]. The
same reference event was considered beforehand in the study of seismic risk in Al Hoceima [24] since
the two cities are relatively close to each other.

The seismic hazard for the probabilistic scenario was addressed by the Risk Management Solutions
Inc. in 2012 [28]. According to the results, the city of Imzouren was assigned an intensity of VIII in
MSK scale [29] and a peak ground acceleration equivalent to 0.303 g for a return period of 475 years.
According to the national seismic standard R.P.S. 2000, Version 2011 [25], the seismic acceleration for a
return period of 475 years is equal to 0.18 g, which is significantly lower than the one estimated by the
RMSI report [28].

2.2. Site Effects

The surface ground motion may be strongly amplified if the geological conditions are unfavorable;
whether it’s topography or surface failure or sedimentary basins. These geological specificities can
strongly influence the nature and severity of shaking at a given site. For this study, site effects
were estimated based on a seismic microzonation conducted in the city [30]. An iso-frequency map
was elaborated using the Nakamura method H/V (Figure 2), which consists in estimating the ratio
between the Fourier amplitude spectra of the horizontal (H) to vertical (V) components of ambient
noise vibrations. The obtained spatial distribution map of iso-frequency values shows the existence of
homogeneous zones that correlate well with the lithology of this area [30]. Three zones were considered:
zone 1 with frequencies ranging from 0.93 Hz to 1.57 Hz (deposits of conglomerates, sandstone, coastal
glaze loam and silt), zone 2 with frequencies between 1.57 Hz and 1.88 Hz (conglomerates, sandstones
and silt trays and gray silt of the plain of Oued Nekor) and zone 3 with frequencies between 1.88 Hz
and 4.90 Hz (schist bedrock, shale formations and rock).

Geotechnical characterization of the area around the town was carried out to define site effects
in terms of intensity values, based on the spatial distribution map of soil frequencies (Figure 2). The
intensity has been incremented by frequency margins and the used increments were decided based
on expert opinion. The introduction of soil effects in terms of intensity was also recommended in the
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RISK-UE project [31]. In zones 1 and 2, increments of 1 and 0.5 were applied respectively, while no
intensity increments were considered for zone 3. The intensity map for the city of Imzouren, including
the soil effects, is shown in Figure 3a,b according to both scenarios. As can be seen, the seismic
intensity according to the deterministic scenario is significantly higher than the one estimated by the
probabilistic scenario.

 

Figure 2. Spatial distribution of frequencies and identification of homogeneous areas in the town of
Imzouren [30].

  

(a) (b) 

Figure 3. Intensity map for the city of Imzouren including soil effects according to (a) the deterministic
scenario and (b) the probabilistic scenario.

3. Description and Classification of Imzouren Building Inventory

Imzouren is a new city where residential buildings are mostly low-rise reinforced concrete moment
frame structures. According to the 2004 census [20] the modern Moroccan house is the predominant
type, constituting 94% of total dwellings (Table 1). It is a city where the money from emigration to
Europe was recently invested in multiple buildings of 3, 4 or 5 floors [19], and this is indicated in
the results of the same census, where more than 30% of the dwellings are either vacant or seasonal
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(Table 2). Most of the buildings have simple geometrical shapes with small construction areas ranging
from 100 m2 to 150 m2 (Figure 4).

Table 1. Types of housing in the city of Imzouren [20].

Housing Types Number %

Villa 9 0.2
Apartment 4 0.1

Traditional Moroccan house 74 1.4
Modern Moroccan house 4834 93.9

Slum 20 0.4
Rural dwelling 23 0.4

Others 183 3.6

Table 2. Housing occupation in the city of Imzouren [20].

Housing Occupation Number %

Total dwellings 7471 100
Occupied dwellings 5122 68.6

Vacant dwellings 1492 20
secondary or seasonal dwellings 857 11.5

  

Figure 4. Modern Moroccan houses in the city of Imzouren.

For the purposes of this study, the city was subdivided into multiple sections representing 11
districts (Table 3). Each section is represented by a number of studied buildings that characterize
the structural nature and the geometry of the residential buildings in the area. The investigation
targeted buildings in the whole city, where geometrical features were inspected; from number of
floors to irregularities and maintenance. A total of 3077 residential buildings spread throughout
the city were the object of this study (Figure 5), which represents approximately 60% of the total
number of residential buildings. It is also of interest to comment on the number of reinforcements and
reconstructions that has been seen throughout the investigation, especially in the southern part of the
city, where the damage caused by the 2004 earthquake was more important (Figure 5). However, the
reinforcements aren’t applied in the most efficient way; it mostly consists of additional steel bars to the
first floor columns.

Table 3. Adopted code level for the existing buildings in Imzouren.

Construction Period Before 1960 1960–1994 After 1994

Code level Low code Medium code High code
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Figure 5. District limits and studied buildings in the city of Imzouren.

During the investigation, several obstacles were encountered, which will inevitably induce
uncertainties in the results. Among the problems encountered, there were poor construction
procedures, usually due to the lack of supervision and control on site, especially the linking of
structural elements and the quality of construction materials, which can be very difficult to trace
during the visual inspection. Also, the buildings share structural and architectural similarities, which
is why it has proved difficult to characterize them individually. The code level was introduced in order
to assess the seismic vulnerability of buildings more efficiently.

Three code levels were defined for residential buildings in Imzouren (Table 3), depending on the
construction period; before 1960, between 1960 and 1994 and after 1994. The 2 events (1960, 1994)
are very important in the seismic history of Morocco, given the fact that they represent a substantial
change in construction habits, especially in the region of Al Hoceima [24]:

• The 1960 event: Agadir was struck by one of the most destructive earthquakes in the 20th
century [32] on 29 February 1960, causing more than 12,000 fatalities. A first seismic standard
resulted from the studies and investigations in site, named “Agadir Standard”. Without a proper
seismic code, the Moroccan construction has been greatly affected by this standard.

• The 1994 event: A violent earthquake (Mw = 6.0) struck the region of Al Hoceima, causing
casualties and extensive damage [28,33]. Constructive measures have been taken post-earthquake
to protect and reinforce buildings in the Rif region, based on the PS92 [22] and BAEL 91 [21].
These decisions were applied after 1994 in Al Hoceima, Imzouren and surrounding towns and,
subsequently, contributed to developing the first national seismic code known as R.P.S. 2000 [23].
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The distribution of the existing buildings according to number of stories and code level is shown
in Figure 6, where most low-code constructions are only one or two-story buildings.

 

Figure 6. Distribution of the existing buildings according to number of stories and code level.

4. Seismic Vulnerability using the Vulnerability Index Method

The “Vulnerability Index Method” [34,35] has been widely used in Italy during the last decades.
This method is considered “indirect” because the relationship between the seismic action and the
seismic response is established by a “vulnerability index”. The method uses a field survey form to
gather information about the parameters of the buildings that might influence their vulnerability. The
data on registered earthquakes is used to calibrate and adjust the vulnerability functions to link the
vulnerability index (VI) to the main damage factor (d) for a specific seismic intensity or PGA.

RISK-UE (An Advanced Approach to Earthquake Risk Scenarios with Application to Different
European Towns) was an important research project funded by the European Commission. Seven
cities (Barcelona, Bitola, Bucharest, Catania, Nice, Sofia and Thessaloniki) were involved in this project,
whose main objective was to develop a general methodology for assessing seismic risk in European
cities [36–39]. The Vulnerability Index Method was chosen as one of the vulnerability assessment
procedures that have been successfully developed and applied to all the cities mentioned above.

The main advantage of the “Vulnerability Index” methods is that they can determine the
vulnerability characteristics of each building, rather than defining the vulnerability based only on the
typology. However, the method requires expert judgment since the coefficients and weights applied
in calculating the vulnerability index have a degree of uncertainty that is not taken into account.
In addition, the calculation of the vulnerability index for a large building stock would be very time
consuming, if such data is not already available [40].

The Vulnerability Index Method applied in the RISK-UE project was used for the purposes of
this study. This method provides a typological classification system [41], to group structures with the
same seismic performance Vclass

I and then adds the Vmj behavior modifiers specific to each building,

to calculate a total vulnerability index Vbuilding
I for each building, using the following Equation [37]:

Vbuilding
I = Vclass

I + ΔMR +
n

∑
j = 1

Vmj (1)

where ΔMR is a regional modifier which takes into account the characteristics of the region or the
building period. The total vulnerability index Vbuilding

I takes values ranging from 0 (least vulnerable
building) to 1 (most vulnerable building).

The method was adapted to the Moroccan features of the buildings [24] and applied to the studied
buildings in Imzouren. The results show that the vulnerability index takes values ranging from
0.2 to 0.86, with an average value of 0.38 (Figure 7). The city has a low vulnerability, as can be seen
from Table 4. The mean vulnerability indices for the different districts have values ranging between
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0.31 and 0.44. This could be related to the reconstructions and reinforcements of the buildings that are
accounted for since the 2004 earthquake. However, the existence of a minority of buildings can’t be
overlooked (7.5% of the total number of the studied structures) having a vulnerability index greater
than 0.5 (Figure 7) and can be exposed to the collapse in case of an earthquake. The results correlate
well with the 2004 census, where 4.7% of the households are below the relative poverty line and 7.6%
are below the vulnerability threshold [20].

 

Figure 7. Vulnerability index values for the existing buildings in Imzouren.

Table 4. Mean Vulnerability Indices (MVI) for the Districts of Imzouren.

Label District Name Number of Inspected Buildings MVI

1 Laazib 131 0.44
2 Iboujiren 185 0.44
3 Zaouia 530 0.42
4 Ait Moussa et Amar 155 0.41
5 Quartier Commercial 396 0.41
6 Ait M’hand Ou Yahya 182 0.40
7 Quartier Masjid 478 0.38
8 Souk 339 0.31
9 Tanaouia 1 267 0.33
10 Hay Rabia 392 0.32
11 Tanaouia 2 22 0.32
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The VIM introduces five non-null damage states; Slight, Moderate, Substantial to Heavy, Very
Heavy and Destruction [42]. The mean damage grade μD is introduced to characterize the likely
damage to the building, for a given vulnerability (VI) and a macroseismic intensity (I) according to the
following Equation:

μD = 2.5
[

1 + tan h
(

I + 6.25VI − 13.1
φ

)]
(2)

where φ is the ductility index, which is assessed taking into account the typology of the building and
its geometrical and material characteristics [43]. For residential buildings, it has a value of 2.3 [36].
The distribution of the mean damage grade for the different building codes is shown in Figure 8. It is
in fact the most important factor in the seismic vulnerability assessment in the city, since all existing
residential buildings have the same structural build (reinforced concrete moment frame structures)
and the same height (low to mid rise).

A weighted average index of damage DSm can be calculated using the following Equation [37]:

DSm =
5

∑
k = 0

kP[DSk] (3)

where k represents the state of damage taking values from 0 to 5 and P[DSk] represents the
corresponding probabilities of occurrence of the damage state k. The damage distribution is calculated
using the beta distribution [37].

 

Figure 8. Mean damage grade for the considered building codes.

5. Seismic Risk and Loss Scenarios

The data gathered on the seismic vulnerability of the buildings was combined with the
macroseismic intensity of the region, including site effects. The results are shown below according to a
deterministic and a probabilistic scenario.

5.1. Direct Damage

The mean damage grade for each district can be seen in Figure 9 for both the deterministic and
probabilistic hazard scenarios. The distribution of damage follows the same pattern as the site effects
(Figure 3); the damage is more significant in the eastern part of the city where site effects are more
present. The damage grade values range between 0.58 to 4.59 for the deterministic scenario and 0.17 to
3.77 for the probabilistic scenario, with mean values of 2.08 and 0.89 respectively. This corresponds to a
moderate damage for the deterministic scenario and a slight damage for the probabilistic scenario. It is
also important to note that the number of structures with a Very Heavy mean damage grade (partial
collapse) is considerable for the deterministic scenario (73 structures).

Figures 10 and 11 display the distribution of damage in the different districts in the city according
to the deterministic and probabilistic hazard scenarios. Similar to the mean damage factor (Figure 9),
the damage distribution difference between the considered scenarios is significant, since the considered
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intensities affecting both scenarios are quite different (IX-X for the deterministic scenario and VIII for
the probabilistic scenario).

 
(a) (b) 

Figure 9. Mean damage grade for the residential buildings of Imzouren according to (a) the
deterministic scenario and (b) the probabilistic scenario.

 

Figure 10. Damage distribution by districts according to the deterministic hazard scenario.

 

Figure 11. Damage distribution by districts according to the probabilistic hazard scenario.
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5.2. Harm to Population

Harm to the population is estimated considering the number of casualties and homeless. First, to
evaluate the number of fatalities and injured, the casualty model given by Coburn and Spence (2002)
is used [32]:

KS = C· [M1·M2·M3·(M4 + M5·(1 − M4))] (4)

The parameter KS represents the number of casualties, C is the number of collapsed buildings,
obtained by the number of buildings multiplied by the collapse probability. M1 is the number of
inhabitants per building, according to the [20], an average of five persons per household are estimated
for the city. M2 is the occupancy at time of the earthquake and a value of 75% for residential buildings
is assumed for this case. M3 is the percentage of occupants trapped by collapse. Since Imzouren is
a case of residential low-rise buildings, a percentage of 50% is assumed. M4 is the estimated injury
distribution at collapse and the parameter depends on the building typology. Multiple cases are
considered for the M4 parameter (Table 5): light injuries not necessitating hospitalization, injuries
requiring hospital treatment, life-threatening cases needing immediate medical attention and dead or
unsaveable cases. M5 is the percentage of trapped survivors in collapsed buildings that subsequently
die, assumed to be equal to 90%. Table 5 shows the adopted values of M2–M5 parameters.

Table 5. The assumed values for the M2–M5 parameters [32].

Typology
M2
(%)

M3
(%)

M4 (%)
M5
(%)Light

Injuries
Injuries Requiring

Hospitalization
Life-Threatening

Cases
Fatalities

Values for reinforced
concrete buildings 75 50 10 40 10 40 90

The results of casualties are carried out only for the deterministic scenario, where the case of
collapsed buildings is possible (Figures 10 and 11). Table 6 shows the total injuries and fatalities for
each district in the city of Imzouren. The estimated number of casualties is 580 and the number of
fatalities is estimated at 147, which is strongly correlated with the estimated number of collapses that
is equal to 84 for the deterministic scenario.

Table 6. Number of casualties for the deterministic scenario for each district in Imzouren.

Label District Name
Light

Injuries
Injuries Requiring

Hospitalization
Life-Threatening

Cases
Fatalities

1 Laazib 12 13 12 13
2 Iboujiren 36 37 36 37
3 Zaouia 31 32 31 32
4 Ait Moussa et Amar 7 7 7 7
5 Quartier Commercial 26 27 26 27
6 Ait M’hand Ou Yahya 15 16 15 16
7 Quartier Masjid 10 10 10 10
8 Souk 1 1 1 1
9 Tanaouia 1 5 5 5 5
10 Hay Rabia 0 0 0 0
11 Tanaouia 2 0 0 0 0

Total 143 147 143 147

Harm to population was afterwards estimated in terms of the number of homeless people. The
number of persons to be relocated because of uninhabitable buildings is also an important parameter in
disaster management. The methodology that was applied is based on HAZUS 1999 [44] and considers
that 100% of partially or completely destroyed buildings and 90% of the buildings with Heavy damage
are considered uninhabitable.
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The total number of residential units uninhabitable because of structural damage is calculated by
the following Equation:

%MF = 0.9 × %HMF + 1.0 × %VHMF + 1.0 × %DMF

UNUSD = UMF × %MF
(5)

where UMF is the total number of multi-family residential units, %HMF, %VHMF and %DMF are
the probabilities corresponding to Substantial to Heavy damage, Very Heavy damage and collapse
states respectively.

The estimated number of homeless people according to both deterministic and probabilistic
scenarios is shown in Figure 12. The total number of homeless people estimated in both scenarios is
6404 and 221 respectively. The big difference between the two results is due to the fact that the damage
exceeded the “Substantial to Heavy” limit in the deterministic scenario.

(a) (b) 

Figure 12. Number of homeless people for each district according to (a) the deterministic scenario and
(b) the probabilistic scenario.

5.3. Economic Cost

Economic losses are considered as the present costs of reconstructing the damaged buildings. This
value is estimated by the cost of reconstruction of reinforced concrete buildings without including the
cost of land. Absolute economic cost SCost in millions of euros is given by the following equation [44]:

SCost =
5

∑
k = 2

CS(k) = VC

5

∑
K = 2

Ne

∑
J = 1

[Area(j)·Ps(k, j)·RC(k, j)] (6)

where SCost is the sum of repair costs CS(k) due to the damage state k; VC is the cost per unit area.
A constant value of VC is assumed for all types of buildings [24]; Area is the building area; Ps(k, j)
is the probability for the construction j to be in the state of damage k and RC(k, j) is the value of
compensation due to the degree of damage k to the building j and is given as a percentage of the
reconstruction cost per square meter. The used cost estimation doesn’t take into account other factors
such as finance charges, resale and residual values, or repair costs, all considered in the LCCA method
for a single building or a building system [45]. However, given the objectives of the study and the
scale of work, the economic estimate is considered satisfactory.

Figure 13 shows the economic losses in millions of euros for each section of the city, caused by
the deterministic and probabilistic hazard scenarios. The total economic cost of the city is 197 Million
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Euros in the case of the deterministic scenario, and 48.4 million euros in the case of the probabilistic
scenario. The losses according to the deterministic scenario represent 43% of the estimated losses of
the 2004 earthquake, taking into account the overtime dollar value and the exchange rates [46], which
is fairly accurate given the statements in the technical reports of the overall damage distribution in the
region of Al Hoceima [9,20,47].

(a) (b) 

Figure 13. Distribution of economic cost according to (a) the deterministic scenario and (b) the
probabilistic scenario.

6. Discussion

The results show that most buildings have a low vulnerability index, which can be linked to the
improved quality of construction materials and construction practices since the 2004 earthquake.
In addition, an increasing number of reinforcements and reconstructions have been identified
throughout the city since the 2004 event. However, this fact doesn’t exclude 7.5% of the buildings
having important vulnerability indices, which is mainly related to the failure to comply to seismic
construction regulations.

The results also show that direct damage in the city is moderate for the deterministic scenario,
and light for the probabilistic scenario. The damage difference between the two considered scenarios
is rather important, since the considered intensities affected to both scenarios are quite different.
The results show similarities with the conducted surveys of the reference earthquake. According
to damage surveys of the 2004 earthquake, buildings belonging to the same vulnerability class (B
and C from EMS 98) show different results, some stood in good condition while others (around 30)
completely collapsed [19,47]. All the reports believe the damage is related to the site effects and
construction defects.

The estimated number of casualties is significant in case of the deterministic scenario, while
inexistent for the probabilistic scenario. A total number of 84 Collapses, 580 casualties and 147 fatalities
are estimated in the worst-case scenario. According to NatCatSERVICE, the overall losses due to
the 2004 earthquake in the region of Al Hoceima is estimated around 400 million dollars [46]. The
economic losses in the city of Imzouren according to the deterministic scenario are about 197 million
euros and represent 43% of the estimated overall losses of the 2004 earthquake, taking into account the
overtime dollar value and the exchange rates, which is a good estimate.

During the investigation, it was rather difficult to distinguish buildings by their characteristics
since they have the same structural build and the same appearance. However, the existing dwellings
were mainly categorized by their code level, in other words, whether the buildings respect new and
old seismic construction standards or not. Additionally, this study doesn’t take into account the
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poor construction practices that are not apparent on buildings (e.g., quality of construction materials,
column-beam connections) which frequently occur when there is lack of supervision.

Based on the estimated states of damage according to both deterministic and probabilistic
scenarios in the city of Imzouren, it is important to consider risk mitigation actions, which may include:

• Control of the mechanical characteristics of the existing buildings suspects of construction defects;
• Planning a seismic microzonation of the city using Vs30;
• Updating the seismic standard in the region of Al Hoceima, by adding response spectra for the

cities and fragility curves for the typical structures;
• Increasing the level of preparedness of disaster and rising societal awareness of seismic risk.

7. Conclusions

Seismic risk in the city of Imzouren was assessed with an empirical approach based on site
investigations and vulnerability index scoring. The evaluation of the seismic hazard and seismic
vulnerability allowed a proper estimation of damage based on two seismic hazard scenarios; a
deterministic scenario and a probabilistic one. The seismic hazard was defined in terms of macroseismic
intensity including site effects.

A building inventory of 3077 residential buildings was collected for the purposes of this study. The
inspection results indicate that all buildings are reinforced concrete moment frame constructions with
masonry infill walls. The seismic vulnerability of the buildings was performed using the Vulnerability
Index Method applied in the RISK-UE project. The results show that most buildings have a low
vulnerability index. However, this fact doesn’t exclude 7.5% of the buildings having important
vulnerability indices. In terms of seismic risk results, direct damage in the city is considered to be
moderate for the deterministic scenario, and light for the probabilistic scenario. The same difference in
scenarios is observed for the harm to the population and economic costs, since these aspects are tightly
linked to direct damage.
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Abstract: The proposed study aims at analysing a sub-urban sector in the historic centre of Qualiano,
located in the province of Naples (Italy), in order to assess the seismic vulnerability of the main
typology classes (masonry and reinforced concrete) in the study area and the consequent expected
damage scenarios. The typological and structural characterisation of the investigated area is done
through the CARTIS form developed by the PLINIVS research centre together with the Italian Civil
Protection Department. Subsequently, the vulnerability simulation analysis is carried out by means
of a quick methodology integrated into a GIS tool in order to identify the structural units (S.U.)
most susceptible at damage under seismic events. Furthermore, in order to take into account the
possible damage scenarios, a parametric analysis is performed using a seismic attenuation law in
order to obtain the maximization of the expected urban losses. Finally, the site and topographical
local conditions, which negatively influence the severity of the seismic damage on the structures,
have been taken into account in order to more correctly foresee the expected damage of the inspected
sub-urban sector to be used for appropriate seismic risk mitigation plans.

Keywords: CARTIS form; Vulnerability assessment; Seismic attenuation law; Expected damage
scenario; GIS mapping; Geo-hazard site effects

1. Introduction

The seismic risk assessment of urbanized areas involves a multi-level analysis that is based
on the combination of three main factors, such as, Hazard (H), Exposure (E), and Vulnerability
(V) [1]. Within this approach devoted to the seismic risk assessment, the large-scale vulnerability of
building samples assumes a noteworthy importance, as it is one of the main factors that is responsible
for structural damages due to possible seismic events [2]. In fact, the rigorous assessment of the
vulnerability of existing buildings and the implementation of appropriate solutions to mitigate the
earthquake induced effects aims at reducing the levels of physical damage and socio-economic losses
impact of the future seismic events. Risk management of urban areas is normally carried out without
an adequate spatial planning tool. In fact, the high population density and the absence of adequate
renovation interventions on buildings are factors that negatively influence the global vulnerability
of entire urban centres with disastrous consequences in the case of seismic events [3]. As a result of
this condition, the main cause of huge social losses, observed during the past earthquakes, is due to
the collapse of buildings. However, the general concept of risk, independent from the considered
natural phenomena, can be understood as the achievement of a level of “expected losses”, social and
economic, into a given area [4]. It is, therefore, important to know the urban heterogeneity and the
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global socio-economic level to guarantee the development of policies and programs that prevent and
reduce urban vulnerability in relation to the number of inhabitants and their exposure to natural
phenomena. In this context, it seems evident that the loss concept is commonly identified as costs that
should be sustained in order to restore the system original configuration.

The assessment of large-scale seismic vulnerability, therefore, would allow for both estimating
the potential future losses due to the occurrence of earthquakes that can affect a particular region
and supporting the technicians to implement risk mitigation plans. This kind of approach was first
proposed by the Italian National Group for the Defence against Earthquakes (GNDT), which took
the profit of post-earthquake damage observations of masonry buildings in Italy [5]. This method
considered buildings as isolated structures [6], thus neglecting the aggregated configuration, where the
interactions and the connections among adjacent constructions modify their seismic behaviour. Therefore,
this analysis approach has been subsequently modified in order to consider any mutual interactions of
buildings placed in aggregate due to earthquakes [7]. This procedure was then developed for several
case studies in Europe [8–10].

Observational models have the peculiarity to be easily implemented into the macroseismic
method [11] for the evaluation of the expected damage in a generic urbanized area according to the
European macroseismic scale EMS-98 [12].

In the large-scale risk assessment, it is very important to take into account the selection of
seismogenic zones, which are commonly referred to a scenario analysis, in order to have a realistic
distribution of site effects on the entire territory. The geo-morphological effects have an important
role on the seismic vulnerability investigation, since they significantly influence the behaviour of
buildings due to the local amplification effects, an intrinsic feature of the site of interest. Generally,
the expected risk is represented in terms of macroseismic intensity and empirical correlations between
the surface geology and the seismic intensity, based on the post-event observations, are proposed.
In fact, simplified methodologies are implemented for the estimation of site effects [13,14] and
their influence on the seismic vulnerability impact scenarios. These studies are mainly based on
the macroseismic approach, since the macroseismic intensity is the main parameter linking the
direct effects of the earthquake to the consequent damage. The methodology that was proposed
by Giovinazzi and Lagomarsino [15] allows for estimating the macroseismic intensity increase as a
function of amplification factors, defined for different class of buildings and soil conditions. Therefore,
according to the macroseismic approach [12], the soil conditions are taken into consideration within
the vulnerability index and the risk is then evaluated in terms of macroseismic intensity as compared
to the rigid soil requirement.

Based on these premises, the present work proposes a large-scale vulnerability study of a
sub-urban sector of the historical centre of Qualiano, in the district of Naples, focusing the attention on
the geo-hazard effects that are induced by local site phenomena. This is due to the fact that Qualiano
rises on deposits of lapilli characterising the ground, which is classified as a category C. More in detail,
the study aims at estimating the amplification of macroseismic intensity and, subsequently, of the
seismic vulnerability of the inspected area in order to correctly estimate the expected damage scenarios.

2. The Historical Centre of Qualiano

2.1. Historical News

Qualiano, Figure 1, is a municipality with 25.704 inhabitants in the metropolitan area of Naples
in Campania. The name derives from Caloianum, as can be seen from the first complete list of
all the houses in the kingdom of Naples. The historical information on the origin of Qualiano are
corroborated by numerous archaeological discoveries that allowed to suppose, without doubts, the role
and function of the Roman village of Collana, which was dominated first by Greek colonies and then
by Roman people.
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Recent archaeological finds also suggest that Qualiano was one of the most favourite centres of
Roman patricians for the healthy climate and the flourishing vegetation. This was also narrated by the
historian Titus Livio, who described the natural riches of the entire Agro-Giuglianese territory. In fact
numerous remains of the Roman empire, such as marble statues, opus reticulatum masonry, consisting of
diamond-shaped tuff bricks placed around a core of opus caementicium (the former concrete),
opus latericium masonry, which is coarse-laid brickwork used to face a core of opus caementicium,
coloured mosaic floors dated from the end of the 1st century BC to the beginning of the 1st century
AD, huge clay vases for storing foodstuffs (wheat, barley, etc.), and a rectangular water-filled cistern
with a vaulted roof [16], were found.

Already in the fourth century, Qualiano recorded the presence of the Samnite people, while the
formation of an agricultural centre or village (fagus) dated back to the III century BC, with the presence
of the Oscan-Samnite people. The highest importance and urban growth of Qualiano occurred in the
fourth or fifth century AD during the period of Roman decadence. The historical periods from the
Angevin-Aragonese kingdom to the Spanish one (1500 and 1600) affected the modest agglomeration
of Qualiano, while from the urban point of view the second Bourbon period (1815–1860) had a
considerable importance.

Currently, Qualiano belongs the giuglianese area with the municipalities of Villaricca, Calvizzano,
Giugliano in Campania, Marano di Napoli, and Mugnano di Napoli.

 
(a) 

 
(b) 

Figure 1. (a) Geographical location of Qualiano in the Campania region of Italy; and, (b) street view of
one of the main city square.

2.2. Typological and Structural Characterisation of Samples of Buildings: The CARTIS Form

The CARTIS form [17] was developed by the PLINIVS research centre of the University of Naples
“Federico II” in collaboration with the Italian Civil Protection Department (DPC) during the ReLUIS
2014–2016 project—“Development of a systematic methodology for the assessment of exposure on a territorial
scale based on the typological characteristics/structural of buildings”.

The CARTIS form aimed at detecting the prevalent ordinary building typologies in municipal or
sub-municipal areas, called urban sectors, characterised by typological and structural homogeneity.
The form refers only to ordinary buildings, mainly houses (multi-storey buildings) made of
masonry and reinforced concrete (RC). Therefore, from the typological characterisation, monumental
buildings (religious buildings, historic buildings, etc.), special structures (industrial warehouses,
shopping centres, etc.), and strategic ones (hospitals, schools, etc.), whose characteristics are
not comparable to ordinary buildings, have been excluded. The preliminary phase requires the
identification of the homogeneous urban sector, appropriately bounded on the map and progressively
numbered with respect to other sectors [18].

The form is divided into four sections: section 0 for the identification of the municipality and
the sectors identified therein; section 1 for the identification of each of the predominant typologies
characterizing the generic sub-sector of the assigned municipality; section 2 for the identification of
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general characteristics of each typology of constructions; section 3 for the characterization of structural
elements of all individuated construction typologies.

It is worth noting that the structural-typological characterisation of the built-up represents a
useful tool for improving the inventory of building distributions on the national territory for the large
scale seismic vulnerability assessment by means of any specific approach. The overlapping of the basic
cartography with the elaborations related to the urban habitat chronological development or, in the
absence of it, with the comparison between cadastral maps of different epochs, allow for knowing
the phases of the city growth. From these elaborations, it is possible to identify the historical areas of
Qualiano, which is those built before the seismic classification of the municipality (occurred after 1980)
and the urbanised areas with recent buildings. Based on the aforementioned items, the municipality
of Qualiano has been subdivided into four sectors. The first, C01, is the historical centre, the second
C02, is the first urban expansion, the third, C03, is made of suburbs, and finally, the fourth, C04, is an
agricultural/industrial area (Figure 2).

Figure 2. The main urban sectors of Qualiano.

The study is herein conducted on the C01 sector (Figure 3), where two types of masonry structures,
URM1 and URM2, and one kind of reinforced concrete buildings, RC, are identified according to the
acronyms of structural typologies given by the CARTIS form.

 

 
(a) (b) 

Figure 3. (a) Bird-eye view and (b) numbering of buildings in the selected sub-sector of the C01 sector.
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The buildings of the URM1 typological class are placed in the heart of the historical centre of
Qualiano, which collects all of the constructions built before 1860 and are generally composed of
two floors.

From the technological point of view, these buildings have a tuff masonry structure with an
average thickness of 0.80 m and direct masonry foundations. The lack of connections at corners
among perimeter walls orthogonal to each other does not guarantee a global behaviour of the
structure. The horizontal structures are characterised by timber floors and unusable roofs. Similarly,
URM2 buildings have two floors above ground with inter-storey heights of 3.50 m. They have a tuff
masonry structure with thicknesses of 0.80 m, reinforced concrete horizontal structures, and direct and
continuous foundations. The arrangement of the openings on the façade is regular and buildings have
a good conservation state.

Finally, the recently constructed reinforced concrete buildings consist of four floors with inverse
beams foundations. Cladding walls are made of brick masonry with thickness of 0.30 m.

Subsequently, the acronyms proposed by the BTM (Building Typology Matrix) [19] have been used
to indicate the typological classes of the CARTIS form, see Figure 4. In particular, the classes URM1
and URM2 correspond to M1.2 (tuff masonry stones with timber floors, 28%) and M3.4 (tuff masonry
stones with reinforced concrete floors, 60%), respectively. Furthermore, RC1 is associated to the RC
class (reinforced concrete frames, 12%). The representation on the Qualiano’s map of the inspected
building typological classes is done using the QGIS tool [20].

 
Figure 4. The main typological classes of the examined sub-sector.

2.3. Seismic Vulnerability Assessment

In order to implement a rapid seismic assessment procedure for the examined urban sector the
proposed new vulnerability form for aggregates depicted in Table 1 is used [21].

Table 1. The new vulnerability form for building aggregates.

Parameters
Class Score, Si Weight, Wi

A B C D

1. Organization of vertical structures 0 5 20 45 1.00
2. Nature of vertical structures 0 5 25 45 0.25

3. Location of the building and type of foundation 0 5 25 45 0.75
4. Distribution of plan resisting elements 0 5 25 45 1.50

5. In-plane regularity 0 5 25 45 0.50
6. Vertical regularity 0 5 25 45 0.50–1.00
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Table 1. Cont.

Parameters
Class Score, Si Weight, Wi

A B C D

7. Type of floor 0 5 15 45 0.75–1.00
8. Roofing 0 15 25 45 0.75
9. Details 0 0 25 45 0.25

10. Physical conditions 0 5 25 45 1.00
11. Presence of adjacent building with different height −20 0 15 45 1.00

12. Position of the building in the aggregate −45 −25 −15 0 1.50
13. Number of staggered floors 0 15 25 45 0.50

14. Structural or typological heterogeneity among adjacent S.U. −15 −10 0 45 1.20
15. Percentage difference of opening areas among adjacent facades −20 0 25 45 1.00

This new form is based on the vulnerability index method that was initially proposed by Benedetti
and Petrini [6], which was widely used in the past as a rapid technique to investigate the vulnerability
of isolated buildings under earthquakes. The basic vulnerability assessment method, composed of ten
parameters, was adopted with some minor adjustments by the Italian Group Against Earthquakes as
the first screening tool for assessing the vulnerability of masonry and RC buildings.

The first ten parameters of the above mentioned form refer to the main geometrical and mechanical
parameters of buildings, as well as to the significant peculiarities of structural systems in the seismic
area, such as type and distribution of seismic-resistant elements, foundation category, regularity,
floor and roof types, structural detailing, and conservation state.

However, in order to consider the structural interactions among adjacent buildings, which were
not considered in the original method, the development of a new form was mandatory. The new
investigation form appropriately conceived for building aggregates is obtained by adding to the ten
basic parameters of the original form five new parameters taking into account the effects of mutual
interaction among the aggregated structural units under seismic actions. The added parameters,
partially derived from previous studies found in literature [22], are detailed as follows:

Parameter 11: Presence of adjacent buildings with different height
The in-elevation interaction among adjacent buildings has a not negligible effect on the seismic

response of structural units (S.U.) The optimal condition is given by adjoining buildings having the
same height (class A), due to the action of mutual confinement. In addition, a building adjacent to
higher buildings (from one or both sides, class B) may incur less damage than one adjacent to buildings
with less height (classes C and D).

Parameter 12: Position of the building in the aggregate
This parameter aims to take into account the in-plane interaction among S.U. In particular,

the isolated building case corresponds to the class D, while the intermediate, corner, and heading
conditions are related to the classes A, B, and C, respectively. It is worth noticing that the inclusion
in aggregate, independently from the position of the structural unit, gives rise to the seismic
vulnerability reduction.

Parameter 13: Number of staggered floors
In case of earthquakes staggered floors are responsible for the pounding effects on masonry

walls of adjacent S.U., which can trigger out-of-plane mechanisms. The best situation is the absence
of staggered floors (class A), whereas the presence of one (class B), two (class C), or more than two
(class D) staggered floors increases the vulnerability.

Parameter 14: Structural or typological heterogeneity among adjacent S.U.
This parameter refers to the possibility that adjacent buildings can be made of different

constructive technologies or have structural heterogeneity. In case of buildings of the same masonry
type, the vulnerability remains unchanged with respect to the isolated building case (class C). Instead,
the case of structural heterogeneity (i.e. a masonry S.U. near to a RC structure) is the most favourable
condition in the case of seismic events. Finally, S.U. can be placed close to another unit that is made of
masonry stones with worse (class B) or better mechanical properties (class D).
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Parameter 15: Percentage difference of opening areas among adjacent facades
This parameter influences the seismic response of S.U., since it is responsible for the distribution

of horizontal actions among façades of adjacent buildings. Other than the case of no difference of
opening areas (class A), it is possible to observe situations where the S.U. is between other buildings
with minor (classes B and C) or major (class D) percentage of windows and doors.

Conceptually, the methodology is based on the evaluation of a vulnerability index, IV, for each
S.U. as the weighted sum of the 15 parameters listed in Table 1.

The estimated parameters, are distributed in four classes of increasing vulnerability, (A, B,
C, and D), characterised by a score, Si, and an associated weight, Wi, varying from a minimum
of 0.25 (less important parameters), up to a maximum of 1.20 (most important parameters).
Further information how scores and classes were determined are found in [7,21,22].

Therefore, the vulnerability index, IV, can be calculated, as follows:

IV =
15

∑
i=1

Si × Wi (1)

In order to facilitate its use and interpretation, the vulnerability index value can be normalised in
the range (0–1) by means of Equation (2), where it is indicated with the notation VI.

VI =

⎡
⎢⎢⎢⎣

IV − (
15
∑

i=1
Smin × Wi)∣∣∣∣ 15

∑
i=1

[(Smax × Wi)− (Smin × Wi)]

∣∣∣∣

⎤
⎥⎥⎥⎦ (2)

As illustrated in Figure 5, the application of this procedure to the selected sub-urban sector has
allowed to evaluate the seismic vulnerability of masonry and RC buildings located there.

 
(a) 

  
(b) 

Figure 5. Vulnerability analysis results: (a) index distribution; (b) vulnerability frequencies for each
typological classes.
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From the application of the vulnerability assessment methodology, it can be seen that, in the
study area, the distribution of the vulnerability indexes is heterogeneous with average values of 0.38,
0.26, and 0.30 for typological classes M1.2, M3.4, and RC.1, respectively. The standard deviation (σi)
associated to the vulnerability index distributions for the analysed typological classes M1.2, M3.4, and
RC.1 are respectively σM1.2 = 0.05 σM3.4 = 0.08, and σRC.1 = 0.06.

The synthetic representation of the statistical data takes place while considering the distribution
of the total frequencies of the vulnerability indexes that are presented in Figure 5b. It can be noted that
56% of buildings belonging to typological class M1.2 have a vulnerability index of 0.30, while only 44%
of them have an index of 0.40. Similarly, for the class M3.4, 45% of buildings have a vulnerability index
of 0.20, whereas only a lower percentage of buildings (about 13%) have vulnerability indexes of 0.30
and 0.40. Finally, referring to the RC.1 class, it is possible to notice a vulnerability index of 0.30 for
most of the buildings (about 2/3 of the building sample).

2.4. Damage Probability Matrices (DPM) and Vulnerability Curves

The Damage Probability Matrices (DPM) express the occurrence probability of a certain damage
level for different typological classes that were subjected to dissimilar seismic intensity levels according
to the EMS-98 scale [23]. Methodologically, they can be generated on the basis of a generic damage
scale expressed in terms of costs (such as the ratio between the repairing cost and the reconstruction
one), which can be understood both in phenomenological terms and according to a qualitative estimate
of the different damage degree that buildings may suffer in the case of seismic events [24].

From a practical point of view, the DPM can be implemented after the binomial coefficients are
known. In the case under study, DPM of investigated typological classes are plotted in Figure 6.

 
(a) (b) 

 
(c) 

Figure 6. Damage Probability Matrices (DPM) for (a) M1.2, (b) M3.4 and (c) RC.1 typological classes.
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In this figure, it is apparent that the binomial distribution has the highest coefficients for the
damage degree D0 and intensity IEMS-98 = V. When the seismic intensity increases up to IEMS-98 = XII,
the binomial distribution function has a maximum corresponding to the damage grade D4
(partial collapse) for the class type M1.2 with a probability of damage of 40%. Such a probability
tends to decrease for the other two typological classes under the same intensity earthquake. It is also
important to note that the class type RC.1, if compared to the other typological classes, exhibits an
intermediate damage grade D5 (global collapse) due to in-plane and in-elevation irregularities.

The average vulnerability curves [25] are obtained to estimate the propensity of damage of the
analysed structural classes. More in detail, these curves express the probability P[SL|IEMS-98] that a
building reaches a certain limit state “LS” at a given intensity “IEMS-98” according to the European
macroseismic scale (EMS-98).

In particular, as mathematically expressed by Equation (3), the vulnerability curves depend on
three variables: the vulnerability index (VI), the seismic hazard, expressed in terms of macroseismic
intensity (IEMS-98), and a ductility factor Q, ranging from 1.0 to 4.0, which describes the ductility
of the typological classes. In the case under study, according to [26,27], a ductility factor Q of 2.3
is considered.

μD = 2.5
[

1 + tanh
(

IEMS−98 + 6.25 × VI − 13.1
Q

)]
(3)

Recalling the Equation (2), it is also possible to derive vulnerability curves using the mean value
and the upper and lower bound ranges of the vulnerability index distribution for different scenarios
(VI-σVI,Mean; VI +σVI,Mean; VI +2σVI,Mean; VI +2σVI,Mean). Such a result is presented in Figure 7a–c,
respectively, for typological classes M1.2, M3.4, and RC.1.

 

  
(a) (b) 

 
(c) 

Figure 7. Mean vulnerability curves for building samples of (a) M1.2, (b) M3.4, and (c) RC.1
typological classes.
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3. The Damage Scenarios Analysis

The concept of “risk” is generally understood as the economic, social, and environmental
consequences that a disastrous event can cause in a given period of time. A prediction of the possible
damage scenarios induced by natural events is a useful tool for the quantitative definition of expected
losses and for the early implementation of mitigation measures. In this context, the damage analysis
allows for an accurate management of the seismic emergency focusing the attention on the urban areas
at risk [28]. The severity of the seismic damage is herein analysed by means of a careful parametric
analysis. In fact, it should be considered that, during the earthquake, the sample of buildings would
be subjected to damages proportional to the seismic motion severity. Using the Gutenberg-Richter
law [29], it is possible to predict from the theoretical point of view the possible seismic intensities
deriving from magnitudes that can occur in a specific area. To this purpose, the historical earthquakes
in the examined area have been taken from the Italian Macroseismic Database DBMI-15 (National
Institute of Geophysics and Volcanology) [30]. In particular, the seismic events of Piana Campana (1805),
Irpinia (1692), and Irpinia-Basilicata (1980), which gave rise to moment magnitudes of 5, 6, and 7,
respectively, have been selected (Figure 8). The selection of these magnitude sets has allowed for
plotting the expected damage scenarios.

Piana Campana 
Mw=5 

Irpinia 
Mw=6 

Irpinia-Basilicata 
Mw=7 

(a) (b) (c) 

Figure 8. Historical earthquakes selected for the case study area [30]. (a) Piana Campana; (b) Irpinia;
(c) Irpinia-Basilicata.

In Figure 8c, it is worth noting how the Irpinia–Basilicata earthquake generated in the study area a
maximum macroseismic intensity, I, equal to VII. Moreover, the municipality of Qualiano is part of the
seismogenic zone ZS9-928 (Ischia-Vesuvius) characterised by high values of the expected magnitude.
Nevertheless, the cumulative distribution function, FM (m), for the earthquake magnitudes has been
considered according to the following equation:

FM(m) =
1 − 10−b(m−mmin)

1 − 10−b(mmax−mmin)
, ∀mmin < m < mmax (4)

where the constant b is generally equal to 1, and mmin and mmax represent, respectively, the lower and
upper limit of the selected magnitude.

The occurrence probabilities of these discrete set of magnitudes, which can be considered as the
unique reliable values, are computed using Equation (5) and they are shown in Figure 9.

P[M = mj] = FM(mj+1)− FM(m) (5)
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(a) (b) 

Figure 9. Magnitude distribution for a specific source with a truncated Gutenberg-Richter law:
(a) continuous probability density function; (b) discrete probability density function.

The discrete probability distribution shows that, for a moment magnitude Mw = 5.0, a probability
of occurrence of 43% is attained. Instead, the occurrence probability of earthquakes with magnitudes
Mw > 5.0 tends to gradually decrease, since these seismic events are very rare.

Aiming at predicting the ground shaking at a site, it is also necessary to model the distribution of
distances from the source to the site of interest. For a given earthquake source, it is generally assumed
that earthquakes will occur with equal probability at any location on the fault [31].

Given that locations are uniformly distributed, it is generally simple to identify the distribution of
source-to-site distances using only the source geometry. The source produces earthquakes randomly
and with equal likelihood anywhere within 100 km of the site: the source may be larger, but it is
typically truncated at some distance beyond which earthquakes are not expected to cause damage at
the site.

From the above considerations, epicentre distances of 5, 10, and 15 km have been considered in
order to maximize the expected impact. The attenuation relationship of seismic effects proposed by
Esteva [32], as reported in Equation (6), is adopted as follows:

IEMS−98 = 1.45 · Mw − 2.46 ln(D) + 8.166 (6)

where Mw is the moment magnitude and D is the epicentre distance expressed in kilometres.
The correlation obtained between moment magnitude, Mw, and macroseismic intensity, IEMS-98,
for different epicentre distances are summarized in Table 2.

Table 2. Correlation between moment magnitude, Mw, and macroseismic intensities, IEMS-98, for
different epicentre distances.

Magnitude, Mw
Macroseismic Intensity, IEMS-98

D = 5 [Km] D = 10 [Km] D = 15 [Km]

5.0 XI X IX
6.0 XII XII XII
7.0 XII XII XII

As it is seen from the data reported in Table 2, when Mw = 5.0 the macroseismic intensity tends
to decrease for increasing site-source distances. Contrary, it is worth noting that, for magnitudes 6.0
(detected in 1980 earthquake) and 7.0 (highest grade recorded in the Campania region), the maximum
macroseismic intensity, IEMS-98 = XII, is reached and it remains as constant independently from the
site-source distance considered. Furthermore, referring to the damage parameter μD, representative
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of the damage thresholds of the EMS-98 scale, it is possible to obtain nine damage scenarios,
as presented in Figure 10, deriving from the combination of the epicentre distances and the magnitudes
considered [33].

      

   
D=5 Km; Mw=5.0 D=5 Km; Mw=6.0 D=5 Km; Mw=7.0 

   
D=10 Km; Mw=5.0 D=10 Km; Mw=6.0 D=10Km; Mw=7.0 

  
D=15 Km; Mw=5.0 D=15 Km; Mw=6.0 D=15 Km; Mw=7.0 

Figure 10. Damage scenarios of the investigated area within the historical centre of Qualiano.

From the previous figure, it is evident that the damage level does not depend on the site-source
distance for magnitudes of 6 and 7, since the occurred macroseismic intensity is always the same.
On the other hand, when Mw = 5, there is a substantial reduction of damage passing from D = 5 to
D = 15 km. In particular, for an epicentre distance D = 5 km and moment magnitude Mw = 5.0, it is
expected that most of the buildings reach damage thresholds D2 (substantial damage). Instead, when
the site-source distance growths up to 10 Km, the most recurrent damage level is D1 (moderate damage).
The same result is also attained when D = 15 Km, but in this case, contrarily to the previous situation,
also buildings without damages (D0 level) are noticed. Differently, with moment magnitude of 6 or 7,
independent from the distance value considered, the damage levels D3 (significant damage) and D4
(partial collapse) are expected.

Figure 11 shows the damage distribution obtained for the above described combinations. As it is
observed, for Mw = 5.0 and D = 5 km, it is expected that 50% of the buildings reach damage level D2,
36% of the sample reach damage D3 and only 14% reach damage D1.

For the same epicentre distance, if the magnitude tend to increase either to 6 or 7 most of the
buildings, 60% of the sample, reach the stationary damage D3, whereas 40% of buildings attain the
damage D4.
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D=5 Km; Mw=5.0 D=5 Km; Mw=6.0 D=5 Km; Mw=7.0 

D=10 Km; Mw=5.0 D=10 Km; Mw=6.0 D=10Km; Mw=7.0 

D=15 Km; Mw=5.0 D=15 Km; Mw=6.0 D=15 Km; Mw=7.0 

Figure 11. Damage distribution for different epicentre distance and moment magnitude combinations.

4. Geotechnical Hazard Amplification

4.1. The Period-Dependence Site Effect and Local Hazard Amplification

The macroseismic intensity, even though it is a discrete quantity, is the main parameter for
correlating the seismic input to the damage deriving from the earthquake impact. Furthermore,
as previously analysed, a scenario analysis aims at estimating the global damage level at the
territorial scale [34], instead of predicting the response of a given structure at a specific site. However,
geotechnical-site characterisation should be considered for more accurate vulnerability and damage
distributions. Soil conditions are taken into account in order to incorporate local effects within the
vulnerability index method, so that the risk is assessed through macroseismic intensity as compared to
rigid soil conditions.

In any case, the study proposed in [35] showed that the macroseismic intensity increase is required
by local phenomena, which produce dynamic amplification in terms of vulnerability index modifiers.
The macroseismic intensity increment that is induced by geological site phenomena is derived from the
period-amplification effects dependence. In particular, referring to a generic elastic spectrum according
to the Italian design code [36], a local amplification factor (fag) can be defined, as follows:

fag =
Sae(T)K
Sae(T)R

(7)
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Being Sae(T)K the maximum acceleration, Sae, of the elastic spectrum evaluated for a generic class
of soil, K, and Sae(T)R the elastic response spectrum at the bedrock. Therefore, this ratio indicates the
local amplification effect due to the generic soil type with respect to the rigid soil condition.

Subsequently, from the knowledge of the amplification factor, fag, it is possible to estimate the
increment of seismic intensity, ΔI, by means of the following equation:

ΔI =
ln( fag)

ln C2
(8)

where the coefficient C2, estimated equal to 1.82, measures the increase of the seismic acceleration, ag,
with the intensity, I, according to the correlation law proposed in [37].

Besides, the increase of the seismic vulnerability, ΔV (vulnerability modifier), is evaluated by
means of the following relationship:

ΔV =
ΔI

6.25
(9)

Finally, the main vibration period associated to the inspected sample of building is calculated
according to the simplified formulation envisaged by [36], as follows:

T1 = α · Hβ (10)

where H is the total height of buildings express in metres, the coefficient α is equal to 0.05 and 0.075 for
masonry and RC buildings, respectively, and β = 0.75 for both building types. Thus, based on these
assumptions, the vibration period of masonry buildings is 0.22 seconds, whereas that of RC buildings
is 0.48 seconds.

4.2. Evaluation of Site Effect Condition and Seismic Vulnerability Scenarios

The Municipality of Qualiano has an extension of 7.3 Km2 and it is located in the centre of
the Campana Plain, geologically modified by the intense activity of the Campi Flegrei volcano.
Its stratigraphy is mainly composed of celandite deposits mixed with pumiceous lapilli, having black
slag, and Campano yellow tuff in the basal area. The geological analyses carried out in [38] using
the Multichannel Analysis of Surface Waves (MASW) technique classify the soil as “Category C”,
that is coarsely thick-grained deposits with thickness exceeding 30 m and shear wave values, VS30,
of 341 ms−1, according to the NTC18 [36] (Figure 12).

(a) (b) 

Figure 12. Distribution of shear waves: (a) Multichannel Analysis of Surface Waves (MASW) test result;
and, (b) median value of shear velocity waves.
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The assessment of the vulnerability increase is based on the possible effects induced by vertical
and horizontal seismic actions. To this purpose, it is necessary to use, based on the indications that are
given in Section 4.1, the local amplification coefficient fag, as reported in Table 3, where it is noticed
that only horizontal accelerations are increased due to local site conditions.

Table 3. Amplification factors due to site effects.

Elastic Spectrum Sa [T1]C [g] Sa [T1]A [g] fag

Vertical Spectrum 0.12 0.12 1.0
Horizontal Spectrum 0.52 0.35 1.5

Furthermore, the seismic intensity increase (ΔI), appropriately defined by Equation (8), is used in
order to redefine the macroseismic intensity values, previously defined in Section 3, corresponding to
the set of magnitudes that were considered at different epicentre distances (Table 4).

Table 4. Macroseismic intensity increase, ΔI, for different scenarios.

Magnitude, Mw Increase ΔI
Increased Macroseismic Intensity, IEMS-98 + ΔI

D = 5 [Km] D = 10 [Km] D = 15 [Km]

5.0
0.66

XII XI X
6.0 XII XII XII
7.0 XII XII XII

From the results obtained, it is apparent that there is an average increase of 4% of the seismic
intensity as compared to the case without site effects.

Analogously, a seismic vulnerability modifier (ΔVI) can be introduced to take into account the
sum of the effects induced by vertical and horizontal seismic action components calculated for soil
category C. This seismic behaviour modifier is defined through the following equation:

ΔVI = ∑
i
[ΔVV + ΔVH ] (11)

Therefore, the global vulnerability of the inspected buildings is calculated as the sum of the
local effects contribution and the normalized vulnerability index properly achieved from the building
aggregates form:

VI = ∑
i
[ΔVV + ΔVH ] + VI = ΔVI + VI (12)

The spatial distribution of vulnerabilities with the relative frequencies is indicated in Figure 13.

(a)

Figure 13. Cont.
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Building class M1.2 

 

Building class M3.4 Building class RC.1 

(b)

(c)

Figure 13. Vulnerability distribution in the inspected area (a), corresponding vulnerability frequencies
(b) and mean vulnerability curves of building classes (c).

The vulnerability distribution due to site effects (Figure 13a,b) shows a vulnerability increment of
29% for the building class M1.2, of 42% for the M3.4 class and of 36% for the RC.1 class. The standard
deviations (σi) that are associated to the vulnerability index distributions for the examined building
classes are σM1.2 = 0.05, σM3.4 = 0.08, and σRC.1 = 0.06. In Figure 13c, the mean vulnerability curves,
assuming the local amplification effects, are shown. In this figure, it is noted that there is an increase of
the expected damage, which reaches a level D4 for the class M1.2 and a level included in the range
D3÷D4 for both classes M3.4 and RC.1.

Subsequently, in order to predict the damage distribution, the correlation between macroseismic
intensity and the seismic acceleration, ag, i.e. the most used physical parameter of the ground motion,
is considered as follows [37]:

log ag = C1 · IEMS−98 − C2[g] (13)

where the correlation coefficients, C1 and C2, are 0.602 and 7.073, respectively. The used correlation
law is graphically shown in Figure 14.

 
Figure 14. Correlation between macroseismic intensity IEMS-98 and ag.
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The non-linear law reported in the previous figure shows that ag growths in exponential way
with the increase of the macroseismic intensity, IEMS-98. In particular, ag increases from a minimum of
0.025 g for intensity equal to V to a maximum of 1g for intensity slightly less than XII.

The damage distributions, expressed in terms of the expected accelerations for the typological
classes analysed, are reported in Figure 15.

(a) (b)

(c)

Figure 15. Expected damage distributions for the analysed typological classes at different values of ag.
(a) M1.2; (b) M3.4; (c) RC.1.

The damage distributions show rather heterogeneous results mainly due to different types of
buildings examined. It is worth noting that, for ag equal to 0.2 g, moderate damage condition (D1)
is expected with an average occurrence probability of 40% for all building classes. Furthermore,
when ag increases up to a maximum of 1 g, the collapse condition (D5) is expected for the class M1.2
(occurrence probability of 43%), while the partial collapse (D4) is recorded for both typological classes
M3.4 and RC.1 (average probability of occurrence of 36%).

5. Conclusions

The study has analysed the seismic vulnerability of a historic sub-urban sector of Qualiano
(district of Naples), having a medium to high seismicity with expected PGA values included in the
range (0.15g–0.25g), using a parametric-probabilistic approach.
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The inspected area is characterised by a structural heterogeneity mainly due to the different
constructive techniques that occurred over the years. The characterisation of the building typological
classes that are located in the investigated sub-urban sector has been done through the CARTIS form.
This form has allowed for grouping buildings into given classes that, due to their construction and
manufacturing features, have been considered as homogeneous. Therefore, from the in-situ survey,
it has been noticed that in the examined sector buildings are made of tuff masonry structures with
different floor types (timber—URM1 class—and reinforced concrete—URM2 class) and reinforced
concrete ones (RC class). Subsequently, the URM1, URM2, and RC classes have been named as
M1.2, M3.4, and RC.1, according to the acronyms proposed by the Building Typology Matrix of the
EMS-98 scale.

Subsequently, the seismic vulnerability of the inspected area has been estimated through a survey
form appropriately conceived for building aggregates. The spatial distribution of the vulnerability
has been developed by means of the QGIS tool, which provides an average global vulnerability of the
examined sub-sector equal to 32%. Subsequently, in order to evaluate the susceptibility at damage
of the building sample, the medium vulnerability curves of building classes have been considered.
Accordingly, varying the macroseismic intensity of possible earthquakes according to the EMS-98 scale,
the expected damages have been estimated for different scenarios using the Gutenberg–Richter law.
In particular, by means of this law, it has been possible to determine the discrete distribution of the
magnitudes (Mw), selected in the range (5–7), and the relative occurrence probability. In particular, it
has been noted that events with moment magnitude greater than 5.0 have a low occurrence probability.

The damage scenarios have been considered using the attenuation law in terms of seismic intensity
proposed by Esteva, which proposed a direct correlation between the moment magnitude and the
epicentre distance. The results obtained have shown that, for Mw = 5.0 the macroseismic intensity
tends to decrease when the site-source distance increases. Contrary, for magnitudes 6.0 (detected in
1980 earthquake) and 7.0 (highest grade recorded in the Campania region) the maximum macroseismic
intensity, IEMS-98 = XII, is reached and it remains as constant independently from the site-source
distance considered.

On the other hand, with reference to the likely damages in the investigated urban sub-sector,
it has been observed that, for moderate values of seismic intensity (IEMS-98 < X), the probable damages
are moderate, but for higher values of seismic intensity (X < IEMS-98 < XII), significant damages and
partial collapses of the analysed building sample should occur. Moreover, the analysis results have
shown that M1.2 class buildings are those that are affected by the highest damage level.

Finally, the vulnerability increase induced by site effects has been taken into account in order to
properly evaluate the seismic risk of the investigated area for developing possible interventions to
reduce the building vulnerability and to safeguard the people live. Therefore, an amplification factor
of 1.50 for the horizontal design spectrum has been considered to take into account the site effects of
the recorded ground type with reference to the rigid soil condition. The influence of the geological
conditions on the vulnerability analysis results has been shown in terms of variation of the expected
damage distribution. Thus, it has been detected that local effects provides an increment of 66% of the
seismic intensity, while a global vulnerability increment of 36% has been recorded for the investigated
typological classes with respect to the case when the site effects are neglected.

Finally, the damage distribution in the building sample under different seismic accelerations has
been carried out while taking into account the vulnerability increase due to local amplification effects.
From the obtained results, it has been seen that for ag equal to 0.2 g, moderate damage condition
(D1) is expected with an average occurrence probability of 40% for all building classes. Furthermore,
when ag increases up to a maximum of 1 g, the collapse condition (D5) is expected for the class M1.2
(occurrence probability of 43%), while the partial collapse (D4) is recorded for both typological classes
M3.4 and RC.1 (average probability of occurrence of 36%).

From the achieved results it has been noticed that site effects play an important role in
the vulnerability and risk assessment of urban areas especially under low grade earthquakes.
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Neglecting these factors induces considerable inaccuracies in the estimation of the expected seismic
damage of buildings of historical centres.

In conclusion, the analysis on the inspected sub-sector, which can be considered as representative
of the totality of buildings within the municipality, can be understood as a “pilot research work”,
providing insights that can be extended to the whole urban centre. However, as future research work,
the proposed analysis methodology will be applied to the whole area of the Qualiano’s historical centre
in order to validate the results on the pilot area.
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Abstract: The selection of a given method for the seismic vulnerability assessment of buildings is
mostly dependent on the scale of the analysis. Results obtained in large-scale studies are usually
less accurate than the ones obtained in small-scale studies. In this paper a study about the feasibility
of using Artificial Neural Networks (ANNs) to carry out fast and accurate large-scale seismic
vulnerability studies has been presented. In the proposed approach, an ANN was used to obtain a
simplified capacity curve of a building typology, in order to use the N2 method to assess the structural
seismic behaviour, as presented in the Annex B of the Eurocode 8. Aiming to study the accuracy of
the proposed approach, two ANNs with equal architectures were trained with a different number
of vectors, trying to evaluate the ANN capacity to achieve good results in domains of the problem
which are not well represented by the training vectors. The case study presented in this work allowed
the conclusion that the ANN precision is very dependent on the amount of data used to train the
ANN and demonstrated that it is possible to use ANN to obtain simplified capacity curves for seismic
assessment purposes with high precision.

Keywords: vulnerability assessment; capacity curves; neural networks; earthquakes

1. Introduction

There are many methods used for the seismic vulnerability assessment of buildings. These
methods can be classified as empirical, analytical/mechanical or hybrid methods [1] and present
different levels of accuracy, being the analytical/mechanical methods the most accurate and the
empirical the less ones. The selection of a given method is mostly dependent on the scale of the
analysis and on the knowledge level about the building’s characteristics. If the study is carried out at
a building scale (just one single structure) and there is a full knowledge about the geometry, details
and materials, it is possible to carry out a very precise seismic analysis, namely using a nonlinear
method, which obviously will increase the reliability of the obtained results. However, at urban scale
(one city or part of it), or at regional scale (a set of cities), or even at global scale (a country or even
a continent), it is almost impossible to adopt the same detailed approach, so it is frequent to adopt
empirical methods which are based on the damage observed after earthquakes, which normally exhibit
a high dispersion level. It is obvious that the volume of data that is necessary to collect and the
computational effort necessary to process the amount of data is not equal for all the aforementioned
scales. This fact implies that the results obtained in large-scale studies are normally less accurate than
those obtained in small-scale studies. For this reason, buildings are usually categorized in several
different typologies, for example depending on the age of the construction or on the building materials
and structural system and a mean seismic structural behaviour is usually considered for the buildings
of a given typology.

A considerable amount of research has been carried out in the last decades on trying to improve
the precision of the seismic vulnerability assessment results for large-scale studies. There are
many computer programs developed to carry out seismic risk analysis using empirical and/or

Buildings 2018, 8, 151; doi:10.3390/buildings8110151 www.mdpi.com/journal/buildings84
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analytical/mechanical methods, such as the software HAZUS-MH [2] or the software ELER [3],
which are examples of computer programs developed to allow to perform large-scale studies, namely
supporting different levels of accuracy.

There are also other hybrid approaches to the problem and some of them have adopted methods
and techniques of the so-called Artificial Intelligence (AI), such as Artificial Neural Networks (ANNs),
which are computational approaches that try to imitate the brain.

Nowadays ANNs have been used for solving a variety of problems, such as visual recognition,
speech recognition and natural language processing, so general public is familiar to the capabilities of
modern ANNs in their daily life, even though not understanding how it works, because modern cars
may also use ANNs in software for traffic sign recognition [4].

For these reasons, modern ANN capabilities may be an important help in solving many complex
problems of earthquake engineering, which feasibility should be investigated.

The use of ANNs applied to civil engineering problems is not a new subject [5], nor their use
in the development of computer software for seismic risk assessment [6], using these less traditional
techniques within the scope of earthquake engineering, with the aim of trying to improve the reliability
of the results.

In the last decades, several studies have been published for structural behaviour evaluation using
neural networks, namely for earthquake engineering applications. ANNs have been used to predict the
linear [7] and the nonlinear [8,9] dynamic responses of structures subject to earthquakes for damage
assessment [10–13], namely using fragility curves [14,15], or for seismic reliability assessment [16,17].
A Monte Carlo simulation technique was also adopted for generating data used for training ANNs [18].

Traditional seismic vulnerability assessment methods that use a mean capacity curve (which is
representative of a given structural typology) for estimating seismic vulnerability and earthquake
damage have some problems in the structural performance evaluation of an individual building.
The main reason is related to the dispersion of values around the mean curve. The real capacity curve
of a given building will probably be different from the typological mean capacity curve. This means that
the average result of a typical typological capacity curve can lead to overestimating or underestimating
the real seismic damage, depending on the studied building.

In this work, a study about the feasibility of using Multi-layer Feed-Forward Neural Network
(MFFNN) to obtain a simplified capacity curve of a given building typology is presented, trying to
reduce the results dispersion normally associated to the use of a mean typological capacity curve.
The ANNs were previously trained with the results of the nonlinear analysis carried out for several
structures of a given typology. A sensitivity analysis was carried out to understand the effect of the
number of training vectors in the results precision by comparing the results of an analysis of variance
(ANOVA) applied to the outputs of two different ANNs.

Seismic structural performance point (the interception between the demand nonlinear response
spectrum and the capacity curve of the structure) for a given seismic action can be obtained using the
N2 method [19]. This is a very simple and fast method for seismic nonlinear static (pushover) global
analysis, that is presented in the Annex B of the Eurocode 8 (EC8) [20] to find the target displacement
dt (corresponding to the EC8 performance point). The results obtained in this work indicate that the
combination of the N2 method with a simplified capacity curve obtained from an ANN allows fast
structural seismic performance evaluation on large-scale studies, with an accuracy level of the results
much closer to the obtained in a study carried out at a building scale (by minimizing the dispersion
values) than the ones obtained with a mean typological capacity curve.

The obtained results open the path for the development of more complex ANN architectures and
considering much more input variables.

2. Simplified Capacity Curves and the N2 Method

According to the N2 method, the first step to compute the performance point of a given structure
is to obtain a simplified equivalent elastic-perfectly plastic capacity curve of a one degree of freedom
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dynamic system. In this work, the simplified capacity curve was obtained so that the linear branch
corresponds to the one associated to the maximum base shear force (Figure 1).

Figure 1. Original and simplified adopted capacity curve.

The stiffness km
*, force Fy

* and the displacement dy
*, as presented in Figure 1, can be determined

throughout the following equations:
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being Eu
* the total area limited by the original capacity curve until the ultimate displacement du

*

(which is equal to the total area limited by the simplified capacity curve) and Em
* the area limited by

the original capacity curve until the displacement dm
*.

After the determination of the simplified capacity curve, the performance point can be obtained
using the procedure presented in the Annex B of the EC8 [20].

3. Artificial Neural Networks and Capacity Curves

Software development for fast structural vulnerability assessment is very important for civil
protection purposes. This type of software allows mapping the buildings where damage is likely to
occur. The computer strategy proposed in this study is to use the mapping capabilities of the ANN
to improve the speed and the accuracy of the seismic vulnerability assessment of many buildings.
The idea is to use several easy to measure building characteristics to obtain the simplified building
capacity curve of a given typology.

ANNs are techniques inspired in biological systems, which have generalization capabilities,
so they can be used in structural analysis problems that obey to certain rules (that can be unknown),
which are learned during the ANN training process [21].
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There are many different types of ANNs. In this work, a general MFFNN is proposed to obtain
the parameters of a simplified capacity curve (Figure 2), which is previously trained with the error
back-propagation algorithm.

Figure 2. General proposal of a MFFNN used to obtain the building simplified capacity curve.

Previous studies have shown that this type of ANN has good capabilities to capture the structural
nonlinear behaviour [22].

The artificial neuron (AN) of an ANN is a computational element which transforms the input
signals (xi) in an output result (like a brain cell). Each AN has an activity vj (Figure 3), which is equal to

vj = w0j +
N

∑
i=1

xi · wij. (4)

The output result depends on the computation of the activation function f (v). A sigmoid function
was adopted in this study:

f (v) =
1

1 + e−v . (5)

The ANN training algorithm implemented in the NEUNET computer program [23], that was
used in this work, involves the following steps:

- The input variables values (Ij) and the known output results (the training vectors Tj, which are the
simplified capacity curve parameters) are normalized (between 0 and 1) to the maximum values;

- The initial weights are set to a random small value (between −0.5 and +0.5);
- The input values (Ij) of the Ntrn training vectors are set at the N0 neurons of the input layer and

the known results Tj of these vectors are set at the output layers;
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- For each training vector (n = 1, . . . , Ntrn) and for each neuron j of the layer L = 1, the neuron
activity and the output are determined, being

v1
j,n = w1

0j +
N0

∑
i=1

Ii,n · w1
ij, (6)

O1
j,n = f

(
v1

j,n

)
, (7)

and for the other levels (L = 2, . . . , out)

vL
j,n = wL

0j +
NL−1

∑
i=1

OL−1
i,n · wL

ij, (8)

OL
j,n = f

(
vL

j,n

)
; (9)

- Weights are corrected based on the known output results and on the following error expressions,
beginning from the output layer

Dout
i,n =

(
Ti,n − Oout

i,n
) · (1 − Oout

i,n
) · Oout

i,n , (10)

and following by the other existing levels (L = 1, . . . , out − 1)
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·
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)
· OL

i,n, (11)

Z1
ij,n = D1

j,n · Ii,n, (12)

ZL
ij,n = DL

j,n · OL−1
i,n , (13)

- Finely, the new weights are determined

new_wL
ij = actual_wL

ij + η ·
Ntrn

∑
n=1

ZL
ij,n + α

(
actual_wL

ij − old_wL
ij

)
. (14)

The learning parameter η rules the algorithm convergence rate. This rate is lower when using
very small η values and it increases with higher η values. A momentum factor (0 ≤ α ≤ 1) can also be
used to increase the algorithm convergence rate.

The ANN error obtained for each training vector is equal to

En =
1
2
·

out

∑
L=1

NL

∑
j=1

(
DL

j,n

)2
, (15)

and the ANN global error is equal to

E =
Ntrn

∑
n=1

En. (16)
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Figure 3. Single artificial neuron representation.

A correct ANN level of training is very important to assure a good reproduction of the mean
simplified capacity spectrum of a given structure. A poor ANN training will lead to unsatisfactory
results. However, the consequences of an over-training of the ANN can lead to even worst results,
because the ANN will adjust the simplified capacity spectrum curve to the local values instead to the
mean values of the given typology. In Figure 4, the left ANN solution is an example of a good result
and the right ANN solution is an example of a bad result, because the error is too high.

Figure 4. Example of the influence of the ANN training in the output results.

The training problem exemplified in Figure 4 is much more important when the whole region
of possible solutions is not well covered by the training vectors, because there are many possible
solutions that fit those points. In spite of the evidence that an appropriated training of the ANN can
lead to better results than some traditional approaches for seismic assessment of large number of
buildings [12], even when considering a relatively small number of training vectors, it is important to
understand how feasible the use of an ANN for practical problems with different number of training
vectors is.

4. Case Study

Damage dispersion observed in buildings that were affected by earthquakes in the past can be
related to seismic vibrations characteristics (influenced by source characteristics and by geological site
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conditions) and to the differences in the seismic vulnerability of each building [24]. For this reason, it is
very important to do an adequate assessment of this vulnerability, namely by using nonlinear seismic
analysis, being very common the use of an incremental nonlinear analysis [25] or a static (pushover)
nonlinear analysis [26] for vulnerability assessment purposes. When assessing an individual building
and when the knowledge level is low, the part 3 of Eurocode 8 (EC8-3) proposes an assessment based
on simulated design in accordance with usual practice at the time of construction, which was the
strategy adopted in this case study but for a more general purpose.

The present case study aims to evaluate how feasible is to use an ANN (trained with a low number
of training vectors) for vulnerability assessment, in terms of accuracy of results.

4.1. Studied Structural Typology

Probably, the concrete buildings with higher seismic vulnerability are the ones built prior to
modern seismic codes. Between the decades of 1930s and 1950s, in countries like Portugal, the buildings
were designed without considering any seismic action and that is the reason why the proposed
approach was tested in this specific typology.

As it has been possible to observe in old structural designs and according to the codes of that
period [27], the area of the reinforcing steel bars (As) was determined considering an equivalent
concrete area of the homogenized cross-section (usually using a homogenization factor of 10 for beams
and 15 for columns).

Due to the lack of computational resources, the axial forces (Nc) were normally determined by
multiplying the influence area of each column by the weight of the floor. The compression stresses
were determined assuming an elastic behaviour of the homogenized cross-section. So, these simplified
assumptions led to the necessity of a very small amount of reinforcement in low-rise buildings and
normally the value of As was just a minimum percentage of the concrete cross-section, which creates
very vulnerable buildings, in terms of their seismic behaviour.

In this work, this old simplified procedure was used to design some reinforced concrete frames
(Figure 5) in order to simulate the design solutions usually adopted in Portugal in that period (using
the minimum number of rebars that leads to As ≥ 0.005·bc·hc), which were used as the training set of a
MFFNN. The adopted input variables were the number of beam spans (I1 = nb), the mean beam span
dimension (I2 = Lb) and the mean cross-section column height (I3 = hc).

Figure 5. Schematization of the studied concrete frames.
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A design value of 40 kgf/cm2 was used for concrete in pure compression, a value of 45 kgf/cm2

was used in flexure and a design value of 1200 kgf/cm2 was used for the reinforcement [27].
The slabs thickness and the beams high were considered as a function of Lb, so the mass per unit

area was also considered as a function of Lb. As a simplification and just for the purpose of this study,
a constant value of 0.25 m was adopted for the width of all beams (bb) and columns (bc). A T-section
was adopted for all concrete beams, as proposed in the EC8.

The mass adopted for each dynamic structural system was computed considering a transversal
influence area equal to Lb.

At first, 125 nonlinear static analyses were carried out, which were named as the training set n. 1
(TS1), considering frames with the following values: nb = 1, 2, 3, 4 and 5 spans; Lb = 2, 3, 4, 5 and 6 m;
hc = 0.25, 0.325, 0.4, 0.475 and 0.55 m.

The capacity curves were obtained by using the SeismoStruct software [28] and adopting a
triangular force pattern. In Figure 6a all the 125 original capacity curves of the single degree of freedom
system are presented and the corresponding simplified equivalent elastic-perfectly plastic capacity
curves are presented in Figure 6b.

Figure 6. Capacity curves obtained for the (a) original structural system; and (b) for the simplified
equivalent elastic-perfectly plastic system.

Each incremental static nonlinear structural analysis was carried out until the EC8-3 near collapse
(NC) limit state was reached for the chord rotation capacity (Equation (A.1) of the EC8-3), or when it
was impossible to reach the convergence of iterative process used in the nonlinear structural analysis.
When the NC shear capacity limit was reached (Equation (A.12) of EC8-3), the shear strength was
reduced to a value corresponding to only 20% of the original strength (this is the SeismoStruct default
option, which seems acceptable when observing some laboratorial tests results [29]).
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Another training set with 27 capacity curves was also considered, which was named as the
training set n. 2 (TS2), which was a subset of the first one, with: nb = 1, 3 and 5 spans; Lb = 2, 4 and 6 m;
hc = 0.25, 0.4 and 0.55 m.

Additionally, three control cases (not belonging to any of the training sets TS1 or TS2) were
considered: the control case n. 1 (CC1), with nb = 1, Lb = 5.5 m and hc = 0.5 m; the control case n. 2
(CC2), with nb = 3, Lb = 4.2 m and hc = 0.35 m; and the control case n. 3 (CC3), with nb = 4, Lb = 3.5 m
and hc = 0.28 m.

To process such an amount of data, computer procedures were developed for the automatic
creation of computer files containing all the training set values.

4.2. Adopted MFFNN

The training of a MFFNN is not an exact science, in spite of the many approaches available to
optimize this process [30] and also depends on the experience obtained in past studies. In this work,
a trial and error process were adopted to minimize the ANN output error. The neural network adopted
in this study is presented in Figure 7.

Figure 7. Adopted neural network architecture.

The selection of the number of hidden layers and neurons was carried out by increasing those
numbers until a compromise between precision and training speed was reached.

Two artificial neural networks (ANN1 and ANN2) with the same architecture (Figure 7) were
trained for this study, using the NEUNET computer program [23]. The first (ANN1), was trained using
all the 125 training vectors (TS1) and the other (ANN2) was trained using only a subset of 27 training
vectors (TS2), as earlier described.

4.3. Results and Discussion

The results obtained with the two neural networks (ANN1 and ANN2) are compared in
Figures 8–10. The blue dots are the results obtained from the 125 nonlinear structural analysis (TS1) and
the red and green lines are the corresponding results obtained with ANN1 and ANN2, respectively.
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Figure 8. Results comparison for the Fy
* values.

Figure 9. Results comparison for the dy
* values.

It is evident that the results presented in Figure 6 are highly variable, due to the highly nonlinear
structural behaviour of the studied buildings, so it seems that the use of a mean capacity curve is not
the best approach to assess the seismic vulnerability of this typology.

This is probably why it is so difficult to predict the seismic response of a building when using
much more simplified approaches, which are normally used in large-scale studies. The use of ANN
may be a valid alternative, if the training sets are representative enough of the problem domain.

Observing the results, it is possible to notice that the ANN1 can reproduce outputs in good
agreement with the structural analysis results. However, that is not the case of the ANN2, which are
only able to match the results for the 27 training set points (TS2).
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Figure 10. Results comparison for the du
* values.

To better compare the performance of each neural network, a one-way classical ANOVA F-test [31]
was used and the results are presented in Tables 1–3. The lower the F-test results are the higher is the
confidence in the ANN results.

Table 1. Classical ANOVA F-test results obtained for Fy
* values.

ANN TS1 TS2

ANN1 0.00004 0.00128
ANN2 1.58284 0.00014

Table 2. Classical ANOVA F-test results obtained for dy
* values.

ANN TS1 TS2

ANN1 0.0056 0.00113
ANN2 3.26064 0.00007

Table 3. Classical ANOVA F-test results obtained for du
* values.

ANN TS1 TS2

ANN1 0.00044 0.00027
ANN2 1.21626 0.00012

The obtained F-test results indicate that ANN2 presents better results than ANN1 when only
considering the TS2 capacity curves (which were the 27 capacity curves used to train the ANN2)
but ANN1 still presents very good results, because F-test values are almost zero. If only the results
obtained with ANN1 and ANN2 were compared with each other for the TS2 case, it would lead to the
false conclusion that ANN2 has a better performance than ANN1. However, when considering all the
125 capacity curves of the TS1, it is evident that ANN2 is unable to reproduce the entire domain of the
problem, because F-test results for the ANN2 are much higher than zero, being even higher than one.
Once again, the ANN1 presents very good results, because F-test values are still almost zero.

The maximum percentage of error of each ANN was also determined for the same input data,
which corresponds to each one of the 125 analysis cases of the TS1 and it is presented in Table 4.
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Table 4. Maximum percentage of error obtained for the TS1.

ANN Fy
* dy

* du
*

ANN1 10.53% 1.87% 1.67%
ANN2 214.94% 83.95% 141.10%

The highest maximum error value was obtained for the Fy
*, probably because this variable

presents a higher range of values. Again, it is possible to conclude that ANN1 exhibits the lowest
errors and they seem to be acceptable to use in large-scale studies, namely having in mind the error
that should be expected for this type of studies. On the other hand, ANN2 maximum errors seem to be
totally unacceptable, because they are much higher then 100%.

It is important to highlight that the only way to significantly reduce the ANN1 and ANN2 errors
seems to be increasing the number of training vectors, to better cover the whole domain of the studied
problem. Therefore, the ANN1 presents better results than the ANN2 when all the ANN solutions
obtained for the 125 cases (TS1) are compared against the nonlinear analysis results.

Finally, the results obtained for the control cases 1 to 3 were compared to the ones obtained with
the previously trained neural networks (Tables 5–7).

Table 5. Results obtained for the control case n. 1.

Case Fy
* (kN) dy

* (m) du
* (m)

CC1 120.25 0.02610 0.14662
ANN1 125.74 0.02789 0.09446
ANN2 154.03 0.02865 0.09375

Table 6. Results obtained for the control case n. 2.

Case Fy
* (kN) dy

* (m) du
* (m)

CC2 89.33 0.01977 0.15324
ANN1 93.98 0.02199 0.15977
ANN2 82.62 0.01802 0.14153

Table 7. Results obtained for the control case n. 3.

Case Fy
* (kN) dy

* (m) du
* (m)

CC3 61.74 0.01761 0.12511
ANN1 63.39 0.01989 0.15139
ANN2 53.06 0.02423 0.18966

The ANN1 presents higher errors when considering the control cases (which are not belonging to
the training vectors), in comparison to TS1 results. However, the results still seem to be acceptable in
terms of Fy

*, (maximum error of 5.2%) and dy
* (maximum error of 12.9%), namely in the context of the

errors that are usually associated with large-scale studies using more simplified empirical methods.
The worst result was obtained for the du

* (maximum error of 35.6%). These errors would probably be
reduced if a higher number of training vectors was used.

5. Conclusions

The results obtained in the present study show that it is feasible to use Artificial Neural Networks
(ANNs) to compute simplified capacity curves for seismic assessment purposes. However, the results
precision is very dependent on the amount of data used to train the ANN. Moreover, it is important to
assure that the entire problem domain is very well covered by the training vectors.
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Abstract: This paper presents possibilities for anti-seismic improvement of traditional timber
carpentry joints. It is known that the structural response of historical roof frameworks is highly
dependent on the behavior of their joints, particularly, their capacity for rotation and energy
dissipation. Any strengthening, or retrofitting, approach must take into account conservation
requirements, usually expressed as conditions involving minimal intervention. Several retrofitting
methods were tested on replicas of historical halved joints within various national and international
research projects. The joints were produced with traditional hand tools, and made using aged
material taken from a demolished building. The paper presents two approaches, each utilizing
different retrofitting technologies that avoid completely dismantling the joint and consequently
conserve frame integrity. The energy dissipation capacity is increased by inserting mild steel nails
around a wooden pin, and connecting the two parts of the halved joint. In the second case, two thin
plates made of a material with a high friction coefficient are inserted into the joint and fastened to the
wooden elements. This is done by removing the wooden connecting pin and slightly opening a slot
for the plates between the halved parts. In addition, the paper presents an application for disc brake
plates, as well as thin plates made of oak.

Keywords: carpentry halved joint; energy dissipation; seismic retrofitting

1. Introduction

The behavior of carpentry joints in historical timber structures plays an important role in their
overall structural response to applied loads, especially during seismic events. This has been the
subject of several research projects, mostly in countries with high seismic activity, such as in the
Mediterranean region. In these countries, roof framework joints employ a typical birdsmouth
connection for joined timber elements, as shown in Figure 1. For example, Parisi and Piazza [1]
tested the rotational capability of such carpentry joints retrofitted with various metal connectors. They
have also modeled friction joints in traditional timber structures [2]. Parisi and Cordié [3] further
studied the elastic rotational stiffness and post-elastic behavior of double-step timber joints, and the
reversed birdsmouth configuration.

Buildings 2019, 9, 48; doi:10.3390/buildings9020048 www.mdpi.com/journal/buildings98
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Figure 1. Typical birdsmouth joint and Mediterranean roof structure schemes.

Branco et al. [4] performed a series of tests on joints subjected to static and repeated loading to
assess the impact of various strengthening methods. Palma et al. [5] published an extensive review of
references, as well as the results of their own experimental research in rotational behavior of rafter and
tie beam connections, including a study on the efficiency of some typical strengthening techniques.
Similarly, Poletti et al. [6] studied traditional timber joints under cyclic loading, and possibilities of
their repair or strengthening. All these works, for the most part, present techniques that are barely
applicable to the structural restoration of historic timber structures.

Low slope roofs are typical in the Mediterranean region, in contrast to Central and Northern
Europe, where steeper roofs are common and the roof framework structures use different details,
especially halved dovetail joints with a higher rotational stiffness. Real joints in historical structures
have many imperfections, for reasons ranging from low-quality carpentry work to material defects
and degradation. These imperfections substantially influence the stiffness of roof trusses [7], decrease
the safety of historical structures, and worsen the response of the roof frames in the event of seismic
loading. A study of ways to improve the energy dissipation of carpentry joints was, therefore, carried
out within the EC 7th Framework Programme NIKER project, which aimed to establish new integrated
knowledge-based approaches for the protection of cultural heritage from earthquake-induced risks.

The performance of roof framework systems under seismic or generally dynamic loading has
scarcely been studied even though roofs are sensitive to horizontal loads, especially those perpendicular
to the plane of the trussed frame [8], despite the importance of such research having been underlined [9].
The stable roof framework as a three-dimensional box, and its potential role in a seismic event, has
been analyzed by Giurani and Marini [10] but, again, only for low slope roofs. Steep roofs have not
usually been considered for seismic loadings. However, they are typically constructed in a much stiffer
way than low slope roofs, and do influence the building’s performance. Their role in this respect has
not been appropriately studied, and this is also not an aim of this paper.

With regard to historical structures, conservation requirements constrain retrofitting approaches
to minimize interventions. Intervention should not significantly alter the appearance and behavior
of a structure, and solutions that do not involve the complete disassembly of existing structures are
preferred. This is important in the case of structural restoration works.

During an experimental campaign, a number of retrofitting processes were adopted and tested on
replicas of historical halved joints that were made from old wood taken from a demolished building
and produced using traditional carpenters’ tools and techniques. Presented, here, are two approaches
that each utilized a different retrofitting technique.

2. Experiments

2.1. Test Specimens

The experiments were carried out on replicas of traditional halved dovetail joints made from
authentic timber (approximately 300 years old) taken from a demolished ancient building. The wooden
elements had not been attacked by wood-destroying fungi or by wood-boring insects. Only drying
fissures and cracks were present.
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2.1.1. Material Characteristics

After the experiments on the joints were complete, the material characteristics of the spruce
joint were determined by testing the standard coupons taken from the joint assemblies. The material
properties evaluated were wood density and strength properties. Material information, mainly
the coefficients of friction of the plates used for increasing energy dissipation, was taken from the
literature [11]. The mechanical quantities of the brake plates were taken from the manufacturer [12].
The mechanical properties of the materials are summarized in Table 1.

Table 1. Material characteristics.

Mechanical Property Spruce Oak Brake Plate

Density—ρ (kg/m3) 340–450 700–750 1950
Compression parallel to grain—R (MPa) 15.63 – –

Compression perpendicular to grain—R (MPa) 2.09 – –
Modulus of elasticity—E (MPa) – 12,000 –

Strength in compression—f (MPa) – – 180
Coefficient of friction—μ – 0.41 * 0.4

* Friction coefficient of the oak parallel to the grain 0.48, perpendicular to the grain 0.34.

2.1.2. Geometrical Characteristics

The geometry of the joint assemblies varied, as did the extent of the wood’s deterioration. An
angle of 45◦ between the joined members was adopted. This is close to the angles most widely used
in Central European roofing frames. The geometry of the specimens, the locations of the acting
forces, and the potentiometer are depicted in Figure 2. The specimens were produced with intentional
imperfections, as far as the tightness of the coupled elements was concerned, to model some degree of
joint degradation. For this research, only two types of imperfection were considered—perfect joints
with a tight connection between joined short struts in the overlap, and imperfect joints exhibiting
a slight loss of contact in the abutment of the joined elements. The imperfections were produced
during high-quality carpentry work and, therefore, their range was limited to local defects of 3 mm
maximum. The geometric imperfections exhibit rather high slippage during the change in direction of
the loaded arm rotation, as shown in Figure 8 and Figure 9, compared to a perfectly made joint, e.g., as
shown in Figure 13. The increase in overall deformation increment of a roof truss due to joint slippage
decreases with an increase of slippage value. This dependence is not linear, and the greatest difference
in the overall deformation has been analyzed only around the change from perfect to imperfect joint
geometry [7].

Figure 2. Geometrical scheme of the joint, the potentiometer location and location of the acting force,
the direction of the joint’s rotation, and the corresponding moment.

100



Buildings 2019, 9, 48

2.2. Joint Retrofitting

Several retrofitting techniques for increased energy dissipation were suggested and tested, as
described above. However, for historic roof frameworks, only those which were acceptable from an
aesthetic point of view were relevant for further development, especially in cases where the historic
structures were exposed and accessible to visitors. Furthermore, the requirements of minimum
intervention, re-treatability, and easy implementation were decisive for the selection of the tested
techniques. Only the two most-suitable approaches for practical applications will be presented,
as follows.

2.2.1. Metal Nails around a Wooden Pin

In the first case, energy dissipation capacity was increased by inserting mild steel rods (nails)
around the wooden pin that connects the two parts of the halved joint, as shown in Figure 3a,b.
No dismantling was necessary for this retrofitting intervention. The 6 mm diameter (D) nails were
applied into pre-bored holes, which allowed for minimum spacing. When using six nails, the standard
recommendations (10 × D along grains, 3 × D across grains) were observed. When using eight nails,
due to the grain inclination, the distance along the grain was only 6 × D.

Figure 3. (a) Retrofitting using six mild steel nails; (b) retrofitting using eight steel nails.

2.2.2. Friction Joints

In the second retrofitting approach, the connecting wooden pin was removed from the joint, the
halved parts were slightly separated, and two thin plates were then inserted into the opened slot and
fastened to the wooden elements, as shown in Figures 4 and 5a,b. The plates were made of material
with a high friction coefficient. Car disc brake plates and thin oak plates were used. The joint was
then fixed and tightened with a steel bolt, which was pre-stressed to a certain degree. The screw bolt
enables the joint’s pre-stress level to change, which influences not only the stiffness of the joint, but
also the frictional force between the plates. Several bolt pre-stressing moment values were chosen
and tested (from 115 up to 240 Nm), which generated a stress level on the friction surfaces of around
0.43–0.90 MPa.
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Figure 4. Schematic sketch showing insertion of friction plates into a halved dovetail joint, without
complete dismantling, which is the main advantage of this approach.

Figure 5. (a) Joint retrofitting with brake friction plate and replacement of the oak pin by a pre-stressed
steel screw bolt; (b) an oak plate for joint retrofitting with friction plates.

2.3. Test Arrangement

On the basis of positive experience gained from previous tests performed at the Institute of
Theoretical and Applied Mechanics of the Czech Academy of Sciences (ITAM) [7,13], a similar test
set-up was constructed, as shown in Figure 6. This set-up enabled cyclic loading and pseudo-dynamic
behavior of the halved dovetail joints to be simulated separately from the roof frame. The joint
samples for testing were placed into a special testing rig that enabled pseudo-dynamic cyclic loading.
It also ensured static stability of the samples and their responses in only the direction of loading.
The cyclic load was applied using a servohydraulic MTS Systems Corporation actuator (cylinder)
(MTS headquarters, 14000 Technology Drive, Eden Prairie, MN, USA, 55344) with a capacity of 25 kN,
attached to a steel frame. The rotational responses of the joints were measured indirectly by means
of a MEGATRON Elektronik GmbH & Co. KG SPR 18-S-100 (5 kΩ) potentiometer (MEGATRON
Elektronik GmbH & Co. KG ▪ Hermann-Oberth-Strasse 7 ▪ 85640 Putzbrunn/Munich, Germany).
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Figure 6. The test set-up.

The specimens were cyclically loaded, and the load deformation curves were registered. The load
was applied to the joint using the actuator attached to the oblique beam. The intensity of the actuator’s
force was controlled by its prescribed displacement. The amplitude of the controlled displacement
increased for each cycle, with a constant step equal to 4 mm. The frequency of each cycle was 0.1 Hz.
During the tests, the forces needed to achieve the desired displacement of the cylinder and the change
in the length of the potentiometer were recorded, as shown in Figure 7.

Figure 7. Time histories of the measured quantities during cyclic tests.
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3. Results

Damping property is a fundamental factor influencing a structure’s seismic resistance. Effective
dissipation of energy by a structural element, e.g., a joint, can significantly decrease a structure’s
vibration level and lessen internal forces. The dissipative properties of the investigated halved dovetail
joints can be described by the area of hysteresis loops, as shown in Figures 8a,b,9–11. Here, the
hysteresis loops area representation of how the actuator’s moment of force about the axis of pin M is
dependent on the rotation of joint Δα for one loading cycle.

Both of the retrofitting methods tested (see Discussion) were effective from an energy consumption
point of view. The results showing the changes in hysteresis loops after joint retrofitting are presented
in Figures 8a,b,9–11. Figure 8b clearly shows an apparent increase in the energy needed to achieve the
required rotation (displacement), in contrast to the unreinforced joint, represented in Figure 8a. In this
case, the cyclic loading continued after the maximum testing load was reached, following the stability
of the response loop. A negligible change in the hysteresis loop was observed.

Similar positive effects were attained in tests with the inserted friction plates. A typical example
of the behavior of a joint with two brake plates inserted in the gap between overlapping parts of the
joined elements is shown in Figure 10. As shown in Figure 11, an almost identical dissipation energy
was achieved with the two oak plates (Figure 11), even though the pre-stressing forces applied to the
joining bolts were not identical.

Figure 8. (a) Hysteresis loops of a joint before retrofitting with steel nails; (b) Hysteresis loops of a joint
after retrofitting with steel nails.

Figure 9. Hysteresis loops of a typical imperfect halved dovetail joint before retrofitting.
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Figure 10. Hysteresis loops of a joint retrofitted with brake plates.

Figure 11. Hysteresis loops of a joint retrofitted with oak plates.

In the friction joints, energy dissipation depended on the forces pressing the two surfaces together.
The resulting increase in energy dissipation, during cycling, of the tested joint retrofitting variations
is shown in Figure 12. Comparing the results of the effect of two oak plates in relation to the brake
plates—at an identical pre-stressing force—showed an obviously higher efficiency for the brake plates.

Figure 12. Energy dissipation curves for joints, both unreinforced and reinforced with various types of
structural modifications.
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4. Discussion

Rotational stiffness and slipping of joints were studied in detail by Drdácký et al. [7] for both a
typical baroque and gothic roof framework on which halved dovetail joints were widely used. The
results showed that tight, well-made joints with a reduced chance of slipping decreased the overall
roof frame deformation under horizontal wind or earthquake loads, while also providing reasonably
high rotational stiffness and capacity. Highly skilled carpenters were capable of producing flawless
joints which were free of gaps between the individual elements.

Perfectly made joints may exhibit a sufficiently high rotational capacity, as shown in Figure 13,
and as also shown by Wald et al. [13], and can be modeled in a rather simple way using a component
modeling approach, e.g., after Vergne [14], which represents a good tool for the description joint
behavior under repeated loading, as shown in Figure 14. In such a model, the joint was divided into
components, which were represented by a force–deformation diagram. It is supposed that the dowel
resists the shear force and clearly fixes the position of the connection’s center of rotation. The results
presented in Figure 14 show that more testing of the materials’ characteristics are required, especially
the behavior of wood under concentrated compression, to be able to describe the contact in the
rafter dovetail indent. The tested composed joints are more complex and, therefore, an experimental
investigation was adopted without any attempt to create computational models.

Figure 13. Example of an experimentally attained moment rotation diagram of a perfectly made halved
dovetail joint [7].

Figure 14. Comparison of the predicted component-based model for cyclic loading in the moment
rotation diagram in Figure 13 [7].
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Inserting nails around a wooden pin is a modification of the modern design of seismically resistant
frame corners, Ceccotti A. [15], Kasal et al. [16]. The positive effect of this design has been published
(for an example, Stehn and Börjes [17]). Our experiments have also demonstrated the effectiveness of
this design, as shown in Figure 15a,b. The nails additionally strengthen and integrate the joint, and
may replace a degraded wooden pin.

As the timber structure moves, the connected timber struts rotate mutually in the joint, and tend
to deform the inserted steel rods plastically, which absorbs the energy, as shown in Figure 15b,c.

Figure 15. X-ray presentation of the deformed mild steel nails after the cycling tests of a joint: the (a)
X-ray recording, (b) perpendicular view of the joint plane, and (c) cross-sectional view of the joint plane.

A rather complex design, supported by appropriate numerical modeling, is required for an
optimal interaction between nails and wood. The effect can be improved by inserting and fixing
fiber-reinforced plastic (FRP) sheets on the contact surfaces of the halved joint counterparts. This
requires partial dismantling of the joint, but prevents the origination and propagation of fissures
or cracks.

Similarly, the approach based on improvement of friction between the contact surfaces of the
halved joint requires moderate intervention, i.e., temporary removal of the wooden joining pin, and
insertion and fixation of thin plates in the slot between the two joint components. The results are
presented for an unreinforced joint, as shown in Figure 8; for brake plates, as shown in Figure 10; and
for oak plates, as shown in Figure 11.

5. Conclusions

This experimental investigation focused on determining the effectiveness of several joint
modifications with respect to their dissipative properties. The best results, and the highest level
of effectiveness, were obtained for joints combined with plates having a high friction coefficient and
a steel bolt. Tightening the nut on the bolt that is replacing the pin influences the pre-stress of the
joint, i.e., the friction force between the plates. The frictional force increases in direct proportion to
an increase in the degree of pre-stress. However, compressive deformation of the wood limits the
maximum possible value of friction force. Fully fastening the brake plates to the wood using screws
was the most effective method. Plates made of oak can be used as an alternative to brake plates,
however, their damping efficiency is not as high. Reinforcing the joints with nails gave good results, as
did the use of a combination of nails and inserted plates.
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Abstract: Several studies investigated the influence of infills on the response of reinforced concrete
(RC) frames. However, possible shear brittle failures are generally neglected. The interaction between
the infill panels and the surrounding frames can lead to anticipated brittle-type failures that should
be considered in code-based assessment of lateral seismic capacity. This paper investigates, by means
of simplified pushover analyses, on the effect of infills on the lateral seismic capacity explicitly
considering possible brittle failures in unconfined beam-column joints or in columns. Archetype
buildings representative of existing gravity load designed (GLD) RC frames of three different height
ranges are obtained with a simulated design process and a sensitivity analysis is performed to
investigate on the effect of infill consistency on the capacity. Moreover, possible alternative local
retrofit interventions devoted to avoiding brittle failures are considered, evaluating their relative
efficacy in case of different infill typologies. It is seen that for the considered existing GLD buildings,
the attainment of life safety limit state is premature and happens before the damage limitation
limit state. The capacity can be increased with application of local retrofit interventions. However,
the retrofit efficacy varies depending on the infills consistency if the horizontal action transferred
from the infills to the surrounding frame is not absorbed by the retrofit solution.

Keywords: infilled frames; pushover; seismic capacity; frame-infill interaction; retrofit; FRP; brittle
failure; joints

1. Introduction

Seismic vulnerability of buildings represents the susceptibility of buildings to be damaged by
earthquakes of given intensity. Depending on the scope of the vulnerability analysis, different levels
of damage may be considered. Generally, with reference to civil protection purposes, the damage
scale is defined by a qualitative description of the damage on structural and nonstructural elements,
also considering the damage severity and extent, and refers to an estimation for the entire building.
The reference damage scale in Europe is that defined in the European macro-seismic scale EMS98 [1],
while indications for United States may be found in [2]. On the other hand, vulnerability studies
may be used also with the purpose of evaluating the building seismic capacity corresponding to the
attainment of code-based limit states, evidencing possible weaknesses in selected building typologies.
In such a case, the damage scale is graduated with reference to selected relevant limit states and
often deformation limits at a storey, or the crisis of a single element drives the “failure” of the entire
building. The adoption of code-based limits for damage graduation is useful for estimating the possible
overpassing of selected limit states relevant for the codes (e.g., damage limitation limit state or life
safety limit state), the eventual need to retrofit or the effect of selected mitigation interventions to
reduce earthquake damage [3].
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This paper performs a vulnerability study on reinforced concrete (RC) infilled frame buildings,
representative of existing gravity load designed typologies in Italy.

Infill panels are usually treated as non-structural elements, considering their effect as substantially
beneficial with respect to building’s seismic behavior [4]. In fact, in the case of uniformly infilled
structures, with infill panels having adequate consistency, the buildings are generally less vulnerable
with respect to equivalent bare structures [5]. However, the seismic behavior of the frame-infills
assemblage is strongly influenced by a number of factors concerning infills strength and distribution:
if the infills are not present or weakened due to the presence of large openings at one storey there is a
high probability of soft storey effects; this circumstance may occur also for uniformly distributed infills,
when they are weak and relatively brittle and/or for high seismic demand with respect to the system
resistance [6,7]. Moreover, if the infill contribution in terms of strength and stiffness is not adequately
proportioned with respect to the RC frame, the triggering of a number of local effects may affect the
formation of a global-type mechanism, leading, instead, to a premature collapse of the columns at
a single storey [8]. This is even more probable in case of non-conforming elements with inadequate
reinforcement detailing, where local interaction between infills and RC columns may cause structural
collapse due to shear failure of the columns or due to a shear friction failure.

Strength and stiffness characteristics of the infill panels, and more generally of the infill-frame
assemblage, are strongly dependent on a number of factors such as compressive strength, shear
(cracking) resistance, longitudinal and transversal elastic modulus of the masonry panels, the quality
of connection between the panels and the surrounding frame, the openings, workmanship ability,
etc. [9,10]. For what concerns the mechanical properties, although they may be associated to the
characteristics of the natural/artificial masonry elements and of the mortar forming the panel, and on
the disposition of the elements (vertical or horizontal rows, overlapping etc.), it is still observed a high
variability of these properties, with coefficients of variation that may be major than 40% [11].

Several studies attempted to evaluate the influence of infills in the linear or nonlinear response
of RC frames. For example, in [12] a parametric investigation on the effect of the infill wall area
on the global elastic drift ratios of RC frames is performed, in [13,14] the variation of elastic drift
ratios considering infills distribution and opening percentage is studied, while in [15] a probabilistic
analysis considering the effect of uncertainties of the infills elastic modulus and of the equivalent strut’s
effective width on the building elastic response is presented. However, the presence of infills may alter
the RC structural response also in the non-linear stage, e.g., by modification of the type of collapse
mechanism [16]. In [17] the seismic reliability on infilled RC frames is studied by means of non-linear
dynamic analyses of representative frames, in [18] is evaluated the sensitivity of the seismic response
parameters to the uncertain modelling variables of the infills and frame by means of pushover analyses
and in [19] a parametric investigation on the results of pushover analyses to evaluate the influence
of the mechanical and geometrical properties of masonry infills on the whole structural response is
performed. However, these studies do not consider possible brittle failures in unconfined lateral joints
or in columns with inadequate transversal reinforcement. The interaction between the infill panels
and the surrounding frames can lead to anticipated brittle-type failures that should be considered in
code-based assessment of lateral seismic capacity. Additionally, when designing possible local retrofit
interventions on nonconforming elements, the effect of the aggravating lateral solicitations transmitted
from the infill panel to the RC elements should be properly considered.

This paper investigates on the effect of infills on the lateral seismic capacity considering possible
brittle failures in unconfined lateral joints or in columns, which are a common cause of collapse for
existing RC buildings not designed for seismic loads or with obsolete seismic provisions. Archetype
buildings representative of existing gravity load designed RC frames of three different height ranges
are obtained with a simulated design process and a sensitivity analysis is performed to investigate on
the effect of infill consistency on the capacity. Moreover, possible alternative local retrofit interventions
devoted to avoiding brittle failures are considered, evaluating their relative efficacy in case of weak or
stronger infills. Building response is studied performing simplified nonlinear static pushover analyses
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and evaluating the lateral seismic capacity at code-based damage limitation SLD and life-safety SLV
limit states [20,21]. Frame-infill interaction is evaluated by suitable post-processing of pushover results
allowing the evaluation of lateral displacement corresponding to the attainment of seismic capacity.

2. Analytical Based Assessment of the Seismic Capacity

The lateral seismic capacity is evaluated by means of nonlinear static pushover, identifying on
the pushover curve the points corresponding to the attainment of two limit states, namely damage
limitation limit state SLD and life safety limit state SLV. Then, the capacity is expressed in terms of
the maximum peak ground acceleration PGAc that the building is able to withstand for each limit
state (PGAc,SLD and PGAc,SLV). A capacity spectrum method approach is employed for transformation
of the capacity curve relative to the multi-degree of freedom model MDOF representative of the real
building to the corresponding equivalent single degree of freedom SDOF system and for evaluation of
the capacity with a spectral approach [22].

2.1. Nonlinear Building Modeling

The structural model for the generic archetype building is obtained with a simulated design
approach as already described in [23] and further simplified in [24]. In this paper, we consider only
gravity load designed (GLD) regular buildings of rectangular shape. In particular, complying with
the building codes (e.g., [25,26] and following modifications or integrations) and design practice in
force at the time of construction (e.g., [27]), the structural elements are firstly dimensioned; for this
application we consider GLD buildings constructed in Italy between 1950 and 1980. The longitudinal
reinforcement in columns is designed with reference to minimum longitudinal reinforcement geometric
ratio prescribed by code for gravity load designed buildings, while for the beams longitudinal
reinforcement is designed considering envelope moments deriving by limit load combination schemes
according to construction practice. Note that in the typical structural configuration of gravity load
designed buildings, the horizontal slabs are one-way slabs. Hence, the deep beams mainly deputed to
absorb gravity loads are just in the direction perpendicular to the one-way slabs. This implies that
generally the RC frames formed by columns and deep beams are only in one direction, while in the
other direction the frames are formed by columns and beams that are embedded in the thickness
of the horizontal slab; only the perimeter frames are always with deep beams [27]. More details for
the simulated design process can be found in [23]. The possible presence of infills is also considered.
The perimeter frames are infilled, and it is supposed that the area of openings for the infills correspond
to 20% of the infill area for each panel.

Thanks to symmetry, each building is analyzed separately in both the longitudinal (X) and the
transversal (Y) directions, simply assembling the contribution of the relevant frames as acting in
parallel. The nonlinear model includes the effect of the infills, which are modeled as equivalent single
strut acting only in compression. Global model is assembled considering that ends of the columns
are restrained against rotation (Shear Type model), as already proposed in [28]. This simplifying
hypothesis was already introduced in other studies for the evaluation of RC infilled frames [29];
it allows the analyses to reproduce the seismic response of existing buildings with a reasonable degree
of approximation and at the same time to reduce the computational effort, which is a crucial aspect
when large scale analyses have to be performed. This way, the lateral response of the structure under a
given distribution of lateral forces can be determined based on the interstorey shear–displacement
relationships at each storey.

Figure 1 shows a schematic representation of the generic frame of the building with identification
of the columns and infill panels and the nonlinear model adopted for each of these elements. For RC
columns, a tri-linear moment-rotation envelope is built with cracking and yielding as characteristic
points (Figure 2). Moment at yielding (My) is calculated according to the simplified formulation
proposed by Biskinis and Fardis [30], while the rotation at yielding (θy) is identified by My and
the secant stiffness (EIy) provided by Haselton et al. [31]. The total shear demand acting on the
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column (black continous line in Figure 2b) is evaluated by transforming the moment-rotation (M-θ)
relationship into the corresponding shear-displacement (V-Δ) curve (dashed gray) and summing the
effect of infill-induced shear stress (dotted gray). Then, for the non-ductile RC building, the possible
shear failure of columns is identified by comparing the obtained column shear demand with the column
shear capacity (red continuous line) evaluated as described in Section 2.2. The column shear capacity
can be improved by retrofitting the building through the application of external fiber reinforced
polymers FRP layers as described in Section 2.4. Figure 2b shows the increased shear capacity when
applying one (dashed red) or two (dotted red) FRP plies as a retrofit option. Note that, for the selected
column, two FRP plies may avoid column brittle failure.

Figure 1. Schematic representation of the generic frame of the building with identification of the
columns and infill panels and the nonlinear model adopted for each of these elements. The two panels
on the right schematize frame-infill interaction and modeling approach to capture shear demand on
columns and joints.

The behavior of infill panels can be simulated adopting either micro or macro-modelling
techniques [32]. The latter are frequently adopted due to their simplicity and efficiency into the
description of the global response of masonry infilled RC frames. In particular, the single-strut
modeling approach is widely adopted to simulate the behavior of global effects of infills on frames.
Several models were proposed for the determination of the force-displacement relationship of the
equivalent single strut masonry infills (e.g., [32,33]). In this study, the force-displacement envelope
of the equivalent diagonal struts is evaluated according to the model proposed by Panagiotakos and
Fardis [33], see Figure 3. In this model, the four branches lateral force-displacement relationship
is constructed depending on the geometry of the surrounding frame, and on both mechanical and
geometrical characteristics of the infill masonry [34].

113



Buildings 2018, 8, 137

Figure 2. Moment-rotation relationship for RC columns (a) and the corresponding V-Δ diagram (b).
In (b) also the additional shear on columns induced by infill panels is shown, along with the adopted
shear capacity model for not retrofitted building and for different retrofit options.

The geometry of the infill panel is introduced in terms of gross length and height, L and H,
clear length and height, lw and hw, clear diagonal length, dw, and in terms of inclination of the
diagonal strut θ = arctan(hw/lw) with respect to the horizontal plane. The mechanical characteristics
of the masonry are expressed in terms of elastic shear modulus, Gw, Young’s modulus, Ew, and shear
cracking strength, τcr. Finally, the equivalent strut width, bw, is determined according to Mainstone’s
formula [35] depending on quantities reported above and on the moment of inertia, Ic, and Young’s
modulus, Ec, of columns. When openings are present in the infill panel, e.g., to accommodate windows
or balconies, both the stiffness and the strength of the infill panel are reduced. Several studies
investigated the influence of shape, size and location of openings on the seismic performance of infilled
frames (e.g., [36,37]). In this study the presence of the opening is considered introducing a reduction
factor λ0 = max(0; 1–1.8 Ao/Ap) [38] that modifies both the stiffness and the strength of the infill panel,
where Ao is the area of openings and Ap the area of infill panels.

Figure 3. Lateral force–displacement relationship for infill panels.
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Once that force-displacement/moment-rotation relationships is defined for each relevant member,
these are transformed in the corresponding shear-displacement curves and then, considering the
RC frames and infill elements at the same storey as acting in parallel, a multi-linear interstorey
shear-displacement relationship is constructed for each storey. Assuming a given lateral force
distribution shape, e.g., proportional to first mode shape or with forces proportional to storey masses,
the global pushover curve is finally obtained in closed-form through a force-controlled procedure up
to the peak response. After the peak, a displacement-controlled procedure is followed, as suggested
in [28]. In particular, the storey in which the maximum ratio between interstorey shear demand and
strength occurs is the only one to reach its peak interstorey shear resistance and to experience softening
post-peak behavior. In this storey, the interstorey displacement continuously increases, while the
displacement in remaining storey will decrease following an unloading branch with a stiffness value
equal to the elastic one.

2.2. Limit States for Non-Ductile RC Buildings

Two relevant code-based limit states, namely damage limitation (SLD) and life safety limit state
(SLV), are detected along the pushover curves to represent lateral seismic capacity of the building.

Concerning SLD, modern codes such as EC8–part 1 [20] and the Italian code [21], prescribe that
maximum interstorey drift IDRmax should not exceed the value of 5� for buildings having brittle
non-structural components connected to the structure, e.g., in case of brick masonry. If the contribution
of infill panels is explicitly considered in the model the threshold for IDRmax should be reduced [39],
and a value that refers to ordinary masonry, i.e., 2�, should be adopted.

Adopting a code-based collapse criterion, SLV is evaluated as a function of the ultimate capacity
of primary components (first element to reach its displacement or strength capacity in the whole
structure). For RC columns, ductile failure allows to exploit the ultimate rotation capacity of the
elements. However, the displacement capacity of existing members is often limited by lack of proper
reinforcing details. Indeed, in existing buildings designed prior to the introduction of seismic-oriented
design codes, structural capacity could be significantly limited due to structural deficiencies such as
inadequate detailing of reinforcement (e.g., light transvers reinforcement in columns and no transverse
reinforcement in the beam-column joint), deficiencies in anchorage, smooth rebars, and the absence
of any capacity design principles [40,41]. Thus, to properly assess the lateral capacity of existing
buildings, possible brittle failures due to reduced shear capacity for the columns or in unconfined
lateral joints have to suitably identified. Suitable identification of the rotation corresponding to the
attainment of flexural or shear capacity allows to define the type of failure for the element. In particular,
the rotation at SLV limit state θSLV is defined with a procedure that is based on the comparison between
the yielding shear (Vy), calculated as the ratio between My and the shear span of the column (Lv),
and the shear strength (Vn) calculated according to [42]. Lv is assumed equal to half of the column
height, consistently with the shear type assumption. Depending on the ratio Vy/Vn, three possible
failure modes are expected: flexure, flexure-shear or pure shear failure. If Vy/Vn < 1 for any value of
ductility demand, RC column is expected to fail in flexure and θSLV corresponds to 3

4 of the ultimate
chord rotation for ductile members [39]. If Vy/Vn ≥ 1, the column is expected to fail in shear or
flexure-shear and θSLV is evaluated correspondingly to the intersection point between column shear
demand and column shear capacity (see Figure 2b).

Beam-column joints of existing GLD buildings typically have no transverse reinforcement in the
joint region. Due to lack of shear reinforcement, the shear strength of the joint panel zone is only
provided by concrete resistance and can be directly related to the principal tensile strength of the
concrete. In this case, using the Mohr’s circle for state of stress, the shear strength of joints can be
related to principle tensile strength of concrete and to column axial load as follows:

Vjt = Aj

√
σ2

nt,lim + σnt,lim
Ni

Aj
(1)
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where Vjt is the joint tensile strength, σnt,lim is the principal tensile strength, N is the column axial load
in the upper column and Aj is the joint cross-sectional area.

In the same way, beam-column joints may potentially fail in shear due to high principal
compression stresses. Such failures can be quantified using the principal compression strength instead
of the principal tension strength as follows:

Vjc = Aj

√
σ2

nc,lim − σnc,lim
Ni

Aj
(2)

where Vjc is the joint compressive strength and σct,lim is the principal compressive strength.
According to the Italian seismic code [39], the brittle failure of unconfined joints is attained for

a limit value of the tensile principal stress of σnt,lim = 0.3
√

fc or for a compressive principal stress of
σnc,lim = 0.5fc, with fc expressed in MPa. Adopting the simplified free-body diagram for an external
beam-column joint depicted in Figure 1 (lower-right panel), the shear force demand acting at the core
of the joint (Vj) can be calculated as Vj = Vc,t − T, where Vc,t is the shear demand of the upper column
(subscript t stands for top) and T represents the tension force developing in the steel reinforcement
of the beam. It is assumed that T = Mb/(0.9·d), where Mb is the beam moment and d is the effective
depth of beam cross-section (0.9·d is the internal lever arm). The maximum value of T is limited by
yielding strength of longitudinal reinforcement, thus T ≤ As·fy, where As is the area of the beam top
reinforcement, and fy is the yield strength of reinforcing steel. Beam moment, Mb, is calculated based
on equilibrium considerations, assuming that the inflection point is located at the mid-height of the
columns. In particular, Mb = Vc,t·Lv,a + Vc,b·Lv,b where Lv indicates the shear span, subscript a and b
indicates the member above and below the considered joint, respectively; and subscript c indicates
the column.

The presence of masonry infills can provide a significant contribution to the global response
framed structures under seismic loads, increasing both stiffness and lateral strength of RC structures.
On the other hand, the presence of infills induces additional shear forces at the ends of beams and
columns that may lead to the activation of brittle collapse mechanisms especially in non-ductile RC
structures (e.g., Figure 4). The quantification of these additional shear forces was addressed by different
authors [43,44] and was found to be depending on both geometrical and mechanical characteristics
of the panel. In this work, according to [44] it is assumed that the additional shear force induced in
the surrounding columns is equal approximately to the 25% of the horizontal component of axial
load experienced by the equivalent strut. Considering this additional shear force acting on the node,
the previous formulation is modified in Vj = Vc,t + γVi − T, where Vi is the shear force acting in the
masonry infill panel and γ is a reduction coefficient that accounts for the proportion of the force that is
transferred from the infill to the column (here assumed as γ = 0.25). Note that in corner columns it often
happens that the absolute value of T significantly exceeds the absolute value of Vc,t; hence, if the effect
of the infills is neglected it generally happens that a higher value of Vj is obtained, that is a conservative
assumption. On the other hand, due to the additional shear force γVi on the column, column shear
failure may occur at lower drifts with respect to the case where the infill action is neglected.
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Figure 4. Interaction between infills and RC structural members. (a) Damage to column and joint,
(b) detail.

2.3. Seismic Capacity

The seismic capacity, corresponding to the attainment of maximum interstorey drift equal to
2� for SLD limit state and to brittle or ductile failure of an RC element for SLV limit state, is detected
along the pushover curve. In order to evaluate the building behavior with respect to code prescriptions
it is useful to express the capacity in terms of maximum peak ground acceleration PGAc that the
building is able to withstand for each limit state (PGAc,SLD and PGAc,SLV). Indeed, the ratio of PGAc

versus the seismic demand expressed by the design peak ground acceleration at the relevant limit state
PGAd, represent the building safety index IS. The building safety index is a widely used parameter to
evaluate the performance of a construction with respect to new building standards [45–48].

Starting from the pushover curve, the evaluation of inelastic spectral displacement corresponding
to the seismic capacity, and the corresponding PGAc, can be performed via the capacity spectrum
method (CSM) in the modified version proposed in [49,50] for infilled frames.

Following the approach suggested in [50] the pushover curve can be approximated with a
quadri-linear curve adopting an equivalent energy principle. In particular, essential parameters
describing the quadrilinear are the maximum and minimum strength, Fmax and Fmin, the displacement
corresponding to the yielding of the equivalent system Dy and the initial and final points of the
softening tract Ds and Dm, as shown in Figure 5a. Those data, together with the seismic mass mi at
the generic ith storey and the normalized deformed shape Φ, allow determining the transformation
factor Γ and the equivalent single degree of freedom SDOF system, defined by the mass m* = ΣmiΦi,
the maximum strength Cbmax and the period T*:

Cbmax =
Fmax

Γm∗g
(3)

T∗ = 2π

√
m∗Dy

Fmax
(4)

Two possible shape of vector Φ, representing normalized deformed shape, are assumed, the former
proportional to first mode shape and latter proportional to inertia forces induced by constant
acceleration along the height—the so-called mass proportional load.

The pushover expressed in terms of the displacement of the equivalent SDOF Δ* = Γ·Δtop and
Cb is the so-called capacity curve, that can be used to represent the behavior of a SDOF system in a
spectral approach, i.e., in the acceleration displacement response spectrum ADRS format. Starting
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from the defined quadri-linear curve some of the parameters to determine the seismic demand with
a spectral approach may be derived. Adopting the R-μ-T relationship introduced in [49] for infilled
buildings, in fact, in addition to the elastic period T*, it is necessary to determine also a strength factor
ru, defined as the ratio of minimum strength Fmin versus maximum one Fmax, and the ductility μs at
the beginning of the softening branch, given by the ratio of Δs versus Δy.

Hence, given the input elastic spectrum, the elastic demand in terms of displacement and
acceleration (Sde, Sae) is determined in correspondence of the elastic period T* of the SDOF equivalent
system; the reduction factor Rμ corresponds to Sae/Cbmax. The ductility demand μ is evaluated
starting from the R-μ-T relationship introduced in [49]; finally, the inelastic displacement demand
Sdi is obtained multiplying the μ for the displacement at the elastic limit Δ*y of the equivalent SDOF.
Figure 5b illustrates the application of the CSM for an infilled building. By scaling the elastic spectrum,
the corresponding inelastic spectrum is also scaled, and it is possible to find the elastic spectrum such
that the inelastic displacement demand corresponds to the spectral seismic capacity of the building.
The corresponding anchoring peak ground acceleration is PGAc.

Figure 5. Pushover curve and evaluation of lateral seismic capacity with spectral approach (a) Pushover
curve and the quadrilinear idealization according to [50]; and (b) the application of capacity spectrum
method for evaluation of the capacity.

In this paper Eurocode 8 spectral shape [20] for a subsoil B category is adopted for exemplification
purposes, but other spectral shapes could be equally used.

2.4. Local Retrofit of Joints and Columns with FRP Wrapping

Different strategies can be adopted to enhance the structural performances of existing buildings.
The structural capacity may be increased in terms of ductility, stiffness or strength or by reducing
the seismic demand adopting many local or global strategies [21,51,52]. Among possible techniques,
an effective strategy for existing RC structures could be based on local modification of components
that are inadequate in terms of strength or deformation capacity. It aims at increasing the strength or
deformation capacity of deficient components to significantly increase the structural seismic capacity
even under limited budget constraint. This local strengthening technique has the advantage to require
only the assessment of local components capacity increase, without the need to perform a new global
analysis of building response, provided that global mass and structural stiffness are not significantly
affected by the local strengthening intervention. In this paper, with the aim of investigating the effect
of widely used retrofit solutions, the strategy employing externally bonded FRP reinforcement is
applied for building upgrading. In particular, the FRP strengthening on corner beam–column joints
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and the increase of the shear strength of columns with full-height FRP reinforcement are considered.
Confinement by FRP of columns and joints results in an increase of the building deformation capacity
avoiding brittle failure modes [53].

For what concerns the joint strengthening, the model proposed in [54] is adopted. In such a model
it is supposed that the FRP system contributes to the principle tensile stress with a component that
depends on the inclination of the fibers, and that the FRP fibers provide a similar contribution as
the internal steel reinforcement. To evaluate the global strengthening effect on the corner joints, it is
supposed to apply quadriaxial carbon fiber reinforced polymers CFRP fabric with fibers inclined of
0◦, ±45◦, and 90◦ at the beam axes. One or more layers of CFRP can be applied, depending on the
strength increase to realize. In order to prevent shear failure at the column joint interface due to local
effects of infills, steel reinforced polymer SRP composites in the form of uniaxial systems are disposed
around the beam column–joint prior to application of CFRP quadriaxial fabric (Figure 6a,b) [55].

The increase of columns shear strength can be obtained with external FRP reinforcement,
strengthening the columns with discontinuous or continuous uniaxial CFRP strips, with fibers
perpendicular to the column longitudinal axis (see e.g., Figure 6c). Depending on the strength increase
to realize, one or more plies of CFRP can be applied. To evaluate the shear capacity of RC columns
strengthened with FRP, the FRP contribution can be added to the original capacity of the member,
as suggested by international codes provisions [56,57]. The obtained strength increase can be easily
taken into account for assessment of the SLV limit state in retrofitted structures [58].

Figure 6. Local retrofit solutions for columns and joints: (a) application of SRP uniaxial system to
withstand horizontal action due to infills and quadriaxial CFRP fabric for corner joint (b); and shear
strengthening of the columns with uniaxial CFRP strips (c).

3. Example Application for RC Infilled Building Typologies

Adopting the methodology described in Section 2, the model for three archetype regular buildings
of rectangular shape, representative of existing GLD RC frames of 3, 5, and 7 storeys are obtained
with simulated design. The structural model for each archetype building is fixed, with bay lengths in
longitudinal and transversal direction assumed to be ax = ay = 4.3 m and interstorey height az = 3 m
(see Figure 7). For the three-storey buildings, transversal frame columns dimensions at the first storey
are 30 × 30 cm with column reinforcement is 4φ12 for each column. For the five-storey buildings,
transversal frame columns dimensions at the first storey are 30 × 30 cm for corner columns and 30 × 40
for interior columns; longitudinal reinforcement consists of 4φ12 for corner columns and of 6φ12 for
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interior columns. For the seven-storey buildings, transversal frame columns dimensions at the first
storey are the same that for the five-storey buildings while the longitudinal reinforcement consists
of 6φ12 for corner columns and of 8φ12 for interior columns. Referring to the concrete and steel
properties, a compressive concrete stress fc = 25 MPa and a steel tensile yielding stress fy = 399 MPa
are chosen as representative values for GLD buildings constructed in the decade ’62–’71.

The infills consistency is assumed to be variable depending on the infill thickness and strength.
In particular, we assume that weak (W) and medium (M) panels are realized with a double layer brick
infill having (80 + 80) mm or (120 + 120) mm thickness, respectively (global thickness tw = 160 mm for
W and tw = 240 mm for M), while a single layer brick infill of (300) mm thickness is assumed for strong
(S) panels; these infill masonry configurations are widely used in European building practice [59].
Concerning the elastic shear modulus, it is assumed a mean value Gw = 1089 MPa for W and M infills
and Gw = 1296 MPa for S ones. These values are chosen according to the proposal of [59] and are
deemed to represent increasing infills stiffness. The Ew is assumed equal to 10/3 Gw coherently to
the ratio that can be inferred from [26], while cracking strength of the masonry is considered linearly
dependent on Gw according to boundary values indicated in [26].

Figure 7. Scheme of the archetype buildings considered for the analyses.

3.1. Lateral Seismic Capacity for As-Built and Retrofitted Configurations

Each building model is analyzed with simplified pushover analysis in both the longitudinal
and the transversal direction and considering mode and mass proportional lateral load distribution.
Figure 8 shows the capacity curves obtained in transversal direction for mass proportional loads for 3
(a), 5 (b) and 7 (c) storey buildings and considering W (black line), M (thin gray line) and S infills (thick
gray line). SLD and SLV limit states are plotted as yellow and red dots along the curves. Only the
transversal direction is represented because it corresponds to the lower capacity in terms of PGA.
Apparently, the SLD limit state is not significantly influenced by the infill type. However, the PGAc,SLD

is higher for stronger infills; for example PGAc,SLD increases from 0.06 g to 0.11 g from 3W to 3S or from
0.04 g to 0.06 g from 7W to 7S. This happens due to the increased stiffening effect for S configurations,
that leads to lower T* and to a consequently higher PGA capacity. Additionally, from Figure 8 it is
noted that the attainment of SLV limit state is premature and occurs before the SLD limit state; this is
due to brittle failure of columns or of exterior unconfined nodes (see Figure 4) according to the code
criteria [39]. This circumstance is common for existing buildings designed only for gravity loads and
not respecting capacity design principles [55]. On the other hand, these types of brittle failures can be
avoided with application of local retrofit interventions. In this study we simulate two possible type of
retrofit solutions. The first one, named FRP-only, corresponds to the application of quadriaxial CFRP
fabric for unconfined lateral joints as well as strengthening of the columns with continuous uniaxial
CFRP strips; three increasing levels of retrofit are considered, namely R1, R2 and R3, corresponding to
the application of 1, 2, or 3 plies of FRP for the elements (i.e., exterior beam column joints or columns)
that are not verified at the SLV limit state. Second type, named FRP + SRP, that is analogous to the
first one, but in addition to FRP, also SRP uniaxial system is disposed around the beam column–joint
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prior to application of CFRP quadriaxial fabric. Both types of retrofit can be modeled as described
in Section 2.4.

Figure 8. Capacity curves for the archetype buildings in transversal direction with mass proportional
loads: (a) three-storey, (b) five-storey, and (c) seven-storey building with W (black), M (gray thin) and S
(gray thick) infills. Limit states for no retrofit NR and increasing retrofit levels of FRP-only solution are
represented along the curves.

Table 1 resumes the results of the pushover analyses with mass and mode proportional horizontal
forces and the capacity at SLV limit state for all the considered cases, i.e., for buildings of 3, 5, and 7
storeys with W, M, and S infills configuration and considering the no retrofit NR as well as R1, R2, and
R3 retrofit levels for FRP-only and FRP + SRP retrofit solutions. Note that SRP is designed to avoid
infill-induced failure and no different retrofit levels are considered as in the case of FRP (i.e., R1, R2,
and R3). The mechanism type, when ductile behavior is fully exploited, is always local mechanism
at the first storey, except for the case of mode proportional forces and 7W configuration, where the
soft storey is at the second level. The table indicates the PGAc,SLV (g) that is attained for each case.
Note that the maximum value of PGAc,SLV (g) for each building configuration corresponds to a ductile
type mechanism (indicated as PGAc,ductile and reported in bold in Table 1). The table displays also the
type of failure for each case, indicated as nS-C and nS-J for column failure (brittle or ductile) or joint
failure at nth storey, respectively. If the PGAc,SLV < PGAc,ductile the failure is brittle, either for joints or
for columns in shear. Applying either the first or the second type of retrofit the attainment of SLV limit
state is significantly delayed and the lateral seismic capacity increases. However, the effect is sensibly
different, especially for the configurations with strong S infills. Blue, green, and cyan dots along the
pushover curves in Figure 8 represent the varied SLV limit states corresponding to R1, R2, and R3 of
FRP-only solution. As it can be seen from the figures and Table 1, for the case of W infills, it is sufficient
the R1 level of FRP-only solution (except for 3W for which R2 level is needed) to allow developing of a
ductile type mechanism (in this case blue, green, and cyan dots are superimposed in Figure). On the
other hand, for S infills, even increasing significantly the retrofit level (e.g., from R1 to R3), the seismic
capacity corresponding to the formation of a ductile type mechanism is not reached. For the weak W
configuration PGAc,SLV varies from 0.022 g to 0.15 g for the 3W configuration, from 0.017 g to 0.15 g for
5W, and from 0.026 g to 0.14 g for 7W with the R1 level. On the other hand, for the S configuration,
even the R3 retrofit level does not allow the structure to reach the displacement capacity on the plateau
of the pushover curve: correspondingly, PGAc,SLV varies from 0.02 g to 0.03 g, 0.06 and 0.09 for the
3S configuration, and for R1, R2, and R3 levels, from 0.016 g to 0.024 g, 0.043 and 0.06 for 5S R1, R2,
and R3, and from 0.014 g to 0.024 g, 0.04 g, and 0.055 g for 7S R1, R2, and R3, respectively.
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Table 1. PGAc,SLV (g) for the archetype buildings with W, M and S infills configurations and for
mass/mode analyses. No retrofit NR and R1, R2 R3 increasing retrofit levels are considered for
FRP-only and FRP + SRP retrofit solutions. nS-C and nS-J indicates column failure (brittle or ductile) or
joint failure at the nth storey, respectively.

FRP-Only FRP + SRP

Model NR R1 R2 R3 R1 R2 R3

3W
0.022/0.024 0.022/0.024 0.151/0.141 0.151/0.141 0.151/0.077 0.151/0.141 0.151/0.141
1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-J 1S-C/1S-C 1S-C/1S-C

3M
0.02/0.02 0.060/0.065 0.085/0.094 0.145/0.140 0.145/0.140 0.145/0.140 0.145/0.140

1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C

3S
0.020/0.022 0.032/0.035 0.060/0.064 0.093/0.098 0.147/0.148 0.147/0.148 0.147/0.148
1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C

5W
0.017/0.018 0.148/0.136 0.148/0.136 0.148/0.136 0.055/0.136 0.148/0.136 0.148/0.136
1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-J/1S-C 1S-C/1S-C 1S-C/1S-C

5M
0.015/0.016 0.038/0.044 0.146/0.137 0.146/0.137 0.146/0.137 0.146/0.137 0.146/0.137
1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C

5S
0.015/0.016 0.024/0.025 0.043/0.047 0.060/0.070 0.142/0.095 0.142/0.138 0.142/0.138
1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-J 1S-C/1S-C 1S-C/1S-C

7W
0.026/0.020 0.139/0.125 0.139/0.125 0.139/0.125 0.139/0.125 0.139/0.125 0.139/0.125
1S-C/2S-C 1S-C/2S-C 1S-C/2S-C 1S-C/2S-C 1S-C/2S-C 1S-C/2S-C 1S-C/2S-C

7M
0.016/0.014 0.040/0.044 0.145/0.138 0.145/0.138 0.145/0.138 0.145/0.138 0.145/0.138
1S-C/2S-C 1S-C/2S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C

7S
0.014/0.014 0.024/0.026 0.039/0.047 0.055/0.070 0.146/0.142 0.146/0.142 0.146/0.142
1S-C/3S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C 1S-C/1S-C

Figure 9a schematically represents the effect of the FRP-only retrofit for the case of 5W and 5S
configurations. C shear (J shear) in figure indicates brittle shear failure in column (corner joint) and C
flex indicates ductile failure in the column.

Figure 9. Pushover curves for 5W and 5S configurations and failure mechanisms for the NR and (a) R1,
R2, and R3 FRP-only retrofit solutions and (b) R1, R2, and R3 FRP + SRP retrofit solutions.

Analogously to Figure 9a,b schematically represents the effect of the FRP + SRP retrofit for the
case of 5W and 5S configurations. In this case, differently from FRP-only solution, the retrofit level R1
allows the change of failure type and with level R2 retrofit (R1 for strong infills) the full lateral seismic
capacity, corresponding to a ductile mechanism, is exploited.

The scarce increase of PGAc,SLV for the case of strong infills is due to the significant increment of
shear load on columns that is transferred from the adjacent strong infills to the columns and to the

122



Buildings 2018, 8, 137

consequent brittle failure in shear of the columns. On the other hand, when FRP + SRP strengthening
solution is applied, the negative effect of the horizontal action transferred from the infills to adjacent
columns is avoided and, even in the case of S infills, it is generally sufficient the retrofit level R1 to
attain full development of the ductile type mechanism. Figure 10a–c show the same capacity curves
as in Figure 8, but the SLV limit states corresponding to R1, R2, and R3 of FRP + SRP solution are
displayed along the curves (instead of FRP-only as in Figure 8).

Figure 10. Capacity curves for the archetype buildings in transversal direction with mass proportional
loads: (a) three-storey (b) five-storey, and (c) seven-storey building with W (bold black), M (thin gray)
and S (bold gray) infills. Limit states for no retrofit NR and increasing retrofit levels of FRP + SRP
solution are represented along the curves.

As it can be seen, when the transferring of horizontal action from the infills to adjacent columns
is prevented, by application of SRP reinforcement, for most of the considered cases it is sufficient
the retrofit level R1 to allow exploiting a ductile type mechanism. This is confirmed by the increase
of PGAc,SLV that is attained even by the application of the R1 retrofit level for either the W and the
S configurations. Indeed, PGAc,SLV varies from 0.022 g to 0.15 g for the 3W configuration R1 level,
from 0.017 g to 0.055 g for 5W R1, to 0.15 for 5W R2, and from 0.026 g to 0.14 g for 7W with the R1 level.
For the case of FRP + SRP similar results are obtained for the S configuration: PGAc,SLV varies from
0.020 g to 0.15 g for the 3S configuration R1 level, from 0.016 g to 0.14 g for 5S R1, and from 0.014 g to
0.15 g for 7S with the R1 level.

3.2. Sensitivity Analysis

Considering the archetype buildings and models introduced in the previous section, a sensitivity
analysis is carried out introducing possible variability of infill consistency. In particular, a Monte Carlo
simulation is performed for each considered infill configuration, W, M and S, where the tw is not varied
with respect to previous assumptions, while Gw is varied assuming a lognormal distribution with
median values indicated in Section 3 and considering a COV = 30% for each building. For each of the
obtained configurations the PGAc,SLD, and PGAc,SLV, are calculated as described in Section 2.3.

Figure 11 shows the variation of PGAc,SLD with Gwtw. As observed in Section 3.1, the seismic
capacity at the SLD limit state tends to increase from weaker infills (represented by lower Gwtw) to
stronger ones. This is mainly due to the increase in lateral stiffness and to the consequent lowering
of equivalent period T* and related seismic drift demand. For the same reason, the seismic capacity
at SLD for higher buildings, that are characterized by higher T* with respect to shorter buildings,
is generally lower.
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Figure 11. Variation of PGAc,SLD with Gwtw for (a) three-storey, (b) five-storey, and (c) seven-storey buildings.

Figure 12 shows the variation of PGAc,SLV with Gwtw comparing the cases of no retrofit NR
and increasing levels of retrofit solution FRP-only (R1 and R2). On ordinates the ratio of PGAc,SLV

versus the maximum value that can be reached for the same configuration for a ductile mechanism,
PGAc,ductile, is represented.

Figure 12. Variation of PGAc,SLV/PGAc,ductile with Gwtw for (a) three-storey, (b) five-storey, and (c)
seven-storey buildings. The effect of retrofit solution FRP-only is also represented.

A decreasing trend of the ratio PGAc,SLV/PGAc,ductile with increasing Gwtw is observed for
either the NR and the retrofitted solutions. As a general comment it is noted that for weaker infills,
characterized by lower values of the product Gwtw, it is possible a significant enhancement of the
seismic capacity with the application of retrofit level R1 or R2 of the FRP-only solution. On the other
hand, with increasing infills stiffness and strength, the benefit of seismic strengthening with only FRP
is sensibly reduced, with just a minimum capacity increase for stronger infills.

Figure 13 shows the variation of PGAc,SLV/PGAc,ductile with Gwtw comparing the cases of no
retrofit NR and increasing levels of retrofit solution FRP + SRP (R1 and R2). Differently from previous
case, where the presence of increasing level of horizontal actions transferred from infills to adjacent
columns and the consequent brittle failure of columns penalizes the capacity of stronger infills
configurations, here the PGAc,SLV for the retrofitted solutions increases with Gwtw. In particular,
for most of the R1 cases in three-storey and five-storey buildings, it is observed an increasing capacity
growth with Gwtw and for seven-storey building the R1 retrofit level allows to reach PGAc,ductile even
for weaker infills (lower Gwtw) configurations. In some cases, not evident in figure because the points
are overlapped with R2 retrofit level, it can happen that R1 is enough to reach PGAc,ductile even for the
three- and five-storey buildings with lower Gwtw.
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Figure 13. Variation of PGAc,SLV/ PGAc,ductile with Gwtw for (a) three-storey, (b) five-storey,
and (c) seven-storey building. The effect of retrofit solution FRP + SRP is also represented.

4. Discussion

An investigation on the effect of infills on the lateral seismic capacity of existing gravity load
designed GLD reinforced concrete RC infilled frames was performed. Possible brittle failures in
unconfined lateral joints or in columns, that are a common cause of collapse for existing RC buildings
not designed for seismic loads or with obsolete seismic provisions, were explicitly considered for the
evaluation of seismic capacity. Archetype buildings representative of existing gravity load designed
RC frames of three different height ranges (three-, five-, and seven-storey) were obtained with a
simulated design process and studied via simplified pushover analyses, including the effect of the
infills and considering frame-infill interaction. Three different infills consistency are considered in the
analyses, namely weak, medium and strong. The information on infill consistency is generally missing
in large scale vulnerability studies. However, this information is collected in the interview-based Cartis
form [60], recently implemented by Italian Civil Protection.

Moreover, possible alternative local retrofit interventions devoted to avoiding brittle failures
were considered, evaluating their relative efficacy in case of weak or stronger infills. Additionally, a
sensitivity analysis was performed to assess the influence of infills consistency variation on the lateral
seismic capacity at damage limitation and life safety limit states. Considering the budget constraints
that typically affect seismic mitigation campaigns for seismic vulnerable building typologies, which are
widespread in Italy, local retrofit interventions are one of the preferred solutions, allowing upgrading
of the seismic performance of the buildings as well as the containment of the retrofit costs. Therefore,
the results of this paper can give useful preliminary indication on the level of local retrofit solutions
required depending on if the infills are strong or weak. Further experimental studies would be
beneficial to support the analytical findings from this study.

5. Conclusions

The study evidenced that for the archetype analyzed existing GLD buildings, designed in absence
of seismic provisions and of capacity design rules, the attainment of SLV limit state is premature and
occurs before the SLD limit state; this is due to brittle failure of columns or of exterior unconfined
nodes. The lateral seismic capacity at SLV limit state can be increased by the application of local
retrofit interventions, allowing to avoid the brittle failure types for the upgraded elements. However,
the efficacy of the retrofit intervention varies depending on the consistency of infills.

If FRP-only retrofit solution is applied in critical elements or joints (FRP strengthening of
unconfined lateral joints as well as of the columns in shear), it is noted that as the infills consistency
increases the benefit of the retrofit reduces, and in general for stronger infills just a minimum capacity
enhancement is attained even adopting increasing level, and costs, of retrofit. For weaker infills a
higher benefit in terms of seismic capacity is observed, although it is generally not possible to reach the
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capacity corresponding to the full development of a ductile type mechanism, even with higher levels
of retrofit. This trend mainly depends on the effect of the concentrated horizontal action transferred
from the infills to the surrounding frame elements: the shear increase, that is higher for stronger infills,
determines a premature shear brittle failure in the columns that can be hardly avoided even with
application of a high level of retrofit (e.g., R3 in the example). For weaker infills the concentrated lateral
action is lower, and it is easier to prevent brittle failures with application of local retrofit interventions.

However, a significantly higher benefit can be obtained adopting the FRP + SRP retrofit solution,
where in addition to FRP strengthening of unconfined lateral joints and of the columns in shear, steel
reinforced polymer SRP strips are applied to withstand horizontal action due to infills. In this case, it is
observed that the capacity increases as the infills consistency grows for the case of three and five storeys
and considering a primary level of building retrofit (R1 in the example), while for a higher retrofit
level (R2 in the example) it is always possible to attain the lateral seismic capacity corresponding to a
ductile type mechanism. In fact, the application of a specific local reinforcement, the SRP strips, allows
to absorb the high concentrated action that is transferred from the infills and the full exploitation of
the benefic effect of the FRP retrofitting of joints and columns in shear. When the aggravating effect
of concentrated shear due to frame-infill interaction is mitigated (e.g., through SRP strips or similar
solution based on the same principle) the infills consistency does not limit anymore the full exploitation
of lateral seismic capacity. On the contrary, the application of a relatively low level of retrofit (R1 in the
example), allows obtaining an increasing level of capacity enhancement for stronger infills.
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Abstract: On 25 April 2015, a strong earthquake of magnitude 7.8 struck central Nepal including
the capital city, Kathmandu. Several powerful aftershocks of magnitude 6.7, 6.9 and 7.3 together
with hundreds of aftershocks of local magnitude greater than 4 hit the same area until May 2015.
This earthquake sequence resulted in considerable damage to the reinforced concrete buildings apart
from brick and stone masonry constructions. High-rise buildings in Nepal are mainly confined in
Kathmandu valley and their performance was found to be in the life safety to collapse prevention level
during the Gorkha earthquake sequence. In this paper, seismic performance assessment of a reinforced
concrete apartment building with brick infill masonry walls that sustained life safety performance
level is presented. Rapid visual assessment performed after the 12 May aftershock (MW 7.3)
highlighted the need for detailed assessment, thus, we carried out nonlinear time history analysis
using the recorded accelerograms. The building was first simulated for the recorded acceleration
time history (PGA = 0.16 g) and the PGA was scaled up to 0.36 g to assess the behaviour of building
in the case of the maximum considered earthquake occurrence. The sum of results and observations
highlighted that the building sustained minor damage due to low PGA occurrence during the Gorkha
earthquake and considerable damage would have occurred in the case of 0.36 g PGA.

Keywords: seismic performance; high-rise RC; inter-storey drift; Gorkha earthquake

1. Introduction

High-rise apartment building construction in Nepal started mainly after 2000 and most of such
constructions are constructed within Kathmandu valley. The density of high-rise construction is greater
towards the southern part of Kathmandu valley than in any other parts of the city. As the horizontal
expansion of the settlements is almost saturated in Kathmandu valley, medium to high rise buildings
are the only option to meet the growing housing demand. Medium to high rise buildings in Nepal are
special moment resisting frame (SMRF) constructions designed per Indian Standard Code (ISC) [1].
Before the 2015 Gorkha earthquake, there were 70 high-rise apartments in Kathmandu valley. Among
them, two were red tagged (non-habitable) after the Gorkha earthquake and the performance level was
‘life safety’ in rest of the apartment buildings. Several other studies (e.g., Gautam et al. [2], Gautam
and Chaulagain [3], among others) present generic observation reports of various types of existing
buildings in Kathmandu valley and other affected areas; however, results of analytical models are
limited (e.g., Barbosa et al. [4]). Varum et al. [5] performed ambient vibration measurements in some
medium to high-rise buildings in Kathmandu valley after the Gorkha earthquake to have insights
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of the damages focusing on the effects of infill masonry. Gautam et al. [6] recently formulated the
taxonomy and vulnerability of Nepali residential buildings and they placed medium to high rise RC
buildings under D-E vulnerability class per EMS-98 vulnerability classification system [7].

Post-earthquake damage assessment and validation efforts are important to understand the
behaviour of the structures under extreme loading. Several studies (e.g., [4–9], among others) in
the past focused on the same approach used in this study. On the other hand, quite a few studies
(e.g., [10–12]) focused on the seismic performance and vulnerability of medium-to-high rise buildings
after significant earthquakes in Italy and Spain as well. Similarly, Westenenk et al. [13] conducted
field survey and analysed some buildings after the 2010 Maule earthquake in Chile. They concluded
that less than 10% elements were damaged due to the Maule earthquake as the structures were not
capable of distributing the damage. Scawthon [14] reported the damage in all building typologies
after the 2004 Niigata earthquake in Japan and concluded that newer constructions performed better
than other building types. Holliday and Grant [15] presented an account of collapsed and survived
buildings during the 2010 Haiti earthquake. Similar case studies were also presented by Gautam and
Rodrigues [16] for the buildings affected by several earthquakes in Nepal. The Icelandic building
damage scenario was presented by Rupakhety et al. [17]. Computational aspects of infill masonry and
performance of similar types of buildings are reported by several researchers worldwide (e.g., [18–22]).
In most of the contributions, researchers performed damage assessment in the beginning and then
analysed the same structures using finite element modelling. Some of the post-earthquake damage
assessment studies extended their works to disseminate the vulnerability of building classes as well.
Thus, it is clear that post-earthquake damage assessment and subsequent interpretations or modelling
are very important to understand the seismic behaviour of typical building classes.

Aiming to depict the seismic performance of a condominium located in Kathmandu, this study
presents the details of damage recorded during the field reconnaissance. Thereafter then
three-dimensional finite element modelling was done for the same building. Description of the
case study block, site condition, strong ground motion and visual damage observation are presented
together with the results of nonlinear time history analysis to highlight the seismic performance of
condominium buildings in the case of low to moderate PGA occurrence.

2. Materials and Methods

A building from central Kathmandu was selected after the earthquake to study the seismic
performance of multi-storey engineered RC building. The building was constructed in 2010. At first, the
building was visually inspected using the FEMA-154 guidelines [23] and the rapid visual assessment of
the building prompted a detailed vulnerability assessment. Considering the level of damage, a detailed
damage assessment was conducted using finite element modelling. Nonlinear pushover and nonlinear
time history analysis were adopted in SAP 2000 v.19 [24] to study the behaviour of the case study
building. The case study building is a reinforced concrete construction with brick infill masonry walls.
The building has a basement, ground floor, six stories and a stair cover (B+G+6+SC). Furthermore, the
building comprises 230 mm thick masonry wall throughout. The weight of the infill masonry was also
considered during structural modelling. The building has the dimension of 21.5 × 25.5 m in x- and
y- directions respectively. Total floor area of the building under study is 5808.37 sq. ft. Similarly, the
floor height of the building is 3 m, whereas the basement height is 2.9 m. This condominium building
is a representative of the ongoing high-rise construction in Kathmandu valley. Similar construction
technology, workmanship and structural as well as non-structural components could be found in
almost all high-rise apartment buildings as reported by Barbosa et al. [4], thus, this building was
considered as a case study building.

The building is situated in a medium soil type as per the Indian Standard Code. The medium soil
type was determined using the results of geotechnical logging that was done before the construction
of the condominium. The medium soil type indicates poorly graded sands with gravel with little or no
fines having standard penetration resistance values between 10 and 30 as per the Indian standard [25].
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In the building, M25 grade concrete and Fe-500 reinforcement bars were used during construction.
As per the recently updated Indian Standard Code the importance factor of 1.2 was considered for finite
element analysis. The response modification factor and damping factor were respectively adopted
as 5% and 5% as suggested by the Indian Standard Code [25]. The seismic acceleration coefficient
(Ca) was taken as 0.16 and the seismic velocity coefficient (Cv) was taken as 0.2176 for 0.16 g PGA.
In this case, the base shear was calculated as 482.051 KN. Furthermore, to assess the performance of
the building in the case of design PGA, that is, 0.36 g, another analysis was conducted using Ca as
0.36 and Cv as 0.49 that resulted the total base shear of 675.92 KN. After calculating the base shear,
a three-dimensional finite element bare frame model was prepared using SAP 2000 v.19 [24]. To obtain
some properties for the validation, non-destructive test was carried out using Rebound Hammer.
The test suggested the compressive strength of the concrete as 25 MPa and the same value was adopted
in the finite element model as shown in Figure 1. A typical floor plan (ground floor) is shown in
Figure 2. Similarly, Figure 3 shows details of a typical beam and a column of the case study building.
The stress-strain relationship as suggested by IS 456:2000 [25] was used in modelling. Basic material
properties used in modelling are as listed as follows:

Modulus of Elasticity of steel, Es = 200,000 MPa
Modulus of Elasticity of concrete, Ec = 5000

√
fck = 25,000 MPa

Characteristic strength of concrete, fck = 25 MPa
Yield stress for steel, fy = 500 MPa

Figure 1. Finite element model of the case study building.
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Figure 2. Ground floor plan of the case study building.

(a) (b)

Figure 3. Details of structural members: (a) Typical beam; (b) Typical column.

Nonlinear time history analyses were conducted using KATNAP time history recorded by the
United States Geological Survey [26]. The acceleration time history used for the time history analysis
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is shown in Figure 4. Nonlinear analysis was performed using Taketa model which is available in the
SAP 2000 finite element program.

Figure 4. Acceleration time history of Gorkha earthquake (North-South component) at KATNAP station.

3. Rapid Visual Assessment after the Gorkha Earthquake Sequence

Figure 5 shows a field observation sheet recorded during rapid visual observation. As noted
in Figure 5, the building is used for residential purpose and the occupancy range was 101–1000.
The building is a space frame building containing infill walls. Infill wall was unreinforced brick
masonry; thus, the building type was noted as C3 as shown in Figure 5. The building was constructed
following the IS code provisions up to the 7th floor with basement and roof cover and from the
observations, the case study building was irregular in vertical direction. As the total score (0.1) was
less than the cut-off score of 2.0, detailed evaluation of the building was required. To perform the
detailed evaluation of the building, detailed survey was conducted for each component of the building.
Mostly, infill wall damage was noted throughout the building. Figure 6 shows the infill wall damage
which is present throughout the building. Fundamentally, two major reasons would have contributed
to the widespread damage to the infill walls. The first is due to lack of reinforcement so that the
masonry units were not able to sustain the shaking as in such buildings infills are provided once the
frames are finished. Due to prevalent construction practice of providing infill walls once the frame is
completed, the structural and non-structural components would not be duly connected. In addition
to damage in infill walls; other recorded damages were categorized into seven types: HLC (hairline
crack), PC (plaster crack), PF (plaster fall), WC (wall crack/brick crack), WS (wall spill and shift, that is,
shifting of wall due to concrete spill), WB (wall and beam joint crack), MJ (mortar joint crack), TC (tile
crack and fall). Distribution of these seven types of damages in each storey was recorded carefully
and the damage fraction to each category was also calculated. The distribution of various types of
damages in each storey is presented in Figure 7. Different types of damages were noted for each storey
of the building first and then as per the occurrence of each damage category, the total damage to
each storey was converted to 100%. Thereafter, share of each damage mechanism was calculated and
finally Figure 7 was plotted. As shown in Figure 7, plaster crack comprised the largest damage fraction
throughout the building. In the ground storey, PC, PF and MJ crack were significant damage types
observed during the assessment. Similarly, PF, PC, MJ and WC were noted as the significant damage
types in the first storey. The second storey had HLC, PC and MJ as the dominant damage types. The
third storey observed PC, MJ, TC and WC as the major damage types. The fourth storey depicted the
similar damage pattern as that of the third storey. In the fifth storey, PC, WC, WS and MJ were noted
as the significant damage types. The sixth storey reflected that the dominant damage types were TC,
PC, MJ and WC. It is noted that the wall crack was also dominant in the upper storeys. This should be
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probably due to the effect of strong vertical shaking during the 2015 Gorkha earthquake as highlighted
by Gautam et al. [27] and Gautam and Chaulagain [3].

Figure 5. Summary of the rapid visual assessment of the building.
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Figure 6. Infill wall damage due to Gorkha earthquake in the case study building.

Figure 7. Storey-wise distribution of damage in the case study building.
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4. Analytical Modelling Results

Pushover analyses in the x- and y- directions were performed at first and the pushover curves
of the building are shown in Figure 8. As shown in Figure 8, base shear capacity of the case study
building can be considered significantly high. The seismic weight of the building was calculated as
51,177.75 KN considering 100% of dead load (DL), 25% of live load (LL) (when LL ≤ 3 KN/m2) and
50% of live load (LL) (when LL > 3 KN/m2). The natural periods of the building in x- and y-directions
were obtained as 0.588 s and 0.551 s respectively. To perform pushover analysis, 11 diaphragms were
created for the entire structure as shown in Table 1. After assigning the hinges, the storey drifts were
obtained from the analysis for both 0.16 g (PGA equivalent to Gorkha earthquake) and 0.36 g (PGA
equivalent to the maximum considered earthquake, that is, MCE) PGAs. Both pushover analysis and
nonlinear time history analyses were conducted to check the variation of performance of the structure.
Figure 9 depicts the inter-storey drift (ISD) plots for pushover and time history analysis for the corner
column as well as the centre of mass (CM). As shown in Figure 9, the maximum drift was observed in
the second floor (diaphragm 3–4) in the case of time history analysis along the x-axis. Figure 9 also
highlights that the pushover analyses leads to conservative results than the time history in terms of
inter-storey drift. As the maximum inter-storey drift was limited to 1.2% that falls under ‘operational’
performance level per VISION-2000 [28]. The same performance level was observed during the Gorkha
earthquake as well (see e.g., [4]). One more analysis was conducted to depict the behaviour of the
building in the case of MCE. Thus, the PGA was scaled up to 0.36 g and both pushover and nonlinear
time history analyses were carried out in both x- and y-directions. Using the similar hinge conditions,
the ISD for 0.36 g PGA is presented in Figure 10.

Figure 8. Pushover curves for the building.

Table 1. Configuration of diaphragm for FE analysis.

Diaphragm Floor level

9-10 Stair Cover
8-9 7th Floor
7-8 6th Floor
6-7 5th Floor
5-6 4th Floor
4-5 3rd Floor
3-4 2nd Floor
2-3 1st Floor
1-2 Ground Floor
0-1 Basement
0 Base
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Figure 9. Inter-storey drift ratio for the 0.16 g PGA input. In figure, TH indicates the time history
analysis and PUSH indicates the pushover analyses conducted in both x- and y-directions.

Figure 10. Inter-storey drift ratio for the 0.36 g PGA input. In figure, TH indicates the time history
analysis and PUSH indicates the pushover analyses conducted in both x- and y-directions.

As shown in Figure 10, the maximum ISD has reached greater than 2.5% which denotes that
in the case of MCE, the building would cross the life safety performance level. So, the moderate
damage recorded during the Gorkha earthquake should be clearly due to the low PGA occurrence in
Kathmandu valley. As in the case of 0.16 g PGA, pushover analyses depicted conservative results in
terms of the inter-storey drift at 0.36 g too.
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5. Conclusions

After the 2015 Gorkha earthquake sequence, rapid visual assessment was conducted in an
apartment building located in central Kathmandu, Nepal. The rapid visual screening suggested the
detailed assessment, thus, detailed damage assessments were conducted in two phases. The first
tranche of assessment comprised damage identification and the second tranche comprised finite
element modelling of the structure that covered pushover and nonlinear time history analysis.
Modelling was done at 0.16 g PGA (as recorded during the Gorkha earthquake) and 0.36 g (which
is equivalent to the maximum considered earthquake PGA). As the PGA was relatively low during
the Gorkha earthquake, the building showed operational performance level; however, at 0.36 g, the
results indicate that the storey drift would cross the life safety performance level leading to a severe
damage to the building. It is fundamental to note that the damage was concentrated in non-structural
component of the building. More precisely, the damage was primarily in the brick infills throughout
the building.

One of the limitations of this study is that infill models were not created but the weight of the wall
was considered in analysis so that the exact mechanisms in each infill wall were not cross-validated. It
is worthy to note that the contribution of infill panels is a crucial aspect in the seismic performance of
building. Owing to this fact and limitation of this study, readers are directed to the related papers to
have further insights (e.g., [18–22]). Future studies may incorporate the contribution of infill walls to
justify the damage occurrence and seismic performance of the building.
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Abstract: Discrete element models are a powerful tool for the analysis of masonry, given their
ability to represent the discontinuous nature of these structures, and to simulate the most common
deformation and failure modes. In particular, discrete elements allow the assessment of the seismic
behavior of masonry construction, using either pushover analysis or time domain dynamic analysis.
The fundamental concepts of discrete elements are concisely presented, stressing the issues related
to masonry modeling. Methods for generation of block models are discussed, with some examples
for the case of irregular stone masonry walls. A discrete element analysis of a shaking table test
performed on a traditional stone masonry house is discussed, as a demonstration of the capabilities
of these models. Practical application issues are examined, namely the computational requirements
for dynamic analysis.

Keywords: masonry structures; numerical modeling; discrete elements; seismic analysis

1. Introduction

The safety assessment of masonry structures under seismic loads demands numerical models
capable of representing appropriately the response and the failure modes observed during earthquakes.
Laboratory testing, namely using shaking tables, offers a controlled environment in which the main
variables can be more accurately measured, providing important data for the validation of numerical
models. A wide range of models is available nowadays, each one with its specific strengths and a
preferred range of applications [1]. Discrete element (DE) models, involving the representation of
masonry by a system of interacting distinct blocks, are one of the numerical tools particularly suited
for the simulation of phenomena such as sliding and separation along joints, which may induce
progressive structural damage and collapse [2].

Many applications of DE models to masonry structures under seismic loading have been reported
in the literature. Early works addressed mainly the study of historical monuments involving systems
with a relatively small number of blocks [3]. Presently, it is possible to address much more complex
structures, composed of a large number of blocks, and assess their seismic capacity by means of either
pushover methods [4] or dynamic analysis [5]. DE models using these alternative analysis techniques,
based on static or dynamic representations of the seismic action, have been applied in the simulation
of lab experiments of masonry walls under out-of-plane loading [6,7]. The failure modes observed in
lab tests involving in-plane cyclic loading of masonry panels have also been effectively reproduced by
these models [8].

In the literature, several discontinuum modeling techniques have been developed for masonry
analysis, which share many of the fundamental concepts of DE models. For example, the rigid body
and spring model [9] involves the representation of masonry by a system of rigid blocks, which
do not necessarily correspond to the masonry units, as a homogenization procedure is invoked to
obtain the contact properties. The applied element method [10,11] also concentrates the deformation
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at the interfaces between rigid blocks, which are discretized into a fine mesh of contact springs
with nonlinear behavior. The fiber contact element method [12] is a related approach, involving the
definition of contact properties from a system of fibers that connect adjacent blocks. Within a finite
element framework, models based on rigid elements and nonlinear joints have also been advanced for
masonry structures, namely resorting to limit analysis concepts [13,14].

In the present article, the fundamental concepts of discrete element models are concisely discussed
in the next section, including computational efficiency issues. The generation of models to represent
traditional stone wall structures is then addressed. Two different methods of creating irregular
assemblies are described, one based on a Voronoi tessellation and the other on overlaying irregular
courses. The responses of models generated with different random geometric parameters are compared.
The issue of validation of the numerical models is examined, with particular reference to the results of
a shaking table test of a physical model of a traditional stone masonry house, for which a simplified
block representation was created. Finally, some concluding remarks are presented.

2. Essential Concepts in Discrete Element Modeling

2.1. Block Representation

Discrete element models provide a discontinuous idealization of masonry (commonly designated
as micro-modeling), in which the units and the joints are explicitly represented [1]. There are multiple
DE formulations and codes available nowadays, using different terminologies, but they all share
common underlying concepts [2]. The units are typically represented by polygonal or polyhedral
shapes. The simplest models assume the blocks to be rigid bodies, with all the system deformation
placed in the joints. This is a good assumption for hard stone blocks, but it also simplifies the analysis
of large structures. Deformable blocks provide a more versatile framework. The block deformation
is typically modelled by discretizing it internally into a finite element mesh. The element material is
assumed elastic in most cases, but nonlinear constitutive models may also be assigned to the elements.
For many problems in which the inter-block movements are dominant, the use of rigid blocks provides
results practically equivalent to coarse-mesh deformable blocks. A comparative study for out-of-plane
failure of walls is presented in [4].

2.2. Contact between Blocks

Most discrete element models adopt a simplified representation of the contact between blocks
based on sets of point contacts. Therefore, no joint or interface elements are defined, contrary to finite
element micro-models. The point contact approach is more versatile and facilitates the analysis in the
large displacement range, as the system connectivity changes, and the type, location, and orientation
of contacts need to be periodically updated. The drawback is that more contact points are required to
achieve an accurate contact stress distribution.

The point contact approach assumes that the stress at a contact point is a function of the relative
displacement of the two blocks at that point. The contact points are typically placed at vertex–face
or edge–edge interactions. For deformable blocks, additional contact points are created for the nodal
points of the internal element mesh that fall on block boundaries. Block faces are typically discretized
into triangular facets, allowing contact areas to be assigned to each contact point, and therefore to
relate contact stresses and forces.

An example of contact representation in the code 3DEC [15] is shown in Figure 1. Two types of
elementary or point contacts may exist: vertex-to-face (VF) and edge-to-edge (EE). A contact point of
VF type is created where a vertex touches a face, while a contact point of EE type is located where two
edges intersect. Vertex-to-edge or vertex-to-vertex interactions are considered particular cases of the
VF type. The common case of face-to-face interaction between two blocks is represented by several
elementary contacts (Figure 1a). In this case, the sum of the areas of the point contacts equals the total
area of contact between the blocks. On the other hand, when the blocks interact by two intersecting
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edges, a case of a true point contact, then a single elementary contact exists. For practical purposes, a
true point interaction obviously has a finite stiffness, so a minimum contact area has to be defined,
typically a small fraction of the average contact area.

 
(a)                      (b) 

Figure 1. Representation of block interactions by elementary point contacts of vertex-to-face type (VF)
and edge-to-edge type (EE): (a) Face-to-face block contact; (b) Edge-to-edge block contact.

2.3. Solution Methods and Computational Efficiency

The need to represent large displacement problems, demanding a progressive update of block
positions and contact point locations, has prompted many DE codes to avoid matrix solutions,
opting for explicit solution methods. For time domain analysis, the integration of the equations of
motion, of either the rigid blocks or the deformable block nodes, using a central-difference algorithm,
is a common choice. A feature of many DE codes is to use the same algorithm for static problems
by means of dynamic relaxation, which resorts to artificial damping to obtain convergence to the
equilibrium solution, or to a failure mechanism. Adaptive damping and mass scaling techniques may
be employed to improve the convergence rate of the relaxation procedure.

These explicit time stepping algorithms are quite effective for quasi-static analysis, namely in
the case of pushover methods for seismic assessment. For dynamic analysis, however, since mass
scaling cannot be applied, time steps are often small due to numerical stability requirements [9]. These
limitations may be particularly severe when the stiffness-proportional component of Rayleigh damping
is used. Therefore, run times can be demanding for large or complex models. The use of rigid blocks
often allows larger time steps, so they are frequently applied in dynamic analysis, as done in the study
described in Section 4.

2.4. Material Properties

The calibration of numerical models with experimental data is a key issue addressed by many
authors. For example, a consistent method has been developed to identify the parameters of a DE
model of a brick panel from laboratory tests [16]. More often, the calibration is based on empirical
trial-and-error procedures until an acceptable fit of key indicators is reached. Parametric studies are
invaluable to find the potential influence of material properties that display a significant uncertainty.

A model for dynamic analysis of existing structures under earthquake loading has to provide
realistic natural frequencies. Given the uncertainty in assigning the deformability to many types of
masonry, particularly for historical structures, in situ measurements by ambient vibration are important
to calibrate the model. For a rigid block representation, the model deformability is given by the joint
stiffness parameters, which can be estimated directly given the measured frequencies. For example,
even for simple stone masonry structures, the estimation of the displacements caused by an earthquake
has been shown to be much improved if the structural frequencies are correctly matched [17].
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3. Representation of the Block Structure

3.1. Modeling the Masonry Morphology

Devising a block system to represent modern brick masonry poses no difficulty, as only regular
shaped blocks are needed, and the procedure can be easily automated. In the case of existing stone
masonry structures, the model generation tasks are much more time consuming. We should keep in
mind that a numerical model is always an idealization of the real structure. In most cases, the analyst
selects a simplified structure in such a way that the key features of the block structure are reproduced.
Numerical experiments can be performed to evaluate the effect that a given simplification has on the
results, and if this is acceptable given the purpose of the analysis.

In the case of monumental structures composed of large stone blocks, a photo survey may allow
the definition of a numerical model that closely approximates the real morphology [18]. However,
in most DE models of stone masonry walls, an equivalent regular block system is employed, which
respects the typical values of block sizes and the amount of interlocking. In the next two sections,
the generation of block systems with irregular geometries is addressed for the case of masonry walls.
In order to simplify the issue, only the non-regular pattern visible in the wall plane is modelled.
In reality, wall cross-sections are often composed of two or three leaves of block and fill material. A 3D
representation of such structures is only feasible in small models of masonry components. When
2D models are employed to study the out-of-plane stability of such walls, however, it is possible to
achieve a much more detailed representation. De Felice [19] studied a three-leaf cross section of a
traditional wall, simulating closely the observed irregular block geometries, including the inner leaf of
rubble masonry.

3.2. Regular and Voronoi Block Patterns

In this study, the influence of the block pattern on the out-of-plane stability of stone masonry
walls was analyzed with DE models. The regular block pattern is shown in Figure 2a [20]. The wall
dimensions were 20 × 10 m, with 0.80 m thickness. A Young’s modulus of 2.5 GPa was assumed. As the
blocks were assumed rigid, the joint stiffnesses were calculated to reproduce the global deformability:
normal stiffness of 2.5 GPa/m, and shear stiffness of 1.0 GPa/m. For simplicity, a Coulomb friction
model was adopted for the joints, with a friction angle of 35◦, and no cohesion or tensile strength.

 
(a)                                        (b) 

Figure 2. Masonry wall models. (a) Regular block pattern; (b) Voronoi block pattern, showing failure
mode for out-of-plane loading.

The rigid base block and the two vertical columns were fixed in all directions (Figure 2a).
A distributed static load was applied to the wall in the out of plane direction, progressively increasing
until failure ensued. Therefore, the wall was simply supported by the vertical column blocks,
approximately simulating the effect of cross-walls, thus allowing the wall ends to rotate.
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In addition to the regular system of Figure 2a, Voronoi polygon patterns were randomly created,
with the same average block size as the regular mesh. One of these is shown in Figure 2b, at the stage
in which the out-of-plane failure mode developed.

Figure 3 compares the force-deformation curves and failure loads of the simulations with
3 different Voronoi block systems, with the same average size. It is interesting to observe that the three
randomly generated patterns displayed fairly similar behaviors. In the same graphic, 2 cases of regular
joints are shown. To be comparable with the Voronoi model, square blocks were used. The case of no
offset had continuous vertical joints. The loss of interlocking led to a lower strength. An offset of 0.1 m
clearly increased the initial stiffness and failure load, which was only marginally lower than the 0.5 m
offset case shown in Figure 2a. Cross-joint imbrication was critical, and the Voronoi pattern did not
create discontinuous joints, so it tended to underestimate the block interlocking.

Figure 3. Failure load for wall models: regular model of square blocks with cross-joint offsets of 0 and
0.1 m, and three random Voronoi patterns.

3.3. Irregular Coursed Block Patterns

The Voronoi pattern does not represent the typical coursed structure of traditional stone masonry,
being essentially an expeditious way to create randomly shaped block systems. An alternative
procedure was proposed to generate block patterns which displayed overlaid courses, but with
irregular horizontal joints, course height, and cross-joint imbrication [20], as shown in Figure 4.

 

Figure 4. Masonry wall model with irregular coursed structure.

The procedure developed to obtain this block pattern involved the sequential generation of the
masonry courses using the five geometric parameters shown in Figure 5 [20]. Each one of these
parameters was defined in statistical terms by a mean value (m) and a deviation (d). The geometry of
the bed joints was composed of a series of segments according to the following parameters: spacing
(sm, sd); segment length (tm, td); and vertical deviation (hm, hd) from the mean trace. In the case shown,
for simplicity, a uniform distribution was assumed. For instance, the spacing of bed joints was given
by a random number in the interval [sm − sd, sm + sd]. The cross joint were introduced sequentially,
with each location defined by a spacing parameter (bm, bd), and an angle deviation from the vertical
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(am, ad). The system in Figure 4 was created with the values: sm = 1 m, sd = 0.1 m; tm = 2 m; td = 1 m;
hm = 0; hd = 0.2 m; bm = 1.5 m; bd = 0.5 m; am = 0; and ad = 0.

 
Figure 5. Definition of geometric parameters in block generation procedure.

The system in Figure 4 was one of three randomly created, and their force–displacement curves
are compared in Figure 6 with those from regular jointed models with rectangular blocks (Figure 2a).
The 3 irregular patterns displayed failure loads in the same range, which were also close to the case of
the regular pattern with the smallest offset (0.1 m), and well above the curve for the continuous cross
joints. It should be noted that the regular block failure loads in this figure, with rectangular shapes of
ratio 2:1, were higher than the ones in Figure 3, which corresponded to square blocks.

 
Figure 6. Failure load for wall models: regular model of rectangular blocks with cross-joint offsets of 0
and 0.1 m, and three irregular coursed patterns.

4. DEM Analysis of a Shaking Table Test of a Stone Masonry Model

4.1. Experimental study

Shake table testing provides comprehensive data on the behavior of masonry structures under
intense dynamic loading, which is invaluable for the validation of numerical codes. In the framework
of the 9th International Masonry Conference, which took place in Guimarães, a comparative study of
different numerical models was undertaken, involving blind predictions and a posteriori analyses of
shake table tests on brick and stone masonry models performed at LNEC [21,22]. The stone masonry
structure, shown in Figure 7, consisted of a main gabled wall, with a door opening, and return walls
on both ends. An opening was placed in one of the return walls, resulting in an asymmetry, inducing
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torsional movements. The walls, built of irregular stones, each had a thickness of 0.5 m. Unidirectional
ground motion was applied in the out-of-plane direction of the main wall. Various finite element and
discrete element models were employed in the comparative study [22]. The main issues involved in
the DE representation of the experiment, and the lesson learned, are discussed in the following section,
with particular reference to the 3DEC rigid block analyses [23]. Two other types of DE models were
also included in the study: a combined finite–discrete element approach [24]; and a macro-element
formulation [25].

 

   
(a)                              (b)                            (c) 

Figure 7. Stone structure: (a) general view and (b) return wall with opening; (c) damage of the return
wall after the test (adapted from [23]).

4.2. DE Representation of the Stone Masonry Test Model

DE allows various levels of detail to be included in the representation of a masonry structure.
It would be possible to devise a model in which each real stone would be simulated, adopting a
more or less complex geometry. However, in the analyses of the stone masonry specimen performed
with 3DEC, a simplified representation was chosen [23]. The aim was to follow a model generation
methodology applicable to the practical study of a real structure, where the real block shapes are
known. Only the main pattern of the stone arrangement was attempted, respecting the average unit
dimensions, but assuming horizontal joints, and vertical joint offsets of the order of the real ones,
as shown in Figure 8. Furthermore, a single block was placed across the wall thickness, unlike the
two-leaf walls of the test structure. The model had about 200 brick-shaped blocks, which were assumed
to behave as rigid bodies, each with 6 degrees-of-freedom.

  

Figure 8. Simplified 3DEC model of the stone structure.

4.3. Material Properties

Consistent with the aim of applying the simplest modeling assumptions, the joints were assigned
the standard Mohr–Coulomb model with brittle behavior available in 3DEC [15]. Joint deformability
is characterized by normal and shear stiffnesses, and joint strength by the friction angle, cohesion,
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and tensile strength. If either tensile or shear failure take place, the cohesion and tensile strengths are
both set to zero, while the friction angle is unchanged.

In a rigid block model, all the deformation is concentrated at the joints, so the joint stiffness
parameters have to be selected to reproduce the masonry elastic moduli. For the blind prediction
before the test, a Young’s modulus of 2077 MPa given by wallette tests was the available information.
The estimation of the normal and shear joint stiffnesses was based on an average spacing of 0.3 m for
horizontal joints and 0.5 m for the vertical ones [23]. However, for the post-diction analyses, the natural
frequencies measured experimentally were provided. In order to match these, the joint stiffnesses had
to be reduced by a factor of 2, implying that the tested masonry walls were softer than the wallettes.

The initial joint strength parameters in the prediction runs were based on the diagonal compression
of the wallettes. Assuming a friction angle of 30◦, a cohesion of 0.32 MPa was estimated, and the
tensile strength was taken as half of the cohesion. In the post-test analyses, the same cohesive and
tensile strengths were used, but the friction angle was increased to 35◦, in order to obtain a better fit of
the experimental response. The higher friction possibly accounted for the joint irregularity joints in the
physical model. For the base joint, between model and shaking table, where no slip occurred, a friction
angle of 45◦ was adopted.

4.4. Pushover and Dynamic Analyses

Prior to the dynamic runs, a quasi-static analysis was performed with the DE model to obtain
the failure load in pushover-type tests. First, the gravity load was applied, with the base block fixed
in all directions. To perform the pushover analysis, a static horizontal load, proportional to the block
weight, was applied to all the blocks, in the out-of-plane direction of the façade. The horizontal load
was increased in increments corresponding to a mass force of 0.05 g, until collapse. The failure mode,
shown in Figure 9a, agreed quite well with the deformation pattern observed experimentally, involving
the out-of-plane rotation of the façade wall, while the side wall with the opening broke into a four
component mechanism (Figure 7c). The pushover collapse load was 0.65 g, well below the 1.05 g
record that led the model to near-collapse in the shake table tests. In any case, the rather simplified
geometry of the DE rigid block structure appeared to be able to represent the key features of the
experimental behavior.

   
(a)                                                (b) 

Figure 9. Numerical model configuration: (a) pushover failure mechanism; (b) final configuration at
end of dynamic analysis.

For the dynamic runs, the model was first brought to equilibrium under the gravity load. Then,
a time domain dynamic analysis was performed. The model was loaded by applying at the base
block the dynamic records measured in the shake table during the tests. Rayleigh damping was
employed, including both the mass- and stiffness-proportional components, with a value of 2% of
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critical damping at the fundamental frequency of 10 Hz. This value was selected to improve the
simulation of the final test with the strongest motion, which caused widespread damage. Thus, in the
early test stages, with lower input, the numerical model was expected to display higher response peaks
than the experiment. It should be noted that in the DE model, further energy dissipation took place
by friction on the sliding joints. The typical time step in the dynamic runs, determined by the code
for reasons of numerical stability, was in the order of 6 × 10–6 s. The use of the stiffness-proportional
component of Rayleigh damping was mostly responsible for such a small value of the time step.

The model configuration after the last dynamic stage, with a peak acceleration of 1.05 g, is depicted
in Figure 9b, showing a clear resemblance with the observed behavior (Figure 7c). The peak
displacements at the monitored points of the structure were also generally in reasonable agreement
with the experiment [23]. Naturally, we cannot expect to match the details of the time response curves.

In conclusion, the reported analysis was based on a rather simplified block model. It is certainly
possible to improve the geometrical resemblance of the 3DEC representation, namely including the
two-leaf wall structure, or the horizontal joint non-planarity, as discussed above. In addition, the simple
joint constitutive model adopted does not allow the representation of the progressive accumulation of
damage in the successive tests. It should be noted, however, that data to support those refinements is
not usually available. In addition, it was found that the material deformability provided by the static
tests of elementary block assemblages did not yield the natural frequencies measured experimentally.
Therefore, the calibration of the numerical model with the actual structural frequencies observed was
an essential step to improve its performance in the dynamic runs.

5. Discussion

Discrete element models are a flexible analysis tool for discontinuous media that can be exploited
in many different ways. During model generation, various levels of detail can be introduced, so
that a better resemblance to the real block structure can be progressively achieved by introducing
finer detailing. The new technologies that record accurately the wall morphology make it possible
nowadays. When these are not available, generation methods, such as discussed above, can be
used to create numerical models that match the main patterns and features of the particular type of
masonry under study. The results of the research project reported in the previous section indicate that
a relatively simple block pattern, which did not attempt to reproduce each individual block, was able
to provide a fairly good agreement with the experimental data. More data is required for a refined
model, and higher computational costs are to be expected. Therefore, the need to simplify is obvious.
More research effort needs to be devoted to evaluating the influence of model simplification on the
numerical results, providing guidance for engineering practice.

Pushover analysis provides a powerful tool for seismic assessment. In DE models, the physically
possible failure mechanisms can be viewed and evaluated. The effect of material properties can be
checked by parametric studies, or by using a statistical variation of parameters, with reasonable
computational costs. Time domain dynamic analysis is much more computationally intensive.
The explicit algorithms employed in most DE codes allow a rigorous simulation of the evolving
geometry and contact conditions, but typically require very small time-steps. A key requirement for a
meaningful dynamic analysis of existing structures is a good simulation of the natural frequencies,
as several studies have shown [17,23]. In situ measurements appear, therefore, highly desirable to
guarantee that the numerical model matches the dynamic characteristics of the real structure.

Shake table tests of masonry typically display a significant variability in the results. This has been
observed even for rocking of a single stone block, for which successive tests with the same earthquake
record sometimes varied significantly [26]. For a column of marble drums, a relatively wide range
of responses was also obtained [27]. Large amplitude block rocking is a phenomenon known to be
sensitive to the initial conditions and loading. The change in local contact conditions between blocks
in successive tests, whenever slip takes place, can account for part of these variations. DE models
with slightly different system geometry, properties, or input loads, have also been shown to lead to a
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clear dispersion of the results [3]. From a practical point of view, this sensitivity implies that a single
dynamic analysis is not sufficient, and thus multiple runs, varying the main input parameters of the
model, are always necessary to reach reliable conclusions.

6. Concluding Remarks

Discrete element models are an important tool in the analysis of masonry, given their ability to
reproduce the observed patterns of behavior, particularly failure modes defined by the block structure.
Analysis of masonry structures under intense earthquake loading has been one of the main areas of
application of these models. For a successful application in engineering practice, any numerical tool
needs to prove accurate and robust. Validation studies involving comparisons with shake table tests
or the observed response during earthquakes are fundamental to provide confidence in a numerical
method for seismic assessment studies. Complex models, however, often require data that is not
readily available for existing masonry constructions. Model simplification strategies, whether in
the representation of the block geometry or in the constitutive assumptions, are a key to providing
meaningful results with the existing data in practical situations. The improvement of modeling
procedures remains a major research goal.
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Abstract: The Benedictine Monastery of São Miguel de Refojos, located in Cabeceiras de Basto
(Portugal), is a monumental complex and a distinctive example of the 18th century Portuguese
Baroque architecture. This study addresses the state of conservation of the church as well as the
evaluation of its structural behavior and seismic performance. An initial inspection and diagnosis
campaign revealed that the structure presents low to moderate damage and other non-structural
issues generally associated with high levels of moisture and water infiltration. In order to study the
structural performance, a three-dimensional (3D) numerical model was prepared based on the finite
element method. This model was calibrated with respect to dynamic identification tests and nonlinear
static analyses were then performed to evaluate the seismic behavior. Capacity curves, deformations,
crack patterns, and failure mechanisms were used to characterize the structural response. Additionally,
the safety evaluation for horizontal actions was verified by means of limit analysis. An overall
good agreement was found between the results of the pushover and the limit analyses. To conclude,
the present work provides a comprehensive evaluation of the state of conservation of the church and
verifies the safety condition of the structure for seismic actions.

Keywords: unreinforced masonry structure; finite element modelling; nonlinear static analysis;
limit analysis; seismic behavior; safety assessment

1. Introduction

The church of São Miguel de Refojos is a monumental building in Baroque-Rococo style and is
part of the historical Benedictine Monastery located in Cabeceiras de Basto, Portugal. The monastery
was founded in the 12th century by the Benedictine Order and was located in an unpopulated
but geographically strategic area [1]. After some flourishing early years, the building underwent
a ruinous period during the 15th century. However, by the end of the following century, the monastery
experienced a new economic and architectural recovery with the change of administration [1,2].
Major works for the renovation and re-organization of the monastic complex started during the last
decades of the 17th century [3]. In fact, the current aspect of the church is the result of the works
carried out between 1675 and 1766, when it was renovated in Baroque style [4].

The suppression of the Religious Orders in 1834 led to a progressive abandonment of the Monastery
and the building started a new period of decay that lasted until the first half of the 20th century [5].
After that, the building was subjected once more to different restoration and repair works, namely filling
of cracks, cleaning of stone surfaces, repainting, application of water drainage collectors, reconstruction
of the roof and replacement of tiles. Nowadays, the monastery is used by the municipal authorities of
Cabeceiras de Basto and it still maintains religious activities. Moreover, the church and the sacristy of
the monastery have been classified as a Public Interest Building since 1933.

The church of São Miguel de Refojos stands as a historical and cultural landmark and possesses
an unquestionable artistic and architectural value. However, as for many other historical structures,
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environmental and accidental actions always entail a major risk that may lead to degradation, severe
damage, or even loss. In particular, unreinforced masonry (URM) buildings, such as the church of São
Miguel, are vulnerable to the horizontal loads caused by earthquakes [6,7]. The seismic performance
of URM structures is mainly determined by: the material properties of masonry (high-specific mass,
low tensile and shear strength, brittle response), the geometrical configuration, the mass and stiffness
distribution, and the type and quality of the connections between the different structural components [8].
In addition, the global response of this type of construction is difficult to characterize since URM
structures dissipate energy by the propagation of damage (cracks), which consequently leads to isolated
mechanisms and local failure modes [9].

In this context, finite element (FE) modelling is a very useful tool for URM cases because it allows
for an accurate simulation of the overall structural behavior under different scenarios. Therefore,
numerical approaches may be used to assess the safety condition of historical buildings as well
as to evaluate the need and efficiency of different retrofitting techniques. In addition, the case
study presented in this paper presents a comprehensive methodology (inspection and diagnosis,
numerical modelling, structural analyses, and safety assessment) that can be extrapolated and applied
to similar constructions.

2. Description of the Church

The church of São Miguel de Refojos is located on the southern side of the monastery. It has
a Latin-cross plan (nave, transept, and chancel) and follows a classical east–west orientation (Figure 1).
In the plan, the building is about 60 m long and 24 m wide in the transept. At one and the other side of
the nave and chancel, adjacent spaces with smaller dimensions are used to accommodate different
ecclesiastical functions. The transept has a direct connection with the central cloister on the left side of
the church and it also connects with an octagonal plan chapel located outside the main body of the
church. The detached position of this volume seems to indicate that it was built in a later period [2].

The front facade has two bell towers with square plan and of about 40 m high. Inside the church,
the main entrance is covered by a choir loft supported by a ribbed vault. The crossing is covered by
a dome with an oval-shaped plan standing over pendentives. In turn, the body of the dome is made
up by a drum, a cupola, and a lantern. The interior height of the church is about 18 m in the nave, 35 m
under the dome, and 16 m in the chancel.

The ceilings of the nave, transept, and chancel are made up by barrel vaults. The spaces above the
vaults are covered by gable roofs with ceramic tiles finishing, supported by timber trusses oriented in
the shortest span. Due to access limitations, only the extrados of the vault and the roof structure of the
nave can be inspected.

3. Inspection Works and Diagnosis

A comprehensive inspection and diagnosis campaign were carried out in order to characterize the
main structural aspects and evaluate the damage condition and state of conservation of the church.
The works included: geometrical and damage survey, monitoring of temperature and relative humidity
inside the church, dynamic identification tests, georadar tests, and several geotechnical works.

3.1. Geometrical and Damage Survey

The identification of damage involved a detailed visual inspection of all of the structural elements,
both from the outside and the inside of the building. The inspection revealed the presence of structural
and non-structural problems. The non-structural damage corresponds to moisture stains, vegetation,
fungi, and deterioration of plaster and stone. Additionally, the building shows low to moderate
structural damage. There are cracks at the top of the south facade, on the transept walls, on the walls
behind the high altar, and on the arch between the crossing and the chancel. The most significant
damage appears in the connections between the front facade and the south tower, and in between this
tower and the south wall of the nave. Moreover, the open cracks allow for rainwater infiltration with
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the subsequent deterioration of the internal elements. The floors of the high altar and the octagonal
chapel present significant deformations probably caused by consolidation of the soil. Similarly,
other deformations in the structure might be associated with a foundation settlement.

 
(a) 

 
East facade                  (b) 

 
South facade       (c) 

 
Cross-section A-A’       (d) 

 
Cross-section B-B’   (e) 

Figure 1. Architectural definition of the church of São Miguel de Refojos: (a) ground floor plan,
(b) longitudinal elevation, (c) front elevation, (d) longitudinal cross-section, (e) transversal cross-section.
Dimensions in m.
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3.2. Monitoring of Temperature and Relative Humidity

Air temperature and relative humidity are generally associated with mechanical stresses due to
thermal expansion and hygroscopic swelling, opening and closing of cracks, deformations, and other
non-structural problems, such as condensation of water vapor on cold surfaces. Temperature, relative
humidity, and dew point were monitored for twelve months in four different locations inside the
church (Figure 1a). The average values of the temperature and relative humidity measurements is
represented in Figure 2.

Considering the entire monitoring period for the four locations, the average total, maximum and
minimum temperatures are 15 ◦C, 27 ◦C, and 4 ◦C, respectively. On the other hand, the overall average
and average maximum and minimum relative humidity values inside the church are equal to 71%,
97%, and 35%, respectively. This represents a yearly average thermal excursion of 23 ◦C and a yearly
average humidity variation equal to 62%. Nevertheless, the daily variation of temperature and relative
humidity values inside the church is less significant.
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Figure 2. Average temperature and relative humidity values measured inside the church.

3.3. Dynamic Identification Tests

Dynamic identification tests were carried out in order to estimate the dynamic properties of the
church (natural frequencies and mode shapes), which would be used later to validate the numerical
model. The accelerations of the structure caused by ambient vibrations (wind, traffic, etc.) were
recorded using piezoelectric accelerometers with 10 V/g sensitivity (±0.5 g pk), acquisition boards
with 24-bit resolution, and a USB chassis connected to a computer. The acceleration time series were
acquired with a sampling frequency equal to 200 Hz. The total duration of the signals was 30 min.

The vibrations were measured at the top of the walls of the nave, dome, and chancel, in both the
transversal (X) and longitudinal (Y) directions of the church, for five different configurations (Figure 3).
The setups were correlated using a reference accelerometer placed on the balcony of the dome in
the transversal direction of the church. The chosen reference point was considered sufficient for the
whole set of setups since the transversal direction was expected to be more flexible and therefore more
representative than the longitudinal one.

The signs of the dynamic identification tests were processed in ARTeMIS Modal software [10]
by using two different methods, namely: (a) Enhanced Frequency Domain Decomposition (EFDD)
and (b) Stochastic Subspace Identification based on Unweighted Principal Component (SSI-UPC).
Both methods allowed us to estimate six modes, with frequencies ranging from 1.79 Hz to 5.14 Hz.
The six estimated modes are associated with local and global modes mainly in the transversal direction,
as expected.
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Figure 3. Location of the accelerometers for the dynamic identification tests.

The vibration modes obtained by the two aforementioned methods were compared using the
MAC (Model Assurance Criterion) [11]. In a range from 0 to 1, where 1 indicates a perfect match of
the mode shapes, the MAC of the first three modes of vibration show values between 0.89 and 0.99,
which indicates that the results of the two methods are very close. However, the remaining three
modes associated with the higher frequencies present low MAC values, with an average equal to 0.56.

Therefore, only the first three modes are of interest for the scope of this study (Figure 4). The first
mode of vibration (1.79 Hz) is associated with a local mode of the nave related to the vibration of the
towers in the transversal direction. The second mode (2.75 Hz) is the first global mode, with simple
curvature in the transversal direction of the church. Finally, the third vibration mode (3.72 Hz) presents
double curvature, corresponding to a global translation of the church in the transversal direction.

   

Figure 4. First three modes of vibration estimated by the Stochastic Subspace Identification based on
Unweighted Principal Component (SSI-UPC) method.

3.4. Georadar Tests

Ground Penetrating Radar (GPR) tests were performed in different parts of the monastery using
equipment with 500, 800, and 1600 MHz antennas. These tests were aimed at identifying the unseen
constructive elements and characterizing the material composition of the structure. The use of Ground
Penetrating Radar on historical structures has already been documented by different authors [12,13].
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In some cases, the constitution of the walls is visible at plain sight because there is no rendering
layer covering the surface. That is the case of the thinner walls behind the altar, made up by a unique
leaf of ashlar masonry. For the rest of the walls, the Ground Penetrating Radar was used to identify
the internal composition. Thus, GPR readings were carried out, both in the horizontal and in the
vertical direction, in various locations of the walls, namely the main facade, the longitudinal walls of
the nave, the walls of the transept, and the walls of the octagonal chapel. In general, the results show
that the structure is made up by composite walls with three masonry leaves (Figure 5): an outer layer
of irregular stone blocks, a similar internal layer, and a rubble core.

Figure 5. Horizontal georadar reading on the south wall of the nave: (a) inner surface of the interior
leaf at 35–40 cm depth; (b) inner surface of the interior leaf at 55 cm depth (irregular inner surface);
(c) opposite side (inner surface of the exterior leaf) at 1.20–1.25 m depth.

In addition, georadar readings were used to identify the constitution of the barrel vault of the nave.
The radargrams showed that the total thickness of the vault is about 16 cm. Furthermore, the readings
next to the springing line showed an irregular infill, which was characterized as a mixture of gravel
and waste.

3.5. Geotechnical Survey

The geotechnical prospection plan consisted of three Standard Penetration Tests (SPT) outside
the church and four Light Dynamic Penetrometer tests (LDP) inside the church, as well as several
inspection trenches at the base of the walls and water table measurements, see Figure 1a. The purpose
of the geotechnical prospection was manifold: characterization of the soil profile and its mechanical
properties, evaluation of the type of foundation and identification of the foundation level, verification
of the existence of a draining system, and detection of the water table depth.

The trenches and boreholes of the drilling tests showed that the water table is very close to
the ground level of the church (summer period), less than 1.00 m depth in some cases (Figure 6).
The shallow water level made it impossible to identify the actual depth of the foundations under the
walls. Nonetheless, the geotechnical survey allowed us to identify the geological profile. The superficial
layer is constituted by soft clay, with low resistance and very deformable, until a depth of about 4.00 m.
The following layer corresponds to a transition layer of gravelly sand. Finally, the last layer of the soil
consists of highly altered and fractured rock (starting at depths between 4.20 to 5.50 m).

The existence of a surface layer with poor geotechnical characteristics might be the cause of the
settlements detected on the church pavements. Some of the observed structural damages could also be
the result of localized foundation settlements.
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(a) 

 
(b) 

Figure 6. Water table visible in the inspection trenches days after the excavation (summer period).
(a) Excavation 1: water level at −0.93 m below the nave floor; (b) Excavation 3: water table at −1.10 m
measured from the floor of the nave.

4. Preparation and Calibration of the Numerical Model

The numerical Finite Element (FE) model of the church was prepared using the structural analysis
software DIANA (DIsplacement ANAlyser) [14].

4.1. Geometry

The geometry of the three-dimensional (3D) model included all major structural elements, namely
the main volume of the church plus the annexed lateral bodies (Figure 7). The stiffness of the structural
elements of the monastery adjacent to the church (orthogonal walls and columns of the cloister) was
considered in the model by means of spring elements. Since it was not possible to inspect the roofs of
the transept and the chancel, the truss elements in these areas were idealized according to the known
roof structure above the nave.

4.2. Type of Elements

Different elements were used to define the mesh: four-node tetrahedron solid elements (walls,
arches and columns), three-node curved shell elements (vaults), three-node three-dimensional class-III
beam elements (roof trusses), and spring elements (stiffness of adjacent buildings). For later nonlinear
analyses, in addition, the number of integration points across the thickness of the shell elements was
increased (five integration points).

4.3. Boundary Conditions

An overall base level located at −2.00 m below the nave floor was assumed for all of the walls.
At that level, the foundation was considered rigid. Thus, all degrees of freedom of the nodes at the
base of the masonry walls were constrained. In addition, as already mentioned, spring elements were
introduced to simulate the stiffness of the adjacent structures of the monastery.

4.4. Loads

Besides the self-weight of the modelled structural elements, which is automatically calculated
by the software, the weight of the roof and the infill material of the vaults was additionally applied.
The weight of the roof was assumed equal to 1.00 kN/m2 and it was applied as a uniformly distributed
load along the trusses. The infill material was considered up to half the height of the vaults [15] and its
weight was estimated equal to 12 kN/m3. The infill was modelled as a distributed superficial load
applied to the extrados of the vaults, near the supports.
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Figure 7. Plan view with the geometry considered for the numerical model.

4.5. Material Properties

As it was mentioned before, the visual inspection and georadar tests allowed us to identify the
different types of materials that compose the structure of the church, namely brick masonry (BRM–vaults),
ashlar masonry (GRM–walls behind the high altar, arches in the crossing, top part of the towers, and dome),
three-leaf stone masonry (STM–main walls and rest of masonry elements), granite units (lintels), and timber
(roof truss structure). Figure 8 shows the material configuration considered in the model.

In the first stage, the material properties were defined according to sets of data and
recommendations available in specialized literature. In particular, the prescriptions of the Italian
code [16,17] were used to determine the elastic properties of the masonry materials: average density,
elastic modulus, and Poisson’s ratio calculated from the range of values proposed for each type of
masonry. Similarly, the characteristics of granite and timber elements were defined as the mean value
of the material properties provided by specialized studies [18,19].

The initial linear-elastic properties were subsequently updated during the calibration process
of the numerical model. This numerical validation was done with respect to the experimental
dynamic properties estimated from the dynamic identification tests, namely the frequencies of the first
three modes of vibration. The calibration was performed following the Douglas-Reid method [20],
which involves an optimization process to minimize the difference between the experimental and
numerical responses. In particular, the elastic moduli of the three masonry materials (BRM, GRM,
and STM) were used as the variables to calibrate. The upper and lower limits for the variables were
defined in accordance with the aforementioned Italian code, assuming the highest and lowest values
of the range proposed for each masonry material.

After the optimization process, the numerical model was able to simulate the first three
experimental modes of the church with an average error of the frequency values less than 2%.
Moreover, the mode shapes of the numerical model were compared with the modal configurations of
the experimental modes through MAC (Modal Assurance Criterion) values [11]. From 0 to 1, where 1
indicates a perfect match, the calibrated model of the church resulted in an average MAC value equal
to 0.92. The numerical model was thus successfully validated, and it was possible to use the updated
material properties for further analyses.
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Figure 8. Geometry of the numerical model with identification of materials.

Using the updated linear-elastic parameters, the necessary nonlinear properties were estimated
following relations established in literature or adopting values coming from similar case studies.
In particular, the nonlinear behavior of the masonry materials (BRM, GRM, and STM) was described
using the Total Strain Rotating Crack model, which corresponds to a smeared crack model based on
the principal strains [14].

An exponential function was considered for the tensile softening and a parabolic curve was
assumed for compression (Figure 9). In this material model, the shear behavior is updated according
to the damage which occurred during the analysis. The compressive strength ( fc) was determined
as a function of the modulus of elasticity (E), where fc = E/600 [21]. In turn, the compression
fracture energy was determined as a function of the compressive strength and the ductility index (du,c),
where du,c = Gc/ fc and du,c = 1.6 mm [22]. The tensile strength and tensile fracture energy of masonry
were considered equal to 0.15 MPa and 50 N/m, respectively [23].

 
Figure 9. Nonlinear behavior of the masonry materials in the numerical model: Total Strain Rotating
Crack model [24].
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Table 1 presents the updated linear and nonlinear properties of the materials used in the model.
It must be noted that the granite and timber elements were assumed to work always within their
linear-elastic range. Finally, the crack bandwidth value (h) was automatically calculated by the software
according to the type of element, namely h =

√2A and h =
√3V for shell and solid elements

respectively, where A and V stand for the area and volume of the element.

Table 1. Linear-elastic and nonlinear properties of materials.

Property Symbol Unit

Material

Brick Masonry
(BRM)

Three-Leaf Stone
Masonry (STM)

Ashlar Masonry
(GRM)

Granite Timber

Density ρ kg/m3 1800 2000 2100 2500 600
Elastic modulus E MPa 1360 1620 1900 30,000 13,000
Poisson’s ratio ν - 0.20 0.20 0.20 0.20 0.30

Compressive strength fc kPa 2260 2700 3160 - -
Compressive fracture energy Gc kN/m 3.60 4.30 5.05 - -

Tensile strength ft kPa 150 150 150 - -
Tensile fracture energy GI

f kN/m 0.05 0.05 0.05 - -

5. Seismic Behavior Evaluation

5.1. Nonlinear Static Analysis

The structural performance of the church for the seismic action was initially verified using
nonlinear static or pushover analysis. The use of pushover analysis for the seismic assessment of
historical masonry structures has been proven to be a suitable approach and is fairly documented in the
literature [8,25,26]. In the current study, the nonlinear static analyses were carried out using a uniform
unidirectional load pattern based on horizontal forces proportional to the mass of the structure at all
elevations [27].

This type of analysis allows for the evaluation of the nonlinear behavior by applying the action
in successive load steps. The equilibrium of the system of equations for each step is guaranteed by
an iterative method and a convergence criterion. In this case, the regular Newton–Raphson iterative
method and an energy-based convergence criterion (10−3) were used. In addition, the Line Search
algorithm and arc-length method were used as well to improve the convergence and obtain the
post-peak response.

The seismic performance of the building was evaluated according to the global horizontal axes,
X and Y, which correspond to the transversal and longitudinal directions of the church, respectively.
The results of the pushover analyses are shown in Figure 10 in terms of capacity curves (displacement
against base shear factor), using the point at the top of the south tower as a control node to plot the
displacements. The base shear factor corresponds to the ratio between the sum of the horizontal forces
and the total self-weight of the structure. It should be noted that the analysis in the negative transversal
direction (–XX) was neglected due to the presence of the adjacent buildings introduced in the model as
spring elements, which can provide a larger capacity in that direction.
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Figure 10. Capacity curves for nonlinear static analyses. Control point at the top of the south tower.
The base shear factor corresponds to the ratio between the sum of the horizontal forces and the total
self-weight of the structure [dimensionless].

5.1.1. Positive Transversal Direction (+XX)

The seismic analysis in the positive transversal direction (+XX) indicates that the maximum
horizontal capacity is equal to 0.28 g (Figure 10). The horizontal maximum displacement occurs
at the top of the south tower. The damage pattern is characterized by shear cracks in the plane of
the walls and cracks in the connections between structural elements (Figure 11). The most severe
damage occurs in the main facade (diagonal cracks) and in the connections of the south tower with the
orthogonal walls.

  

 

(a) (b)  
Figure 11. Crack width associated with the maximum principal strain at the end of the capacity curve
for the pushover analysis in the positive transversal direction (+XX). (a) South-West view; (b) South-East
view. Units in m.

5.1.2. Positive Longitudinal Direction (+YY)

The curve for the positive longitudinal direction shows a stiffer response, with a maximum
capacity equal to 0.29 g (Figure 10). The maximum displacement occurs at the top of the towers. In fact,
the main failure involves the local collapse of the belfries (Figure 12). In addition, there is also damage
in the connections between the rear facade and the longitudinal walls of the chancel.
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(a) (b)  
Figure 12. Crack width associated with the maximum principal strain at the end of the capacity
curve for the pushover analysis in the positive longitudinal direction (+YY). (a) South-West view;
(b) South-East view. Units in m.

5.1.3. Negative Longitudinal Direction (−YY)

The pushover analysis in the negative longitudinal direction (−YY) presents a maximum base shear
factor equal to 0.24 (Figure 10). This value represents the lowest capacity obtained from the different
pushover analyses and therefore indicates the most vulnerable direction of the church. This response
is associated with a significant deformation of the main facade and the towers in the out-of-plane
direction (Figure 13). The damage pattern is characterized by cracks in the connections between the
towers and the longitudinal walls of the nave as well as vertical cracks in the main facade.

  

 

(a) (b)  
Figure 13. Crack width associated with the maximum principal strain at the end of the capacity
curve for the pushover analysis in the negative longitudinal direction (−YY). (a) South-West view;
(b) South-East view. Units in m.
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5.2. Safety Assessment

The verification of the structural safety for the seismic action was carried out according to the
Portuguese National Annex of Eurocode 8 [27]. The verification must be done for each type of seismic
action, i.e., Type 1 (far field) and Type 2 (near field), in both principal (longitudinal and transversal)
directions of the structure.

According to the Portuguese seismic zonation, the reference acceleration values (agR) for Cabeceiras
de Basto are 0.05 g and 0.08 g for earthquakes Type 1 and Type 2, respectively. Moreover, the soil
coefficient (S) is assumed equal to 1.0 (deep foundation on rock or other rock-like geological formation,
including at most 5 m of weaker material at the surface) and the damping correction coefficient (η) is
equal to 1.00 (5% damping).

The capacity required in terms of horizontal acceleration is determined as a function of agR,
assuming collapse mechanisms based on macroblocks and defined taking into account the damage
obtained from the numerical analyses. As presented in Table 2, the results of the pushover analyses for
the seismic action indicate that the church meets the required criteria for both types of earthquake.
The lowest capacity of the church occurs for the seismic action in the negative longitudinal direction
(0.24 g) and is associated with a safety factor equal to 3.00. The safety factor for the seismic action is
given by the relation between the base shear factor and the required capacity determined for the zone
and defined in the Portuguese National Annex of Eurocode 8 (see Table 2).

Table 2. Safety verification for seismic action by means of nonlinear static analysis.

Direction Maximum Capacity (g)
Required Capacity (g)

Type 1 Type 2

+XX 0.28 0.05 0.08
+YY 0.29 0.05 0.08
−YY 0.24 0.05 0.08

5.3. Limit Analysis

In order to validate the seismic performance of the church, the limit analysis based on the kinematic
approach was also carried out. For the limit analysis, seven local collapse mechanisms were proposed
taking into account the damage patterns caused in churches by past earthquakes [28], as well as the
results from the pushover analyses and the existing damage in the structure. The stability for each
mechanism was verified according to the methodology defined in the Italian code NTC-08 [16,17],
in which the following criteria should be evaluated for the Ultimate Limit State:

(a) Verification A – Mechanisms involving part of the structure in contact with the soil:

a∗0 ≥
ag·S

q
(1)

(b) Verification B – Mechanisms involving part of the structure above the ground level:

a∗0 ≥
Se(T1)·ψ(Z)·γ

q
(2)

In the previous equations, a∗0 corresponds to the spectral acceleration for activation of the
mechanism, and q is the behavior coefficient (2.00). Additionally, in Equation (1), ag = agR·γI represents
the peak ground acceleration (PGA) according to the seismic zonation (0.05 g and 0.08 g for earthquake
Type 1 and Type 2, respectively) amplified by the coefficient of importance (1.00), and S is the soil
coefficient (1.0). For the second verification, Se(T1) is the spectral acceleration associated with the
period T1 (first mode of vibration of the structure in the considered direction), ψ(Z) = Z/H is the
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ratio between the height of the hinge at the base of the collapse block divided by the total height,
and γ = 3N/(2N + 1) is an amplification factor that takes into account the number of floors (N).

The spectral acceleration for activation of the mechanism is determined by:

a∗0 ≥
α0·g
e∗·FC

(3)

where g is the acceleration of gravity (9.81 m/s2), α0 is the load factor that activates the mechanism
(determined by the Principle of Virtual Works for the equilibrium between the overturning moment
caused by the horizontal forces and the stabilizing moment caused by the vertical forces), FC is
the confidence factor associated to the level of knowledge of the structure (1.00 for LC = 3), and e∗
corresponds to the mass participation factor of the mechanism,

e∗ =
g·M∗
∑

i Pi
(4)

where M∗ is the mass participation of the mechanism defined as:

M∗ =
(
∑

i Piδx,i)
2

g·∑i Piδx,i2
(5)

where Pi is the vertical force of the self-weight and δx,i is the horizontal virtual displacement of the
center of gravity of the macroblock i.

In the studied cases, the masonry materials were assumed to have infinite compressive strength
and tensile strength equal to zero. The following collapse mechanisms were considered (Figure 14):

• Mechanism 1: Overturning of the lantern with rotation at the base (Figure 14a);
• Mechanism 2: Overturning of the belfry with rotation at the base (Figure 14b);
• Mechanism 3: Overturning of the gable of the rear facade (high altar) with rotation at the base

and diagonal wedges from the lateral walls of the chancel (Figure 14c);
• Mechanism 4: Overturning of the main facade and towers with rotation at the base (Figure 14d);
• Mechanism 5: Overturning of the main facade with rotation at the base (Figure 14e);
• Mechanism 6: Overturning of the south tower with rotation at the base in the direction

perpendicular to the facade (Figure 14f);
• Mechanism 7: Overturning of the south tower with rotation at the base in the direction parallel to

the facade (Figure 14g).

It must be noted that these collapse mechanisms were defined based on expert opinions and
typical failures caused by earthquakes, which can be different from the failure modes obtained from
the pushover analysis. The results of the limit analysis for the seismic action are shown in Table 3.
The maximum capacity of the considered mechanisms varies between 0.09 g and 0.53 g. The lowest
capacity corresponds to the partial mechanism of the facade with vertical cracks in the connections with
the towers (Mechanism 5). This is an extremely conservative case and implies a very poor connection
between the longitudinal and transversal walls. There is no current damage or reasonable suspicion
that indicates a poor-quality connection between these walls.

Mechanism 2 (collapse of the belfry) results in a maximum capacity equal to 0.48 g, which is
significantly higher than the capacity obtained from the pushover analysis in the positive longitudinal
direction (0.29 g). However, it must be noted that the collapse obtained from the pushover analysis
involves diagonal cracks in the columns of the belfry (Figure 12), which differs from the mechanism
proposed for the limit analysis (horizontal cracks at the base of the belfry).
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Figure 14. Collapse mechanisms considered for limit analysis: (a) Mechanism 1, (b) Mechanism 2,
(c) Mechanism 3, (d) Mechanism 4, (e) Mechanism 5, (f) Mechanism 6, (g) Mechanism 7. Units in m.
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Table 3. Safety verification for seismic action by means of limit analysis.

Mechanism Maximum Capacity (g)
Required Capacity (g)

Type 1 Type 2

1 0.53 0.08 (B) 0.06 (B)

2 0.48 0.04 (B) 0.03 (B)

3 0.31 0.05 (B) 0.04 (B)

4 0.24 0.03 (A) 0.04 (A)

5 0.09 0.03 (A) 0.04 (A)

6 0.26 0.03 (A) 0.04 (A)

7 0.25 0.03 (A) 0.04 (A)

(A) Verification for mechanisms in contact with the soil. (B) Verification for mechanisms above the ground.

Mechanism 4 (overturning of facade and towers) corresponds to a failure mode also observed in
the pushover analysis (Figure 13). In this case, the maximum capacity obtained from both approaches
is the same (0.24 g). Additionally, Mechanism 6 (overturning of the tower in the direction parallel to the
facade) results in a maximum capacity (0.25 g) similar to the one obtained by means of the nonlinear
static analysis in the positive transversal direction (0.28 g). The lower value of the limit analysis could
be explained by the differences between the failure mechanisms defined for one and the other methods.

Finally, the limit analysis proves that the collapse mechanisms considered in this study comply with
the stability criteria for seismic actions defined in the Italian code NTC-08 (Table 3), with a minimum
safety factor of 2.30. Overall, the limit analysis results in capacity values equivalent to those obtained
by means of the nonlinear static analysis, despite some differences in the damage patterns associated
with the mechanisms.

6. Conclusions

A 3D FEM model was prepared and validated in order to evaluate the performance and structural
stability of the church of São Miguel de Refojos (Portugal). The seismic behavior was assessed by
means of nonlinear static analysis as well as limit analysis. Moreover, the safety condition of the
structure was verified according to the prescribed criteria established in national and international
structural codes.

In the first stage, the inspection and diagnosis campaign allowed us to identify and characterize
the main structural aspects necessary to evaluate the state of conservation of the building and generate
the numerical model. From these works, it was concluded that the current structural condition and the
overall state of conservation are good. Then, the model was calibrated with respect to the dynamic
properties estimated from the dynamic identification tests. Subsequently, the numerical and kinematic
analyses allowed us to conclude that the church meets the safety requirements prescribed for the
seismic action. The results showed that the negative longitudinal direction (−YY) is the most vulnerable
one and is associated with the overturning mechanism of the main facade and towers with rotation at
the base (out-of-plane collapse). Nonetheless, this mechanism has a safety factor equal to 3.00.

Taking into account the assumptions and results of this study, the safety condition of the structure
is guaranteed. However, a set of preventive measures should be put into practice in order to guarantee
a more efficient structural behavior and the necessary works for the conservation of the building,
namely the filling of existing cracks, repair of deformed floors, and development and application
of a monitoring plan including the revealing aspects for the structural condition, such as regular
visual inspection.
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